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Abstract

Magnesium (Mg) is the fourth most abundant element in the human body and is important in terms of specific osteogenesis functions. Here,
we provide a comprehensive review of the use of magnesium-based biomaterials (MBs) in bone reconstruction. We review the history of MBs
and their excellent biocompatibility, biodegradability and osteopromotive properties, highlighting them as candidates for a new generation
of biodegradable orthopedic implants. In particular, the results reported in the field-specific literature (280 articles) in recent decades are
dissected with respect to the extensive variety of MBs for orthopedic applications, including Mg/Mg alloys, bioglasses, bioceramics, and
polymer materials. We also summarize the osteogenic mechanism of MBs, including a detailed section on the physiological process, namely,
the enhanced osteogenesis, promotion of osteoblast adhesion and motility, immunomodulation, and enhanced angiogenesis. Moreover, the
merits and limitations of current bone grafts and substitutes are compared. The objective of this review is to reveal the strong potential
of MBs for their use as agents in bone repair and regeneration and to highlight issues that impede their clinical translation. Finally, the
development and challenges of MBs for transplanted orthopedic materials are discussed.
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction

Due to the increased incidence of sports-, trauma-,
inflammatory- and age-related musculoskeletal injuries and
defects, the demand for orthopedic implant materials has
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greatly increased [1]. Currently, permanent rigid metals (such
as stainless steel and titanium) are widely used as orthope-
dic implants to facilitate healing of musculoskeletal injuries.
However, their limitations include ‘stress shielding’ elicited
by their high Young’s modulus [2] and the necessary inva-
sive removal surgeries that increase patient burden and risk
[3]. As emerging novel biomaterials, biodegradable polymers
have received much attention due to their suitable mechani-
cal properties, which are close to those of cancellous bone;
excellent biodegradability; and compatibility with diagnostic
imaging for healing assessments [4]. Nevertheless, biodegrad-
able polymers suffer from insufficient mechanical strength
and long-term inflammatory responses induced by byprod-
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ucts in peri-implant tissue [5]. Therefore, the development of
more reliable orthopedic implants with favorable biological
and physical properties for use as bone substitutes, fixatives
and stabilization devices is crucial.

Magnesium (Mg)-based biomaterials (MBs) have been
used as orthopedic implants for more than one hundred years
due to their desirable mechanical and osteopromotive prop-
erties. In addition, their advantages over standard counter-
parts have been extensively explored, with Mg and Mg alloys,
bioceramics, bioglasses, and polymer composite materials [6-
8] displaying unique superiority in the acceleration of bone
formation and fracture healing. Due to the similarity of their
Young’s modulus values to that of human cortical bone, these
new Mg and Mg alloy implant materials are an excellent
choice to resolve the refracture limitation [9,10]. Mg-based
bioceramics and bioglasses can be gradually degraded and
replaced by new bone, demonstrating their potential as alter-
native biodegradable bone graft substitutes [7]. For Mg-based
polymer materials, the incorporation of magnesium not only
neutralizes their acidic degradation products but also improves
their osteopromotive efficacy [6,11].

However, the development of MBs has long been blocked
by an undesirable degeneration rate and a rapid decrease in
mechanical strength, especially for Mg and Mg alloys, and
major breakthroughs have not been achieved in the clinical
translation of MBs. In recent decades, advancements in pro-
duction processes and methods have greatly improved the bi-
ological performance of MBs, especially in terms of the cor-
rosion of Mg and Mg alloys, leading to renewed interest in
MBs as bone implant materials [12]. In addition, the rapid de-
velopment of bioengineering provides the possibility of using
MBs for bone repair and regeneration through fabrication of
versatile modalities with an abundance of compositions, me-
chanical properties, and functionalities, which are fortunately
desirable for further translation to clinical applications. For
instance, in recent decades, various Mg-incorporated bioma-
terial scaffolds have been developed for bone defect repair and
have been engineered to be bioactive and/or bioresorbable to
enhance bone growth by harboring different growth factors,
drugs, genes, and/or stem cells [13].

In this review, we summarize the recent developments in
MBs and highlight the underlying enhanced bone regener-
ation mechanisms and the advancement and special proper-
ties of Mg-based orthopedic implants, thereby clarifying some
of the obstacles that block mainstream use of MBs as bone
graft substitutes. The diverse selection of implantable MBs,
including Mg and Mg alloys, bioceramics, bioglasses, and
biopolymer-based composites, can enhance osteogenesis, in-
hibit metabolic activity and osteoclast differentiation and pro-
mote osteoblast adhesion and motility to facilitate bone re-
covery (Fig. 1). Furthermore, these novel MBs have shown
high degradation performance and desirable mechanical prop-
erties and biocompatibility when applied in bone and soft
tissue repair. These properties have been especially encour-
aged by several corresponding technological innovations that
provide an abundance of opportunities to continue advancing
the field of Mg-based orthopedic implants. The application

forms of these MBs are also presented, and the challenges
and prospects for further clinical translation are discussed.

2. Mechanism of the enhanced bone regeneration activity
of MBs

Bone is a dynamic tissue that is continuously remod-
eled via the precisely coordinated resorption and synthesis
processes of skeletal tissues [14,15]. Consequently, the con-
tent of inorganic compositions stored in bone tissue continu-
ously changes. Approximately 67% of Mg in the human body
is stored in bone tissues, and 30% is exchangeable on the
crystal surface of bone, providing a dynamic supply for main-
taining intra- and extracellular Mg concentrations [16,17].
Previous studies have suggested that magnesium ions (Mg>*)
have an effect on the overall rate of seeded calcium phos-
phate crystallization and the subsequent growth of hydrox-
yapatite (HA) [18]. Moreover, as a participatant, Mg>* in-
duces osteogenic differentiation and osteoblast differentiation,
which occur with the use of degradable magnesium metals
and alloys, thereby promoting bone regeneration [19,20]. In
contrast, Mg?* deficiency (approximately 0.04—10%) lead to
suppressed bone formation for a decrease in osteoblasts and
bone mass and an increase in osteoclastic bone resorption re-
sulting from enhanced secretion of proinflammatory cytokines
[21-23]. The degradation products of Mg and Mg alloy im-
plants were observed to promote new bone tissue growth and
bone remodeling in animal models (i.e., rats, guinea pigs, and
rabbits) [24-29]. However, the underlying mechanism remains
unclear because only a few studies have examined the direct
influence of Mg>* on osteogenesis. Based on the results of
previous in vitro and in vivo experiments, we summarize the
current understanding of the possible cellular and molecular
mechanisms underlying the osteopromotive properties of Mg.

2.1. Osteogenesis enhancement

As a typical metal ion, Mg?* determines intracellular pro-
tein and DNA synthesis, and has been postulated to be a key
regulator in cell proliferation and differentiation [30,31]. The
MAPK/ERK pathway is one of the signaling pathways gov-
erning the osteogenic differentiation of stem cells [32]. Mg?*
has been reported to selectively activate the MAPK/ERK path-
way and further induce the stem cell differentiation. Dur-
ing this process, magnesium transporter 1 (MagT1), one of
the major Mg?* transporters, can influence the osteoinductive
effect of magnesium by mediating the influx of Mg?*[33]
(Fig. 2A). Zhao et al. investigated the effect of Mg?* on
fracture healing with an intramedullary nail containing mag-
nesium (Mg-IMN). Their results indicated that the internaliza-
tion of Mg?* into neurons in the dorsal root ganglia (DRG)
was mediated by MagT1 and transient receptor potential 7
(TRPM7). The increased influx of magnesium ions signif-
icantly improved the release of neuronal calcitonin gene-
related polypeptide-a (CGRP) from the DRG. Additionally,
CGRP was bound to its receptor expressed on the surface of
periosteum-derived stem cells (PSCs) and induced activation



H. Zhou, B. Liang, H. Jiang et al./Journal of Magnesium and Alloys 9 (2021) 779-804 781

Advanced Performance

Mg-based biomaterials

Clinical Application Forms

Bone repair & regeneration

Implantation of
cortical bone

\

4B/'o-dc—jg/‘adab/'//z‘y

Corrosion rate y

Bone tissue
engineering materials

Mg & Mg alloys

Bio-
Mg-based glasses

biomaterials

Bio-

B/'o—safteiy4

Pins & Plates ' geramics

o\ Polymer materials A ?
s e 5, P NS »
d e Y ¥ Scaffolds & Rings /'
\ Implantation of boé\\ ABi ) bili Acﬁvﬂy% zféiﬁ:;itation f @
marrow medullary cavity . io-compatibility
Adhesion & motility
. Osteoblast 1

Deformities Reconstruction g
of ACL Immunomodulation 1 ®

repair ﬂ

Angiogenesis f )\{(

Fig. 1. Graphical representation of the application forms of the various Mg-based biomaterials and their corresponding physiological processes.

of cAMP-responsive element-binding protein 1 (CREB1) and
SP7 (also known as osterix). The upregulated expression of
these proteins enhanced the osteogenic differentiation ability
of PDSCs. This result suggests that Mg?* participates in the
cross-talk between DRGs and PSCs and prompts increased
formation of new bone by improving osteogenic differentia-
tion [34] (Fig. 2B). To identify specific intracellular signaling
pathways through which Mg?* enhances bone regeneration,
Sayuri et al. [35] treated human bone marrow stromal cells
(hBMSCs) with various concentrations of MgSO,, with and
without osteogenic factors. They observed that the addition of
10 x 1073 mol/L. (M) Mg?** to cell cultures enhanced the min-
eralization of the extracellular matrix (ECM) by upregulating
the expression of COL10A1 (an ECM component in healing
bone) and vascular endothelial growth factor (VEGF). Fur-
thermore, western blotting results showed that undifferenti-
ated cells cultured without osteogenic factors were stimulated
by HIF-2«, whereas osteogenic cells cultured with osteogenic
factors were stimulated by PGC-1«. This result provides fur-
ther evidence that the induction pathway of osteogenic pro-
teins might be different depending on the hBMSCs differen-
tiation status (Fig. 2C). Recently, Huang et al. [36] reported
that additional Mg?* can activate the canonical Wnt signal-
ing pathway and significantly upregulate the expression of §-
catenin and its downstream genes (LEF1, DKKI1), which in

turn causes hBMSCs to differentiate toward their osteoblast
lineage and induces an osteogenic effect (Fig. 2D).

2.2. Prompt adhesion and motility of osteoblasts

It is critical to establish and maintain mature bone at the
bone/device interface after MBs implantation. During this pro-
cess, cell adhesion to orthopedic implants, which is primarily
mediated by integrins (membrane-associated adhesion recep-
tors belonging to the integrin superfamily), is a crucial step
for successful implantation [37]. Integrins consist of nonco-
valently associated o and B subunits, which act as signal
transduction and adhesion proteins. In addition, the motifs of
the extracellular domain of the «-subunit can bind divalent
ions, such as Ca’*, Mg>*, and Mn?*. Changes in extracel-
lular ions affect integrin affinities to their respective ligands
[38,39]. Zreiqat et al. [40] found that human bone-derived
cell (HBDC) adhesion decreased significantly when the fi-
bronectin receptor «581 and S1-integrins were blocked. In
contrast, as a result of enhanced levels of o581, 81, and
a3B1-integrin receptors, cell adhesion was dramatically im-
proved when HBDCs grew on a Mg?*-modified bioceramic
surface. This research revealed that Mg>* might promote ad-
hesion of HBDCs in an @581- and S1-integrin-mediated man-
ner, thereby contributing to good osteointegration and more
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bone formation surrounding Mg-incorporated implants. Jin-
Woo et al. [41] found that Mg incorporation significantly in-
creased attachment of MC3T3-El preosteoblast cells on the
smooth surface of Ti materials.

Moreover, the effect of Mg?* on osteoblast motility has
been widely studied [11,42]. To investigate the influence of
Mg?* on osteoblast migration, Kim et al. [42] performed
two-dimensional migration wound healing assays and tran-
swell migration assays with a range of Mg?* concentrations.
Both assays demonstrated that Mg?* at an optical concentra-
tion greatly improved the motility of osteoblast cells. Notably,
the researchers further measured the migration ability of os-
teoblasts on Mg-containing polycaprolactone (PCL) scaffolds,
which persistently released Mg+ at a concentration of 5mM
after preincubation. After 4 days of incubation, quantifica-
tion of both the genomic DNA and protein content indicated
that the cell count on the inside was higher than that on the
outside of the PCL scaffold, revealing that Mg?* facilitated
movement of osteoblasts into the scaffold.

2.3. Inhibition of osteoclast metabolic activity and
differentiation

In adults, bone tissue is continuously being remodeled, and
the overall bone mass is maintained at a constant level via a
balance between osteoclastic bone resorption and osteoblastic
bone formation. To investigate the influence of increased ex-
tracellular magnesium content on human osteoclasts, Wu et al.
exposed cultures to various magnesium concentrations (from
either magnesium chloride or magnesium extract), thereby
simulating the effect of Mg alloy degradation. When ana-
lyzing the experimental results, they found that magnesium
chloride first favored and then disfavored osteoclast prolifer-
ation and differentiation in a concentration-dependent man-
ner, while the magnesium extract appeared to decrease the
metabolic activity of osteoclasts [43]. Moreover, they estab-
lished an attractive coculture that contained bone-forming os-
teoblasts, bone-resorbing osteoclasts, and Mg extract at vari-
ous dilutions. The results showed that Mg extract at certain
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concentrations (14.36 mM and 26.27 mM) had a positive effect
on osteoblast formation but an inhibitory effect on osteoclast
differentiation [44].

2.4. Immunomodulation

Inflammation is a major cause of orthopedic implant failure
[45]. Among biomaterial-mediated reactions, the host immune
responses are quite normal in the treatment of bone regen-
eration, and release of inflammatory factors is unfavorable
for bone repair. The osteo-immunomodulatory property of
bone biomaterials has been found to play a significant role in
biomaterial-assisted osteogenesis by triggering the desired im-
mune response. Wang et al. [46] reported that magnesium can
affect immune environments by promoting macrophage polar-
ization to the M2 phase. The increased anti-inflammatory M2
macrophages exhibited strong BMP-2 and TGF-8 expression,
thus supporting osteoblast mineralization. Moreover, magne-
sium suppressed M1 macrophages with a consequent decrease
in proinflammatory factors (TNF-c, IL-18, IL-6), thus acting
as an anti-inflammatory agent (Fig. 3). These findings suggest
that Mg?* might facilitate bone regeneration by inducing the
desired immune microenvironment.

2.5. Angiogenesis enhancement

Vessel development is vital for bone formation [47,48].
Several studies have shown that Mg?* can promote angio-
genesis by stimulating VEGF, angiogenin and other crucial
chemoattractants [8]. Lin et al. [33] provided an embryonic-
like environment for stem cells with magnesium-enriched 3D-
culture systems. They found that Mg?* stimulated osteogenic
differentiation of stem cells with selective activation of the
MAPK/ERK pathway; moreover, the expression of VEGEF,
which is an important factor in angiogenesis [49-51], was sig-
nificantly upregulated in bone marrow stem cells (BMSCs).
In addition to enhanced angiogenesis in vitro, dramatic neo-
vascularization was observed in a rat cranial defect model,
with significant vascularized bone regeneration 4 weeks post-
operation. Therefore, it could be concluded that magnesium-
containing biomaterials not only stimulate osteogenic differ-
entiation of stem cells but also improve angiogenesis.

Overall, the mechanisms by which MBs enhance bone re-
generation include various cellular and molecular changes in-
volving the bone, nerve, vessel, and immune systems. These
direct and indirect effects are advantages of applying Mg-
based materials, thus increasing their promise as candidates
for bone repair. The corresponding studies taken into consid-
eration are listed in Table 1.

3. History of research on magnesium as a clinical
orthopedic implant biomaterial for bone injury repair

In the mid-19th century, soon after commercialization of
Mg production, magnesium was first used as a biomaterial
[62]. Over the next 50 years, Mg and Mg alloys were widely
used for vascular, orthopedic, and general surgery. In 1900,
for the very first time, Erwin Payr introduced the idea of using
Mg plates and sheets in joint arthroplasties to regain or pre-
serve joint motion [63]. As an important person who greatly
promoted the musculoskeletal applications of Mg, Albin Lam-
botte carried out a series of clinical trials and demonstrated
the feasibility of Mg-based orthopedic implants. In 1906, he
conducted a trial to repair fractures of the tibia and fibula
with Mg plates and steel screws in a 17-year-old boy [64,65].
Unfortunately, the Mg plate degraded at a rapid rate due to
electrochemical reactions, which led to insufficient stabiliza-
tion; thus, a revision surgery had to be performed on the pa-
tient. After realizing that the use of two different metals might
lead to rapid galvanic corrosion, Lambotte tried to use only
a Mg nail to fix supracondylar fractures in several children.
Although the high initial corrosion of Mg implants led to gas
cavities at the implant site, total restoration of joint function
was observed without any complications 1 year after surgery
[66]. Interestingly, physicians were initially worried about the
formation of gas cavities with quickly corroding Mg implants,
yet these cavities had no detrimental influence on the final
clinical outcome. In 1934, Verbrugge, Lambotte’s assistant,
treated a diaphyseal humeral fracture in a child using Mg
plates and screws. After 3 weeks, the Mg plate almost com-
pletely degraded, and the bone fracture healed well without
obvious complications [67]. At some point in approximately
1938, McBride conducted many trials to explore the potential
clinical application of Mg implants. Given the corrosion char-
acteristics of Mg, he designed several corresponding operation



Table 1
Mechanisms underlying the osteopromotive properties of MBs.
Biomaterials Mechanism Index/Signal pathway Cell line Animal Applications Reference
Osteoblast-related Mg rod Osteogenesis (+) CGRP induced activation of CREB1 and  rPDSCs rat non-fractured/fractured [34]
(Enhanced proliferation SP7 (+) femurs in rats
Mg extract and/or osteogenic ALP activity (4) Osteoblasts (derived from NA NA [44]
(0.93-26.67mM) differentiation of stem osteoblastic specific genes (+) SCP-1)
cells) (Mg extract concentration at 14.36 and
26.67 mM)
Mg plates and screws; Canonical Wnt signaling pathway (+) hBMSCs rabbit fractured rabbit ulna [36]
MgSO4 solution
Mg+ containing Al;O3 Adhesion and motility of «5p81- and S1- integrin associated Human bone-derived cell NA NA [40]
bioceramic osteoblast (+) signaling pathway (+)
MgO/MgCO3 (PLGA NA rBMSCs rat critical-sized cranial [11]
microspheres) defects
MgSO4 solution Mineralization of ECM COL10A1 and VEGF (+) hBMSCs NA NA [35]
(+) (via HIF-2a in undifferentiated hBMSCs
and via PGC-1a in osteogenic cells)
MgSO4 solution Osteogenesis (+) TRPM7/PI3K signaling pathway (+) Osteoblast NA NA [52]
Motility of osteoblast (+4) (hFOBI1.19)
Mg containing Ti alloy Cell proliferation (+), ALP activity (+) Osteoblasts rabbit lateral femoral epicondyles [53]
scaffold Cell adhesion (+), osteoblastic specific genes (+) (MC3T3-El cells) defect
ECM mineralization (+)
MgCl, solution; Cell proliferation (+), MagT1 expression (+) rBMSCs rat critical-sized cranial [33]
Mg?* containing spheroids Cell migration (+), MAPK/ERK pathway (+) defects
Osteogenic differentiation
(+)
Osteoclast-related ~ MgCl, solution; Cell proliferation (-) TRAP activity (-) osteoclasts (derived from  NA NA [43]
Mg extract Cell differentiation (-) Cathepsin K expression (-) human peripheral blood
Cell metabolism (-) mononuclear cells)
Mg extract Osteoclasts differentiation TRAP activity (-) Osteoclast NA NA [44]
(0.93-26.67 mM) (-) Osteoclast specific genes (-) (derived from human
(Mg extract concentration at 14.36 and peripheral blood
26.67mM) mononucleated cells
Mg2Ag nails Osteoclasts differentiation Number and the size of TRAP-positive Osteoclasts (derived from  mouse femoral fractures [54]
2% Ag) and function (-) cells (-) mice marrow-derived
Dentin resorption (-) osteoclast precursors)
Mg leach liquor (MLL) NF-kB signaling pathway (-) Osteoclasts mouse Titanium particle-induced ~ [55]
Ca”t-dependent calcineurin signaling (-)  (derived from murine osteolysis
macrophages)
MgSO4 solution NF-«B signaling pathway (-) murine macrophages NA NA [56]
(RAW264.7)
Mg corrosion products Osteoclastic differentiation Osteoclast specific genes (-) hMSCs NA NA [57]

)
Metabolic activity (-)

(continued on next page)
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Table 1 (continued)

Biomaterials Mechanism Index/Signal pathway Cell line Animal Applications Reference
Immunomodulation MCPC Favorable Transform macrophage responses from the murine macrophages NA NA [46]
osteoimmunomodulatory M1 phenotype to M2 phenotype (+) (RAW264.7);
microenvironment (+) TNF-« and IL-6 expression (4) rBMSCs;
TGF-B1 expression (-) HUVECs
Fibrinogen-Mg scaffolds Transform macrophage responses from the PBMC NA NA [58]
Mg and Mg alloy extracts M1 phenotype to M2 phenotype (+) Human promonocytic cells NA NA [59]
MgSO4 solution TNFa expression (-) murine macrophages rat steroid-associated [56]
Oxidative injury (-) (RAW264.7) osteonecrosis
Angiogenesis MCPC Endothelial cells migration TNF-« and IL-6 expression (+) murine macrophages NA NA [46]
(+) TGF-B1 expression (-) (RAW264.7);
Angiogenin and PECAM rBMSCs;
(+) HUVECs
MCPC Tubes formation (+) NA HUVECs rat femur defect model [60]
PLGA/TCP/ NA NA rabbit steroid associated [57]
Mg scaffolds osteonecrosis
MgSO4 solution Tubes formation (+) NA The human umbilical vein rat steroid-associated [56]
Cells migration (+) cell osteonecrosis
Blood vessels (+)
Mg containing Ti alloy Cell proliferation, HIF-1lo and VEGF expression (+) HUVECs rabbit lateral femoral epicondyles [53]
scaffold adhesion, migration (4); defect
Tube formation (+)
Zn/Mg-Ti alloy NA MagT]1 transporter (+) HUVECs rabbit implantation of bilateral [61]
HIF-1a (+) mid-shaft and condyle of
femurs
MgCl, solution; Neovascularization (+) VEGEF expression (+) rBMSCs rat critical-sized cranial [33]

MgCl, and BMSCs
containing spheroids

Cell migration (+)

defects

“(4)” represents upregulated or promoted; “(-)” represents downregulated or suppressed.
Note: full name of the abbreviated forms used above.

$08-64L (I207) 6 s€ojy puv winisausvpy fo ppuinof/-|p 32 Suvif “f ‘Suvry "g noyz ‘g

NA: not applicable, rPDSCs: rat periosteum-derived stem cells, ALP: alkaline phosphatase, SCP-1: osteoblasts derived from hTERT transduced mesenchymal stem cells, Ti: titanium, hBMSCs: human bone
marrow stromal cells, TRAP: tartrate-resistant acid phosphatase, rBMSCs: rat bone marrow mesenchymal stem cells, ECM: extracellular matrix, MCPC: magnesium—calcium phosphate cement, HIF-1o:
hypoxia-inducible factor-1e, HUVECs: human umbilical vein endothelial cells, PBMCs: human peripheral blood mononuclear cells, hMSCs: human mesenchymal stem cells, PLGA: poly (lactic-co-glycolic
acid), TCP: tricalcium phosphate.
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Fig. 4. Timeline of magnesium as a clinical orthopedic implant biomaterial for bone injury repair.

techniques and indicated that Mg implants were more appro-
priate for use as fixation devices for autogenous bone grafts
[68]. In 1948, Troitskii et al. reported successful treatment
of 34 cases of pseudarthrosis with a plate and screw com-
bination made of a Mg—Cd alloy. Furthermore, researchers
found that the OH- ions from degradation of Mg metal led to
an increase in pH in the microenvironment, which positively
stimulated the formation of a fracture callus and facilitated
faster recovery in patients with osteomyelitis [69] (Fig. 4).

In the following decades, due to poor corrosion resistance,
the applications of Mg-based orthopedic implants were lim-
ited. However, with the current rapid development of science
and technology, the number of studies recently investigat-
ing the potential of Mg-based implants in orthopedic fields
has been growing exponentially. In 2013, Windhagen et al.
[20] demonstrated that screws made of the magnesium al-
loy MgYREZr were biodegradable and safe for treatment
of mild hallux valgus deformities; furthermore, these screws
were graphically and clinically equivalent to conventional Ti
screws. In 2015, Zhao et al. [70] investigated the application
potential of Mg screw-fixed vascularized bone grafts for treat-
ing osteonecrosis of the femoral head (ONFH). Based on mul-
tiple imaging data, Mg screws showed good corrosion resis-
tance and an approximately 25% decrease in diameter within
12 months postoperation. Regarding the functional recovery
evaluation index, the Harris hip score (HHS) was significantly
improved in the Mg screw group compared with the control
group (without Mg screws), indicating better treatment effi-
cacy. In 2019, Chen et al. [71] reported treatment of trauma-
induced femoral head necrosis with a biodegradable pure Mg
screw-fixed pedicle iliac bone flap. Within 1 year postopera-
tion, an image examination revealed that the volume of the
pure Mg screw had decreased by approximately 69.5%, and
hip function was significantly improved, with almost com-
pletely merged bone flaps. From the first explorations to the
present, materials scientists, engineers and surgeons continue
to devote themselves to the exploration of the advanced prop-
erties of Mg-based biomaterials for their possible benefits in
clinical use.

4. Application of MBs in orthopedic fields

Typically, as ideal candidates for bone repair, autologous
bone and allogeneic bone are the gold standards; however,
they are restricted by having a limited source and the po-
tential of immunologic rejection, respectively [72]. Currently,
permanent and inert metals with the drawback of being non-
degradable have been restricted for clinical use in particular
situations. Novel bone implants are capable of uniformly de-
grading in the human body and are progressively replaced
by growing tissue until the bone repair process is completed
[73,74]. Additionally, they are typically equipped with de-
sirable mechanical properties, such as appropriate strength,
elastic modulus, and hardness. The values of these mechan-
ical parameters should be comparable to or slightly higher
than those of natural bone for sufficient load-bearing capacity
without looseness or displacement [75]. Moreover, implants
should not only be nontoxic or non-inflammatory in the hu-
man body [76,77] but also promote bone regeneration via
osteoinduction and osteogenesis [78]. Given these considera-
tions, MBs have attracted the attention of researchers due to
their outstanding performance. In this section, the character-
istics of various kinds of MBs are summarized and discussed.
We include their biodegradation behaviors, mechanical prop-
erties and biocompatibilities, along with a systematic listing
of the strong and weak points of these biomaterials to help
researchers learn the current status of Mg-based biomaterials
for bone repair and the promising breakthroughs in this field.

4.1. Mg and Mg alloys

As a transition metal, magnesium possesses mechanical
properties similar to those of natural bone and has been
demonstrated to be a promising bone substitute material, as
mentioned above. However, Mg suffers from poor corrosion
resistance, especially in the presence of impurities; thus,
Mg-based alloys, known as revolutionary metals in biomed-
ical applications, have been prime targets for studies on
biodegradable metallic implants in the past decade [72,79].
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These alloys, produced by alloying magnesium with other
elements, namely, Mg—Al [24,80], Mg—Ca [29,81], and
Mg-Zn [82-85], are also recognized to be biodegradable and
exhibit potential for use in bone repair applications. Both Mg
and Mg-based alloys have been widely studied as orthopedic
implants to assist with repair or replacement of diseased or
damaged bone tissue.

4.1.1. Mechanical

Mechanical properties of Mg and Mg alloys: Clinically
useful bone implants should possess outstanding mechani-
cal properties. Magnesium is an exceptionally lightweight
metal with a density (1.74g/cm?®) similar to that of natural
bone (1.8-2.1g/cm?). The fracture toughness of magnesium
is greater than that of ceramic biomaterials, such as HA. With
its inherent biodegradability, Mg seems attractive for medi-
cal use, particularly for orthopedic implants. However, com-
pared with natural bone (130-180MPa), pure Mg has rela-
tively low compressive yield strength even after processing
(65-100MPa), and thus, pure Mg is rarely used as a load-
bearing implant.

In recent decades, several low toxic alloying elements have
been employed to develop Mg alloy systems. As bone im-
plants, they have inherent advantages owing to their simi-
lar Young’s modulus to human bone, thereby mitigating the
stress shielding effect and possessing high specific strength
and high specific stiffness [86,87]. Most Mg-based alloys
possess hexagonal close-packed structures with only a small
number of slip planes [88]. As a result, their ductility is rel-
atively low for bone implant application, with a low elonga-
tion rate (E) (less than 6%) and poor ultimate tensile strength
(UTS) (approximately 50 MPa). Thus, further improvement is
needed before Mg-based alloys can be used in load-bearing
biomedical applications.

Enhancement of mechanical properties: To date, various
methods have been proposed to obtain better mechanical prop-
erties. Grain refinement can enhance the mechanical proper-
ties of Mg-based alloys mainly by blocking dislocation mo-
tion and the dispersion of internal stress. Grain refinement is
commonly achieved by adding refiners, including rare earth
(RE, Ce, Y, etc.) elements or Ca, Zr, Sr, and Zn, among oth-
ers. [78]. Wang et al. [89] found that the second phase in
an AZ91D Mg alloy transformed from a thick mesh into a
fine granular shape with the addition of Ce and Y, improv-
ing the UTS of the alloy from 124 to 213 MPa. Moreover,
as Brar et al. [90] indicated, the mechanical properties of
Mg were significantly improved when the grain size of the
matrix decreased with the addition of strontium. In addition,
deformation and heat treatment are both important ways to
improve mechanical properties by regulating the microstruc-
ture and decreasing the internal stress of materials (Table 2).

4.1.2. Degradation

Mechanism of degradation in the physiological environ-
ment: In 1906, biodegradable Mg was first employed as a
fixation device to fix bone fractures [64,65]. However, sev-
eral attempts failed due to the rapid corrosion of Mg and the

formation of gas cavities and subcutaneous bubbles, causing a
severe decrease in mechanical strength. Magnesium has high
chemical activity and tends to degrade through a galvanic
corrosion process [80,91]. The process of Mg and Mg-based
alloy degradation primarily involves the following reactions
[78]:

Anodic reaction Mg — Mgt 42~ (1)
Cathodic reaction 2H,O +2e~ — H, +20H™ 2)
Overall reaction Mg+ 2H,0 — Mg(OH), +H;, 1 3

Magnesium hydroxide accumulates on the underlying mag-
nesium matrix, acting as a corrosion protective layer in water.
However, this porous Mg(OH), layer is likely to fall off, es-
pecially in solutions containing chlorine ions based on the
following reaction.

Mg(OH); +2C1~ — MgCl, +20H~ @)

Thus, the Mg(OH), layer cannot protect the Mg matrix
against further corrosion, and Mg and Mg alloys are easily
eroded in the human body due to the presence of chlorine
ions.

Environmental factors influencing biodegradation behav-
ior: As mentioned before, magnesium hydroxide is converted
into highly soluble magnesium chloride in the presence of
chloride ions. Therefore, the physiological environment is
a corrosive environment for Mg and Mg alloys due to the
high concentration of chloride ions. In addition to the chlo-
rine ions in human body fluids accelerating the Mg and Mg
alloy degradation process [92,93], many other environmen-
tal factors, such as other inorganic ions, organic buffering
molecules, dissolved oxygen and stress, have also been found
to influence Mg and Mg alloy biodegradation behavior [93].
Xin et al. [94] reported that HCO3~/CO,, the most important
buffering system in the human body, provided Mg corrosion
protection by consuming OH™ and inducing MgCOj3 precip-
itation. In contrast, an amino acid was found to reduce the
protective effect of the insoluble salt layer against Mg dis-
solution. Moreover, altered degradation behavior induced by
tension and compression has been observed for Mg biomate-
rials. Gu et al. [95] reported that the corrosion rates of as-cast
AZ91D and as-extruded WE34 alloys were dramatically in-
creased by cyclic tension and compression loads far below
the yield tensile stress.

In addition, the area of implantation can influence the
degradation of Mg-based implants. The various degradation
rates of Mg screws and plates after their implantation was
noted by Amy Chaya et al. [96]. They found a greater cor-
rosion rate for the plates than the screws when using them
as orthopedic devices in a loaded ulna fracture model. This
difference might be attributed to the local environment. Un-
like screws largely contained within bone, plates were initially
covered by muscle with higher water content and blood flow
than bone, both of which might cause acceleration of plate
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Table 2
Representative enhancement strategies and the resulting mechanical properties of biodegradable Mg-based metals [78].
Composition (wt.%) Reparation methods Post treatment YS (MPa) UTS (MPa) E (%)
Mg-3Al Casting Solid solution treatment 150 255 3
Mg-2Ca Rapid solidification NA NA 380 7.3
Mg-Zn-0.8Sr Zone solidification Heat treatment 117 210 12
LAE442 Casting NA 148 247 18
AZ31 Casting NA NA 260 15
Mg-2Sr Casting Hot rolling 147 213.3 NA
Mg-6Zn Casting Heat treatment& 280 170 19
extrusion
Mg-Y-RE-Zr Powder metallurgy NA 250 275 10
Mg-5.0Y-7.0Gd-1.3Nd-0.5Zr Casting Extrusion 162 234 26
Mg-Y Casting NA 156 257 14
Mg-5.0Y-7.0G Casting Extrusion & aging 189 243 21
d-1.3Nd-0.5Zr
Mg-3Sn-0.5Mn Casting Extrusion 150 240 13
ZW21 Casting Squeezing 200 270 17
WE43 Casting Heat treatment 170 220 44
WEA43 Casting Extrusion & heat 195 280 10
treatment
Mg-1Zn Casting NA 89 187 11
Mg-Zn-Mn Zone solidification Extrusion 246 280 22
Mg-Y-Zn Casting Extrusion NA 250-270 17-20
Mg-Zn-1Sr Zone solidification Heat treatment 130 249 13
AZ31 Casting NA 110-180 255-290 15-21
WE43A Casting Heat treatment 162 250 NA

Note: full name of the abbreviated forms used above.

NA: not applicable or not available, YS: yield strength, UTS: ultimate tensile strength, E: elongation rate.

corrosion [97] and would also explain the similar observa-
tion of the various degradation rates for Mg screw heads and
shafts [98-101]. According to the implantation site, Remen-
nik et al. [102] revealed that the degradation rate of implants
could be ranked in the following order: subcutaneous > mus-
cle > bone.

Regulation of degradation behavior: 1deal bone implants
ought to have appropriate degradation rates to match the new
bone restoration process after implantation and should be pro-
gressively replaced by the growing tissue until the bone re-
pair process is completed [74,80]. For Mg and Mg alloys,
despite their reported ability to enhance bone regeneration, it
is necessary to improve their corrosion resistance for clinical
application and thus slow the strength decay in bone repair.
Several studies have indicated that Mg and Mg alloys are
potential biodegradable orthopedic materials with moderate
degradation rates [36].

Bare Mg alloys exhibit a wide range of degradation peri-
ods (4-52 weeks) depending on their chemical composition
and processing history. Nevertheless, most of them degrade
at a high rate, with fast degeneration of mechanical integrity
in the body [98]. In this situation, researchers have developed
different kinds of physical or chemical methods for the reg-
ulation of the degradation rate, which is independent of the
implantation site [78,103]. Alloying, mixing Mg with other
metals/nonmetallics, can regulate the phase distribution, grain
size, and microstructure of Mg-based alloys, fundamentally
improving their corrosion resistance. With heat treatment, the
second phase is dissolved or uniformly distributed in the ma-
trix. These changes reduce the adverse impact of galvanic

corrosion between the second phase and the Mg matrix and
play a role in inducing uniform corrosion by mitigating pit-
ting corrosion. Liu et al. observed that the Mg;7Aj, phase
was distributed uniformly in an as-cast AZ63 alloy after so-
lution treatment and aging, and the results showed that rel-
atively uniform corrosion with a half-reduced corrosion rate
was achieved compared with the untreated alloy [104,105].
Surface treatment primarily refers to generation of a surface
film or passivation layer on the Mg matrix, thereby improv-
ing the corrosion resistance of Mg-based alloys at the initial
stage of implantation [106-108]. Bordbar-Khiabani et al. con-
ducted a series of studies based on the plasma electrolytic
oxidation (PEO) process, a simple, low-cost and environmen-
tally friendly method that can significantly improve the corro-
sion resistance and biocompatibility of biomaterials through
fabrication of protective inorganic layers [109-112]. In addi-
tion, purification and deformation treatments are also effec-
tive ways to slow the degradation process of Mg-based al-
loys [113,114]. All these methods significantly improve the
corrosion resistance of Mg alloys and ensure their gradual
degradation process.

4.1.3. Biocompatibility

As stated above, magnesium is essential for the human
body and is naturally found in bone tissue [10]. Although
this can be regarded as evidence of good biocompatibility, the
magnesium ions released from implants may affect surround-
ing cells and tissues and may even have systemic toxicity if
an excessive amount enters the bloodstream [115]. Moreover,
the alloying element in Mg alloys, such as Sr and Al, can
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accumulate in the human body and lead to potential health
hazards [116,117]. Therefore, investigation of the cytocom-
patibility, histocompatibility, and hemocompatibility of Mg-
based implants is necessary to evaluate their biocompatibility
(Table 3).

Cytotoxicity tests can provide an initial indication of the
biocompatibility of metal cations. Compared to the in vitro
environment of ISO cytotoxicity test standards, the released
Mg?* from Mg implants can be promptly diluted by the sur-
rounding body fluid and diffuse into the circulatory system.
Thus, dilution of extracts of Mg-based metals are recom-
mended to simulate the level of in vivo degradation prod-
ucts for in vitro testing [118,119]. A Mg>* concentration
of 10mM has been reported to be the critical dose without
impairment in cell viability, and 15mM may be considered
nontoxic (above 75% cell viability) [118-120]. Marrow cells
treated with Mg presented a common morphology, and cel-
lular lysis and inhibitory effects on cell growth were not de-
tected [121]. For Mg-based alloys, while the incorporation of
an alloying element significantly improved their mechanical
properties and corrosion resistance as mentioned above, the
alloying element of magnesium alloys can be toxic and hinder
biocompatibility [117]. Accordingly, we must carefully select
the alloying element and its contents. Previous studies have
demonstrated that various cell lines are cytocompatible with
most Mg alloys, including primary human mesenchymal stem
cells, bone-derived cells, mouse fibroblasts, MG-63 human
osteosarcoma cells, RAW264.7 macrophages and MC3T3-El
osteoblasts [35]. The extract of a Mg—Zn alloy showed little
impact on the morphology and proliferation of murine fibrob-
lasts, presenting Grade 0—1 cytotoxicity [122]. In addition to
no cytotoxicity toward HUVECs and MC3T3-E1 cells, Chen
et al. found that extracts of Mg—Cu alloys enhanced cell vi-
ability and proliferation [19]. Several studies have reported
that the quantity of aluminum released by degrading Mg—
Al-Zn alloys (such as AZ31 consisting of 2-3% aluminum
and 1% zinc) was within the safe range in vivo and did not
exert cytotoxic or harmful effects in the biological environ-
ment [99,123-126]. Nevertheless, there has been some con-
troversy and concern about aluminum-containing magnesium
alloys due to their potential neurotoxicity (risk of dementia,
senile dementia and Alzheimer’s disease) [76], and more stud-
ies are needed to further verify whether they can be safely
used in the human body.

In addition, hundreds of publications are available in
which the in vivo biocompatibility of Mg/Mg alloy mate-
rials was evaluated to assess the feasibility of their use for
biomedical purposes [78,98]. Mg alloys have been implanted
in endosseous sites in various models, such as guinea pigs
[24], rats [127], and rabbit femora [102], tibiae [100], and
ulnae [128], all of which exhibited arguably good biocom-
patibility and a normal foreign body response. Furthermore,
all the conducted research reported good biocompatibility of
the Mg alloys, with enhanced new bone formation around
the implants and in the vicinity. For the excessive hydrogen
accumulation that occurs during the rapid corrosion process,
Kraus et al. used micro-CT to study gas formation and Mg

pin degradation in rat femora [78] and showed that gas
formation closely followed the decrease in the Mg volume.
Furthermore, they showed that the produced gas was largely
resorbed by the surrounding tissue and did not have adverse
effects on bone healing [129]. However, importantly, decreas-
ing the formation of gas pockets is necessary for clinical
translation [129]. Notably, in most of the reported cases, gas
cavities were observed around Mg and Mg alloy implants due
to insufficient diffusion and absorption. These gas cavities,
mainly composed of hydrogen, began forming at the early
stage (7-30 d) of implantation and gradually disappeared
with a moderate inflammatory response [96]. To circumvent
this issue, the degradation rates of Mg-based biomaterials
must be decreased, thereby slowing hydrogen generation.

As summarized above, magnesium metals and alloys are
lightweight, biodegradable, load-bearing, biocompatible, and
possibly biologically active implant materials [127]. To date,
surgeons have explored Mg and its alloys for numerous clin-
ical applications, including their potential use in cardiovascu-
lar, musculoskeletal and general surgery [69].

4.2. Mg-based bioceramics and bioglasses

4.2.1. Bioceramics

Bioceramics, consisting of inactive bioceramics and active
bioceramics, have been investigated for a long time to re-
pair diseased or damaged hard tissues [145]. Among them,
calcium phosphate ceramics (CPCs) are commonly used in
the orthopedic field because their chemical composition re-
sembles that of bone minerals [146], including HA, trical-
cium phosphate (TCP), and biphasic calcium phosphate (BCP,
a mixture of HA and TCP). However, as long-term stable
materials, most available CPCs may remain unchanged and
are only partially resorbed in the patient’s body after a year
or perhaps even longer; this poor resorption potentially re-
sults in tissue inflammation and poor integration with the pa-
tient’s bone [147]. Furthermore, the relatively weak mechani-
cal properties of CPCs, in particular their low fracture tough-
ness, greatly limit their clinical application [148]. Therefore,
it is necessary to develop more reliable bone ceramics that
meet the demands of orthopedic implant surgery. Magnesium-
based bioceramics, including a diverse variety of magnesium-
containing compounds, such as oxides, phosphates and sili-
cates, have been an eye-catching field in the past 30 years.
In this section, we summarize and discuss recent findings on
the novel properties of magnesium phosphates and calcium
magnesium phosphates.

Magnesium phosphate (MgO-P,0s, Mg-P) systems. Magne-
sium phosphate may exist in the human body within phys-
iological and pathological mineralized tissues, such as den-
tal calculi and kidney stones [149,150]. As bone substitutes,
magnesium phosphates have been studied much less than their
Ca-P counterparts. This is perhaps due to the overwhelming
attention given to Ca—P. Magnesium phosphate-based cement
(MPC), often called chemically bonded phosphate ceramics
or cold-setting ceramics, is the primary application form for



Table 3
Strategies used to improve the corrosion resistance and biocompatibility of Mg-based alloys.
Implants Strategies Techniques Modified Implantation period Degradation properties Biocompatibility References
(wt.%) parameters site
Corrosion  Degradation rate or Inflammatory ~ Gas New Bone
resistance  residual implant% reactions formation  bone contact
AZ91 rods Surface Plasma treated AlyO3 coating  Lateral 2 months —+ 98% NA NA +4 ++ [130]
Naked treatment epicondyle in
rats
AZ91 rod MAO and EPD FHA/MAO Greater 2 months + 4mg/cm2 + - ++ NA [131]
coating trochanter of
rabbits
AZ31 disk Chemical HAp and Back of mice 16 weeks + NA + - NA NA [132]
deposition OCP coating
method
Mg—Ca alloy Alkaline heat magnesium NA NA + 2.08-2.29 mm/year NA NA NA NA [101]
(1.4wt% Ca treatment oxide layers
content)
Mg-Mn-Zn Chemical Ca-P coating  Femoral shaft 4 weeks + NA - NA ++ ++ [133]
alloy rod deposition (CaHPO4°2H,0 of
method layer) rabbits
AZ31B Low Fluoride Femur of 3 months + NA - NA + ++ [134]
SCrews temperature coating rabbits
chemical heat
treatment
Mg-Ca-Zn alloying Alloying Zn Improved Femoral 24 weeks + NA - - + NA [135]
alloy open-circuit condyle of
potential rabbits
Mg-Ag alloy Alloying Ag NA Non-fractured 30 weeks + NA NA + NA [55]
and fracture 0.473 £0.038 mm/year
right femur of
mice
Ti containing Alloying Ti decreased the ~ NA NA + NA NA NA NA NA [136]
AZ61 alloy volume
fraction and
size of the B
phase.
Mg-Zn-Sr Alloying Zn Moderated the The tibial and 16 weeks + - + + [137]
alloy screw and Sr amounts of femoral bone 0.068 £0.007 mm/year
the deposited  tunnel
second phases
MgYREZr Alloying Y, RE NA The tibial 0.17 mm/year + + + [138]

alloy screw

and Zr
(RE: Nd, Yb,
Er, Dy and Gd)

bone tunnel

(continued on next page)
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Table 3 (continued)

Implants Strategies Techniques Modified Implantation period Degradation properties Biocompatibility References
(wt.%) parameters site
Corrosion  Degradation rate or Inflammatory  Gas New Bone
resistance  residual implant% reactions formation ~ bone contact

Mg-Mn alloys Alloying Mn The NA NA + NA NA NA NA NA [139]

refinement of

grains and the

increase in

corrosion

potential
HA Mg-based Selective laser decrease of NA NA + NA NA NA NA NA [140]
containing MMC melting grain size and
Mg-Zn alloys the formation

of protective

layer

Selective laser the grain NA NA + NA NA NA NA NA [141]

ZK30/bioactive melting refinement
glass effect
composites Protective

layer of

precipitates
CNTs NA reduced NA NA + 0.214 mm/year NA NA NA NA [142]
containing corrosion
AZ31 current

densities and

increased

corrosion

potential
High-purity purification ~ NA in lack of Femoral 24 weeks + 1.38 +0.03 mm/year NA NA + + [143]
magnesium second phases condyle of for 4 weeks.
SCrews and micro- rabbits 0.57£0.03 mm/year
(99.99 wt% galvanic after 24 weeks
Mg) corrosion
High-purity NA NA Tibiae of 52 weeks  + NA + + + + [144]
magnesium rabbits
screws
(99.99 wt%
Mg)

Note: full name of the abbreviated forms used above.

NA: not applicable or not available, MAO: microarc oxidation, EPD: electrophoretic deposition, FHA: fluoridated hydroxyapatite (Ca;o(PO4)sOH;—xFx), OCP: octacalcium phosphate, HAp: hydroxyapatite,

MMC: metal matrix composites, CNTs: carbon nanotubes.
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Mg-P systems in the field of bone repair and regeneration.
MPC is typically formed by reacting solid magnesium ox-
ide (or magnesium phosphate) with an acidic phosphate so-
lution, and the specific process includes an acid-base reac-
tion, the formation of an amorphous gel, and crystallization
[147].

In the 1990s, Driessens et al. reported biomedical appli-
cation of MPC for the first time. They found that bone ap-
atite formation could be induced by MPC after 8 weeks of
implantation in rats [151]. Compared with CPC, MPC pos-
sessed a shorter self-setting time and higher initial compres-
sive strength [152], which provided crucial mechanical sup-
port at the initial stage. Furthermore, the Mg—P system has a
degradation potential superior to that of Ca—P [153,154]. As
with the Ca—P compounds, the physical properties of the Mg—
P system can be modified by different parameters [155] or ac-
cept other ions [156-160]. Regarding biological safety, in vitro
and in vivo experiments revealed that MPC possesses good
biocompatibility and degradability [160]. Yonglin Yu et al.
evaluated the systemic biocompatibility and genetic toxicity
of MPC through in vitro tests and animal implantation, sug-
gesting that bioresorbable MPCs were safe for use in medical
applications [161].

Over the past almost 30 years, many experiments have
been carried out to develop clinically adoptable MPCs, which
were endowed with a more ideal combination of strength, set-
ting time and resorption rate than calcium phosphate cements
[147]. Conventional biomedical MPCs are usually prepared by
reacting magnesium oxide (MgO) with ammonium or potas-
sium phosphate salts [162]. The product, ammonium MPC,
was demonstrated to be more suitable as a bone filling mate-
rial with their merits of fast setting, high initial strength, and
high cohesiveness properties [163]. However, ammonia or am-
monia ions released from the setting reaction may lead to an
unpleasant environmental odor and possibly compromise bio-
compatibility [164]. Some attempts were made to overcome
these disadvantages by switching from ammonium phosphate
to NaH,PO, or potassium dihydrogen phosphate (KH,PO,).
Fan et al. [165] showed that a potassium MPC circumvented
the NH4 T issue while preserving the solidification strength;
additionally, this potassium MPC had a low temperature in-
crease, which was reduced from 90 to 50°C, during setting.
Although the maximum temperature of the setting reaction
was lower for MPC than CPC (over 80°C), their exother-
micity generates a temperature that may cause tissue damage,
which has long slowed their use in biomedical applications.
To solve this problem, Huan Zhou et al. prepared an MPC
via a novel microwave (MW)-assisted technique. They found
that the developed self-setting MPC-MW could be directly in-
jected into bone defects without any exothermicity, success-
fully mitigating the heat problem. Furthermore, the results
showed that exposure to microwaves simultaneously improved
the mechanical performance of hardened cement and reduced
the setting time of both the MPC-MW and CPC-MW groups
[166]. Thus, in addition to incorporating other cations, this
microwave exposure also provided a novel technique for im-
proving injectable phosphate bone cement composition [162].

To ensure good manageability characteristics, the setting
times of MPC should be taken into serious consideration. In
general, the first and second setting times of 8 and 15min
are suitable for most clinical applications. For an MPC, set-
ting times can be precisely controlled by modulating and op-
timizing the material conditions [162]. For instance, Wang
et al. [167] found that addition of different amounts of liquid
into premixed acid phosphate and oxide powders increased
the setting time as the liquid-to-solid ratio (L:S) increased
(ranging from less than 10 to 20min at a calcination tem-
perature of 1500°C). Moreover, the results indicated that the
setting time increased significantly as the calcination temper-
ature increased. Similarly, researchers improved the setting
time of MPC by controlling the powder size, surface area,
and reactivity [162]. However, the various material conditions
may change the microstructure of MPCs and even decrease
their compressive strength [167]. Reaction retardants, espe-
cially borax, are a simple and effective approach for delaying
the setting reaction when the setting time of the MPC is too
fast (approximately 3min), while the bioactivity of current
retardants is limited. In this context, another more versatile
approach, namely, the development of a composite system,
was proposed; suitable bioactivity and physicochemical prop-
erties were sought using this composite system [168,169].
Recently, Li et al. [170] developed magnesium phosphate-
borosilicate glass bone cement (MPC-BG) by incorporating
borosilicate bioglass (BG) into the MPC. The results showed
that the setting time was extended with the increase in BG
content for all MPC-BGs, and the corresponding setting time
was 9.9+0.7min when the MPC/BG ratio was 3:1. On the
other hand, the manageability characteristics of MPC are also
affected by its injectability, which is clinically important for
application in minimally invasive surgeries or for filling of
complicated defect sites. Cohesion is intricately related to in-
jectability. The common methods for enhancing injectability
by improving cohesion include the addition of additives and
increasing the viscosity or altering the wettability of particle
surfaces [171-174].

All the above results indicate that MPC exhibits com-
parable biocompatibility, a higher dissolution rate and bet-
ter mechanical performance than CPCs, thereby providing a
strong alternative to calcium phosphates for clinical appli-
cations [161,162,166]. To date, most magnesium phosphate-
related studies have focused on orthopedic cements. Among
the available MPCs, Thomas Lally’s work led to development
of the Launches OsteoCrete (U.S.) product form Bone Solu-
tion, Inc. (BSI), which is the only magnesium-based cement
formulation that has been approved by the FDA and is now
used in long-bone and pelvic applications [175].

Calcium magnesium phosphates (CaO-MgO-P,0s): The
CaO-MgO-P,05 system is mostly referred to as magnesium-
doped (substituted) calcium phosphates. Most of these materi-
als are synthesized with aqueous media, and the end products
of precipitation primarily depend on the solution composition,
especially the Mg/Ca and PO4*~ values [176,177].

The products of Mg+ substitution into calcium phosphates
can cause a series of changes to the physical and biological
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properties of the host. Similar to the negative effects of Mg>*+
on HA nucleation and growth in the biological mineralization
process, the substitution of various calcium phosphates with
Mg?* can be disruptive to the crystalline lattice, resulting in
an amorphous phase or less stability and greater solubility in
many cases [178-184]. In HA, up to 10 at.% of calcium can
be substituted with magnesium [185,186], and the degree of
crystallinity of Mg-substituted HA decreases with increasing
Mg2+ content [187,188]. When the total concentration of
magnesium reaches 30 at.% in HA, the excessive Mg2+
ions can be stored in the amorphous phase and/or on the
crystal surface. These Mg+ ions can reduce the crystallinity
and/or increase surface hydration [189]. Consequently,
magnesium-doped HA displays increased solubility.

In contrast, addition of Mg ions was reported to harm
B-TCP dissolution. After immersing different B-TCP sam-
ples in acidic solution (pH 4.4) for 1h, Marta Gallo et al.
observed that the percentage of the etched surface of sam-
ples significantly decreased when the Mg content increased,
with 54%, 40% and 20% for the nondoped S-TCP, low Mg-
doped and high Mg-doped samples, respectively. Characteris-
tic spike-like subcrystals resulted from etching in nondoped
and low Mg-doped samples but not in high Mg-doped sam-
ples. Moreover, they found that doping with magnesium im-
pacted the lattice parameters of S-TCP, changing the crystal
orientations that preferentially resorbed. It was concluded that
doping with magnesium impacted the lattice parameters of §-
TCP and further stabilized the S-TCP phase against dissolu-
tion [190]. Similarly, Lee et al. synthesized magnesium-doped
brushite with different Mg/(Ca+Mg) ratios (0%, 14%, and
50%) through a precipitation process. The results indicated
that magnesium substitution could stabilize brushite and im-
pede its conversion to HA, while excessive Mg”>* might be
retained at the interstitial site of the brushite structure, which
would dramatically distort the structure and inhibit crystalliza-
tion [191]. In addition, substitution of TCP with Mg2+ can
also stabilize B-TCP at high temperatures (up to 1600 °C)
[192,193].

On the other hand, magnesium-doped CaP displays a bet-
ter biological performance than pure CaP. Doping CaP with
magnesium was reported to significantly enhance osteoblast
attachment and growth compared to the use of pure CaP. Sim-
ilarly, a calcium magnesium silicate bioceramic (Akermanite)
promoted more osteogenesis, biodegradation, and bone forma-
tion than B-TCP after being implanted in rabbit test subjects
[183].

The abovementioned findings reveal that calcium magne-
sium phosphates display different physicochemical properties
depending on the degree of magnesium substitution. There-
fore, it is feasible to obtain superb Ca—Mg—P bioceramics by
modulating the Mg/(Ca+Mg) ratio.

4.2.2. Bioglasses: magnesium glasses (SiO;—MgO)

In bone regeneration, bioactive glasses are more impres-
sive than bioceramics owing to their significant advantages.
In addition to their ability to form a strong bond to both
hard and soft tissues, bioglasses can improve gene expression

in osteoblasts and angiogenesis through dissolution products
[194,195]. In the 1970s, Hench and coworkers made the first
bioglass, currently known as 45S5, which displayed excellent
bioactivity and osteoconductivity [196]. However, 45S5 and
in general other bioglasses tend to crystallize during ther-
mal treatment. The residual glassy phase is degraded pref-
erentially, likely reducing the bioactivity of the final system
and leading to implant instability [197]. Thus, development
of new bioactive glass compositions with a low crystallization
tendency is crucial.

E. Verné et al. reported the high stability and low crys-
tallization tendency in Mg?*-containing glass as a result
of elevated crystallization temperatures [198]. In bioactive
Si0,—MgO binary systems, MgO plays different roles in
the glass network: acting as a modifier or as an inter-
mediate oxide or exhibiting anomalous properties [189].
Watts et al. progressively replaced CaO with MgO in a
49.5510,-1.1P,05-(23.0(1-x))Ca0O-xMg0-26.4Na, O (mol%)
system (where 0 <x<1). They found that a portion of the
MgO (*14% in the glasses studied) acted as a network in-
termediate and entered the silicate network of the bioac-
tive glasses. Consequently, the addition of MgO decreased
both the glass transition temperature and dilatometric soften-
ing point values while increasing the thermal expansion co-
efficient values, endowing the MgO-containing glasses with
a large processing window and thereby enabling processing
without crystal formation [199]. Hand et al. observed that ad-
dition of MgO to the bioglasses system caused a decrease
in elastic modulus, hardness, and brittleness and led to an
improved fracture toughness with increasing MgO content
[200]. Previous studies have demonstrated that Mngr can cre-
ate a tight glass network attributed to its high Dietzel ionic
field strength [201]. The other beneficial effects of doping
Mg ions into a glass composition include antibacterial ef-
ficacy [202], high thermal stability, surface reactivity [203],
and glass dissolution via disruption of the silica glass network
[204].

As mentioned above, magnesium-based bioceramics and
glasses have been investigated for a long time and show great
potential as bone replacement materials, particularly MPCs
because of their relatively high strengths [204]. Additionally,
the sustained release of Mg>* can steadily stimulate bone re-
generation. Nevertheless, there is still much room for further
improving these materials. For example, compared with natu-
ral bone, the mechanical properties of Mg-based ceramics and
glasses, especially their compressive strength and brittleness,
are still not completely desirable. Further experimental work
in large animal models (preferably at partial load-bearing
application sites) is necessary to evaluate their biological
performance.

4.3. Biopolymer-based composites
Biopolymers, consisting of natural and synthetic polymers,

have been widely developed for use in biomedical appli-
cations [203,205,206]. Among these, polyesters have been
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increasingly studied due to their good biocompatibility and
biodegradability. Some of them have already been approved
by the FDA [207] and are extensively used in biomateri-
als ranging from sutures to vascular stents and bone sub-
stitutes [208-210]. Nevertheless, further studies have shown
that the acidic degradation products of polymeric devices may
result in local inflammation and infection, which eventually
may lead to implant failure [206,211,212]. Moreover, these
biopolymers exhibit poor mechanical properties [206], low
hydrophilicity, and poor cellular interaction [213]. Thus, all
these limitations restrict their use in bone repair applications.
To specifically address these problems, composite and blend
strategies have been employed. Strategies based on incorpora-
tion of different magnesium compounds can potentially pro-
vide biodegradable polymers with enhanced mechanical prop-
erties and improve their biofunctionality.

4.3.1. Neutral degradation

Controlling the acidic byproducts of biodegradable
polyesters remains a major clinical challenge. In the ortho-
pedic plant field, acidic degradation not only carries a risk
of inflammation but can also inhibit full bone regeneration as
a result of the unfavorable microenvironment. Implantation
of polyglycolide or lactide-glycolide copolymers as internal
fixators has been reported to lead to a clinical manifestation
of foreign reactions in some patients. In addition to fluctuant
swelling, the liquid remnants of degrading implants and an
abundance of giant cells were found at the implantation site
[212].

Conversely, OH™ ions from degradation of Mg and Mg al-
loys lead to an increase in pH in the microenvironment [67].
Thus, it is hypothesized that the acidic degradation of poly-
mers can be buffered by the basic degradation products of
Mg and Mg alloys. Xu et al. developed self-neutralizing poly-
mer/metal composite biomaterials by combining PLGA with
magnesium metal or an alloy (ZK61). Through a simple pro-
cess, they produced PLGA samples with different magnesium
compositions (1, 3, 5, and 10 wt%) using the solvent-casting
method. The results indicated that the addition of magnesium
could buffer the acidic pH that results from PLGA degrada-
tion, and it was found that the PLGA composite with 5 wt%
Mg showed a near-neutral degradation pattern under sink con-
ditions [214]. To circumvent these inherent drawbacks of Mg
and Mg alloys, Yuan et al. chose MgO and MgCOj as alterna-
tive Mg?* suppliers and encapsulated MgO/MgCO; particles
in PLGA microspheres at different weight ratios. Based on
a degradation behavior test, they found that the medium pH
was closely related to the MgO/MgCOj5 ratio: without MgCO3
(MgO/MgCOs; ratio of 1:0), the medium pH increased signif-
icantly within a short time but then rapidly decreased; how-
ever, the pH values of media from other groups (MgO/MgCO3
ratio of 3:1, 1:1, 1:3 or 0:1) were stable at a pH of ap-
proximately 7 with soaking time[11]. In addition, magnesium
hydroxide and other Mg composites have been reported to
inhibit acidification caused by polymer degradation and to
ameliorate inflammatory responses [215,216].

4.3.2. Mechanical strength

Currently, biodegradable polymers are used as fixation de-
vices, such as screws [217], pins [218] and darts [219], for
soft tissue, cartilage, and pediatric craniotomy fixation. How-
ever, their mechanical properties are still inferior to those
of other used materials [220]. In contrast to polymers, Mg
and Mg alloys have high mechanical strength and stiffness
and are beneficial in roles requiring promotion of osteoge-
nesis [98]. Unfortunately, maintaining the mechanical prop-
erties of Mg and Mg alloys is difficult as a result of their
rapid corrosion rate. To overcome the aforementioned prob-
lems, novel materials, consisting of composites of PLA and
Mg or Mg alloys, have been proposed. Xu et al. incorporated
Mg or Mg alloys into PLGA films and found an increase
in the tensile modulus of the PLGA/Mg composites with an
increase in Mg loading [214]. Cifuentes et al. constructed
a polymer/magnesium composite and observed that the me-
chanical properties of the polymer matrix (PLLA) were sig-
nificantly enhanced after reinforcement with Mg particles: the
hardness increased from 150 to 340MPa, the yield strength
increased from 58 to 101 MPa, and the Young’s modulus in-
creased up to 8 GPa and approached values similar to that of
bone. Furthermore, the similar crystallinity of the unloaded
and loaded PLLA indicated that the improvement in mechan-
ical properties was purely the effect of particle reinforcement
[221]. Additionally, the enhanced corrosion resistance was
beneficial for maintaining the mechanical properties of the
materials. Thus, the combination of polymers and Mg/Mg al-
loys counterbalanced the weak mechanical properties of poly-
mers and the relatively poor corrosion resistance of Mg/Mg
alloys.

4.3.3. Bacteriostatic and bactericidal effects

Periprosthetic infection is a clinically challenging compli-
cation and the cause of most implant failures. In this sit-
uation, the implant surface serves as a substrate for bacte-
rial adhesion, colonization and biofilm formation [222,223],
and the emergence of bacterial biofilms further increases the
risk of antimicrobial resistance [224,225]. A previous inves-
tigation identified antibacterial activity that stemmed from
the corrosion products of Mg degradation, for instance, an
increase in local alkalinity [226] and a decrease in bac-
terial adherence, colonization, and biofilm formation [227].
Therefore, magnesium ions were proposed to play an im-
portant role in the bactericidal and bacteriostatic potential of
MBs [228].

Because of the bactericidal effect associated with Mg>*
in vitro and in vivo [229], Mg composites are used as bone
substitutes not only for promoting bone regeneration but also
for preventing orthopedic implant infection. Compared with
the neat polymer, composites of poly-L-D-lactic acid (PLDA)
loaded with Mg microparticles possessed better antibacterial
activity while preserving good cytocompatibility. With expo-
sure to PLDA/Mg composites, the viability of Staphylococcus
epidermidis, one of the most frequently encountered infec-
tions in trauma surgery, decreased by up to 65.3% compared
with the use of only pure PLDA, owing to the damage to the
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bacterial wall induced by the PLDA/Mg composite [230]. In
addition to Mg metals, other magnesium composites can act
as an alternative to Mg?*. For example, Yuan et al. reported
that introduction of MgO particles into PLGA microspheres
produced excellent bacteriostatic efficacy and reduced the vi-
ability of S. aureus to 35.84£3.8% [11]. In addition to Mg>*,
some authors have suggested that the antibacterial mechanism
of MgO particles includes production of superoxides on the
surface and an increase in the pH value in the microenviron-
ment [231,232]. Nevertheless, the antibacterial effect of MgZJr
is still limited due to the lack of a uniform concentration at
the implantation site. On the other hand, polymers provided
MBs with the potential to achieve controllable degradation
and tunable Mg?* release, along with their potential use in
drug delivery. Thus, magnesium-reinforced polymers display
better mechanical and biological properties. Overall, incor-
porating magnesium composites presents an effective strat-
egy for counteracting the acidic byproducts of biodegradable
polyesters.

5. MBs and their various clinical application forms
5.1. Bone cement

Mg-based bone cement mainly refers to MPCs and is typi-
cally made from magnesium oxide (or magnesium phosphate)
and an acidic phosphate solution via an acid-base reaction
[155,233]. Compared with CPCs, MPCs are the hydraulic
cements most commonly used as synthetic bone grafts be-
cause they are more comparable to the ideal standard with
a desirable setting time, high strength and moderate degrada-
tion rate [162,234]. Gemma Mestres and coworkers developed
magnesia-phosphate cements containing different amounts of
sodium dihydrogen phosphate and measured the setting time
with Gilmore needles [234]. The results indicated that the
setting times of the MPCs were between 8 and 15min; ad-
ditionally, they found that the setting process was very fast
and that the plastic paste could turn into a solid body in
I min. Thus, the MPCs had good handling characteristics and
would be acceptable for clinical applications. Importantly, all
these MPC formulations showed much higher initial compres-
sive strength than CPCs, with values approximately 30 times
higher after 1h and 6-10 times higher after 2h. The initial
compressive strength allows for early mobility of the patient
after cement implantation. As one of its highly attractive prop-
erties, the mechanical strength of MPCs is often more than
50MPa [162], with an observed maximum of 85MPa [235].
Some authors have found that the mechanical properties of
MPCs can be regulated by parameters such as the P/Mg ra-
tio, particle size, and curing conditions [236].

However, the currently available MPCs perform poorly un-
der tension and torsion conditions and are not suitable for
load-bearing applications due to their brittle mechanical frac-
ture behavior [147]. Thus, great efforts are needed to improve
the mechanical strength of MPCs before their wide applica-
tion as bone substitutes (Table 4).

5.2. Fixation devices

Mg bone-fixation devices mainly include magnesium met-
als and alloys made of bone screws, pins and plates. In 1906,
Lambott et al. conducted the first trial of leg fracture fixa-
tion with Mg plates and steel nails. However, within a few
days of implantation, the implant was subcutaneously inflated,
and insufficient stabilization occurred as a result of corrosion
of the materials [64]. Similar results were observed with the
rapid corrosion of magnesium and the formation of gas cav-
ities in several studies [65,238,239], resulting in an increase
in the authors’ concern about the risk of implantation failure.
Despite some reports of successful bone fracture treatments
with Mg screws and/or plates [67,68], researchers have long
been stymied by the poor corrosion resistance of Mg. With
the progress in science and technology, renewed enthusiasm
among researchers for developing magnesium implants has
emerged in the last 20 years [70,71,240]. Recently, Baver
Acar reported that biodegradable Mg-compression screw fix-
ation displayed a therapeutic efficacy similar to that of Ti-
screw fixation for a modified distal chevron osteotomy in
hallux valgus, presenting an alternative bioabsorbable fixation
for surgery.

Apart from pure magnesium, the development of various
Mg alloys has recently accelerated. As mentioned above (Mg
alloy parts), numerous methods have been proposed for en-
hancing the performance of Mg alloys as bone fixation de-
vices, especially their degradation behavior and mechanical
properties. With their inherent advantages, improved Mg al-
loys have become widely used for bone fixation in clinical
trials. In one study, screws of the magnesium alloy MgYREZr
were used to treat mild hallux valgus deformities and showed
a similar treatment effect as standard titanium screws [241].
In a long-term clinical study, Lee et al. applied a Mg—Ca—
Zn screw to fix 53 radius fracture cases. The results showed
that the controlled degradation of these alloys prompted the
bone formation process by biomimicking the calcification ma-
trix at the degrading interface. Thus, the Mg implants were
completely replaced by new bone within 1 year of implanta-
tion [242]. Most importantly, some Mg alloys have received
approval for clinical use in some countries [12].

Overall, magnesium metals and alloys exhibit good me-
chanical properties, biocompatibility and osteopromotive ef-
ficacy but may suffer from poor corrosion resistance. Fortu-
nately, their biological performance has significantly improved
in recent decades with the application of various methods
and techniques. Therefore, magnesium metals and alloys are
promising orthopedic implant materials (Table 5).

5.3. Mg-based bone tissue engineering materials

Recently, bone tissue engineering (BTE) materials have
attracted much attention due to their excellent bone regener-
ation ability in vivo [256]. As a key factor of BTE materials,
scaffolds provide a three-dimensional space for cell adhe-
sion, proliferation, osteogenic differentiation and consequent
bone formation. The ideal scaffold needs to meet various
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Table 4
Comparison of current bone grafts and substitutes.
Osteo- Osteo- Osteo- Osteo- Structural ~ Disadvantages References
conduction induction  genesis integration support
Autologous Bone Autologous Cancellous — +++ +++ +++ +++ - Limited availability and [237]
Grafts donor site morbidity
Autologous Cortical + + + + +++ Same as above
Allogeneic Bone Allogeneic Cancellous + + - ++ - Risk of disease transmission
Grafts and immune reaction
Allogeneic Cortical + - - + +++ Sam as above
DBM + ++ - ++ + Variable osteoinductivity
associated with donors and
processing methods
Synthetic Bone Calcium sulfate + - - ++ + Rapid
Substitutes resorption,osteoconductive
only
HA + - - - ++ Slow
resorption,osteoconductive
only
Calcium phosphate + - - + ++ Osteoconductive only
ceramic
Calcium phosphate + - - + + Osteoconductive only
cement
Bioactive glass + - - - - Bioactive osteoconductive
only
PMMA - — - - +++ Inert, exothermic,monomer-
mediate
toxic
MPCs =+ - - ++ ++ brittle mechanical fracture [162,189]
behavior

«

“4” represents present; represents absent; &+, represents variable.
Note: full name of the abbreviated forms used above.

DBM: demineralized bone matrix, HA: hydroxyapatite, PMMA: poly (methyl methacrylate), MPCs: magnesium phosphate-based cements.

requirements, especially good biocompatibility, an appropri-
ate mechanical strength and a high porosity that is similar
to natural bone [257-259]. Magnesium scaffolds have been
widely studied for BTE materials owing to their osteopromo-
tive properties and other advantages [260], and many valuable
strategies and techniques have been proposed for enhance-
ment or modification of advanced Mg scaffolds. To avoid
the rapid loss of mechanical support and unfavorable inflam-
matory response during Mg corrosion, Chen et al. coated
Mg scaffolds with B-TCP. They found that in addition to
an increased corrosion resistance, the modified Mg scaffolds
combined the beneficial properties of both materials; thus,
these modified Mg scaffolds not only inhibited inflammation
but also concurrently shifted the immune microenvironment
toward one that favored osteogenesis over osteoclastogenesis.
This finding also demonstrated that endowing bone implants
with osteoimmunomodulatory properties could be an effective
strategy to achieve excellent performance [261].

In addition, the interconnected pore structure and defined
porosity of scaffolds are crucial for BTE materials, provid-
ing a favorable microenvironment for nutrient and metabolite
discharge. Although different methods to obtain porous Mg
scaffolds have been introduced [256], there are still many dif-
ficulties in accurately controlling the pore morphologies and
mechanical properties. Cheng et al. [262] innovatively fabri-

cated open-porous magnesium scaffolds through the titanium
wire space (TWSH) method. They produced Ti-Mg compos-
ites by immersing three-dimensional entangled Ti wire into
high purity Mg melts and then removed the Ti wires with
an HF solution. Thus, an open-porous Mg scaffold with con-
trollable microstructures and mechanical properties was pro-
duced. Scaffolds with large pore sizes were more favorable for
early vascularization and enhanced collagen type 1 and OPN
expression, thereby increasing bone mass and mature bone
formation. Jia et al. [263] used spherical and irregular poly-
hedral NaCl particles to make open-porous templates and pro-
duced spherical-pore and irregular-pore Mg scaffolds, respec-
tively, through the infiltration casting process. The spherical-
pore Mg scaffold with good interconnectivity and structural
integrity might be more suitable for use in clinical appli-
cations. Of the emerging technologies, laser additive man-
ufacturing has also been applied to produce ideal Mg scaf-
folds and shows advantages in fabricating complex porous
and customized implants [256,264]. Remarkably, further in-
tegration of multiple fields of science (nanotechnology, stem
cell science and other fields) will continue to prompt the de-
velopment of Mg scaffolds, especially material/cell hybrids,
to achieve better performance. Thus, these scaffolds continue
to be a research focus due to their potential use in clinical
applications.
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Table 5
Representative Mg-based fixation devices compared with other materials in vivo.
Mg-based devices Control Applications Animal Degradation Biological performance References
species properties
Pure Mg Interference Ti ACL reconstruction Rabbit ~10% volume loss Improved tendon graft healing [243]
screw after 16 weeks with accelerated mineralization
at the tendon-bone interface
Pure Mg Screw PLA Femoral Rabbit ~30% volume loss Enhanced fracture healing [143]
intracondylar after 24 weeks
fractures
Pure Mg Screw and Ti Ulna fractures Rabbit 0.40+0.04 mm per Abundant bone formation [244]
plate year around Mg devices;No
difference in flexural weight of
healed ulnae with Mg devices
compared to intact ulnae
Pure Mg Ring Suture Repair of the Goat NA Improved postsurgical knee [245]
transected ACL function as compared to regular
suture repair
Pure Mg stainless Femoral fractures Rat NA Accelerated fracture healing [34]
Intramedullary pin steel
Pure Mg and Mg NA Insertion into cortical Rabbit the volume fraction Bone growth around both screw [246]
alloy (AZ31) Screw bone of the screw head types;
after 12 weeks: Significant bone overgrowth for
31.3% for pure Mg AZ31 compared to pure Mg
and 61.5% for AZ31
Pure Mg Screw Ti Tibial fractures Rabbit NA Increased callus formation at the [247]
fracture gap
Mg alloy (Mg-Zn-Sr) PLA ACL reconstruction Rabbit Complete degradation Increased bony ingrowth and [137]
Interference screw within 16 weeks decreased loss of the peri-tunnel
bone tissue
Mg alloy Ti6Al4V Tendon-bone Rabbit ~25% volume loss Stable fixation of the tendon [248]
(MgYREZr) Screw insertion after 4 weeks graft and no inflammatory
reactions
Mg alloy (Mg-Ag) Stainless Femoral fractures Mouse Complete degradation Increased callus formation [249]
Intramedullary pin steel within 133 days around the fracture gap
Mg-Zn alloys (ZX50 NA Insertion into cortical Rat ZX50: complete Improved osteoconductive [129]
and WZ21) Pin bone degradation within 12 properties for WZ21 pins
weeks; WZ21: ~60%
volume loss after 24
weeks
Mg alloy (LAE442) Stainless Insertion into bone Sheep ~0.33% and 10% Moderate gas formation and [250]
intermedullary steel marrow medullary volume loss for nail predominant direct
interlocked nail and cavity and screw after 24 bone-to-implant contact without
screw weeks alterations of bone
Mg alloy (Mg-Y) NA Insertion into femoral Rabbit Over 93% volume No foreign-body reaction and [251]
Scatfold condyle loss after 12 weeks gas formation
Mg alloy (AZ31B) PLA and Insertion into the Rabbit NA Improved extraction torque in [252]
Screw Ti femoral shaft the coated AZ31B group when
compared to other groups
Mg alloy (Mg-Zn-Ca) Ti Insertion into the Rat and Rat: 0.08 mm per Without inducing serious gas [253]
Pin and screw bone shaft of sheep year; Sheep: evolution and foreign body
growing animals 0.045mm per year response
Mg alloy NA Insertion into the Rabbit NA Excellent biocompatibility and [254]
(Mg-Zn-Ca) Screw femoral condyle negligible production of
hydrogen gas
Mg alloy (AZ31, PLA Insertion into femoral Guinea Lowest in vivo Increased new bone formation [255]
AZ91, WE43 and cavity pig degradation rate for around Mg rods

LAE442) Pin

LAE442 compared to
other three alloys

Note: full name of the abbreviated forms used above.
NA: not applicable, Ti: titanium, ACL: anterior cruciate ligament, PLA: poly (lactic acid), PCL: polycaprolactone.
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6. Challenges and prospects

Although many encouraging achievements have been made
in the field of Mg-based orthopedic biomaterials, with some
of these materials having been approved for clinical trials,
there are still some issues that need to be resolved before
their broad clinical application. Descriptions of some of the
challenges as well as future research directions are provided
in the following sections.

6.1. Improvement of mechanical properties

The main function of bone implants is to provide structural
support for the injured tissue during service. However, the
mechanical strength of current MBs remains inferior to that
of native bone. For this reason, the clinical applications of
Mg-based materials at this time are expected to remain pre-
dominately relegated to semiload- or nonload-bearing sites.
In this respect, incorporation of other inorganic or organic
materials, such as alloying other metal ions with Mg and in-
corporation of retardants into MPC ceramics, has resulted in
certain successes. For most Mg-based materials, optimization
of experimental parameters and conditions will significantly
improve mechanical properties, and the effect of grain size
on Mg-based ceramics is a good example. Additionally, com-
posite systems consisting of multiple materials broaden the
potential applications of Mg-based implants, especially for
ceramics and glasses, which are inherently brittle.

6.2. Degradation rate

The time to achieve hard bone union varies greatly accord-
ing to the fracture configuration and location, status of the
adjacent soft tissues and patient characteristics [98], and the
bone fracture healing process is highly sensitive to the degra-
dation rate of the fixation materials. With deeper knowledge
of the effect of dynamic degradation on the morphological
and mechanical properties of bone implants, researchers have
realized the significance of a moderate degeneration rate for
obtaining an ideal biological performance [256]. Importantly,
an ideal bone implant should perfectly match the injured tis-
sue reconstruction process in terms of providing temporary
mechanical support and then completely dissolving at an ap-
propriate degradation rate. However, most Mg-based bioma-
terials degrade at a high rate, with a rapid decrease in the
mechanical strength of the body, resulting in poor durability.
Hence, there is still much room for improving the degrada-
tion performance of MBs while preserving the mechanical
properties and biocompatibility.

6.3. Controllable Mg** release

An insufficient Mg?* intake is known to lead to bone os-
teoporosis or dysplasia due to a decrease in the mechani-
cal strength of bone and a loss of bone mineral density. On
the other hand, a high Mg?* concentration can inhibit bone
biomineralization at the early stage. Recently, some authors

explained the contradictory phenomena of the role of Mg>*
in bone biomineralization from a developmental perspective
[265]. They found that an appropriate concentration of Mg>*
promoted the mineralization of bone marrow mesenchymal
stem cells, while excessive Mg?* could impair osteogenesis,
thereby changing the crystalline morphology of HA and in-
hibiting collagen calcification. In particular, the earlier Mg>*
was added, the stronger the observed inhibition of mineral-
ization. These results indicate that appropriate regulation of
Mg?* concentration over time is vital for normal biological
crystallization. Furthermore, other studies have claimed that
excessive Mg”* ingestion may result in hypermagnesemia (a
serum Mg”* level exceeding 1.1mM) and certain systemic
symptoms, such as muscular paralysis and hypotension [115].
Thus, this knowledge is significant for the future design of
orthopedic implants associated with Mg?* content, and we
should try to achieve controllable release of magnesium ions
from materials.

6.4. Development of multifunctional Mg bone implants

Magnesium-incorporated materials possess some advan-
tages as orthopedic implants due to their osteopromotive prop-
erties, while numerous reports indicate that better experimen-
tal results may be achieved with enhanced antibacterial per-
formance, such as with incorporation of antibacterial ions. For
example, Rtimi and colleagues used Ag and Cu, metals with
broad bactericidal spectra, as alloying elements to develop
antibacterial Mg alloys, which showed strong bactericidal ac-
tivity and long-term antimicrobial activity [266]. In addition,
over the past few years, since the introduction of various ther-
apeutic agents, especially growth factors, which are of sig-
nificance for bone regeneration, drug delivery systems con-
taining MBs have increasingly been developed and studied.
Yang et al. developed Mg/PLLA composite microspheres as a
novel delivery system. Their results demonstrated the feasibil-
ity of tailoring the drug release profile and alleviating PLLA-
induced inflammation by varying the Mg content or size. Sim-
ilar controlled delivery of drugs was also confirmed in Mg-
based materials with surface coatings, particularly a variety
of polymer coatings [267]. Remarkably, mesoporous materi-
als are also an ideal drug carrier, which will be a new research
direction for Mg-based sustainable drug release systems.

6.5. Innovative technologies and methods: additive
manufacturing

While magnesium-based implants for bone repair have
been intensively studied and some have been successfully in-
troduced into the market, patient-specific implants or porous
scaffolds are difficult to obtain. Fortunately, the emergence of
additive manufacturing provides a solution for the increased
demand for customized bone implants and scaffolds. This
promising technology may achieve the production of geomet-
rically complex and porous structures, which are expected to
have excellent mechanical properties and corrosion behavior.
To date, additive manufacturing has already been applied to a
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Table 6
Fabrication methods for Mg-based orthopedic implants.
Technique process advantages examples reference
Casting Cast with a designed chemical composition (heating Convenient operation, Mg-Cu alloys [270]
the metal components above the melting point in a high productivity, Mg-Ag alloys [271]
melting furnace) high precision, Mg-Sr alloys [272]
Pouring the liquid phase into the as-designed mold, high surface quality Mg-Si-Sr alloys [273]
Solidify into part with a protective atmosphere (such low spending
as SF® and Ar)
Wrought Apply mechanical force to deform a bulk metal into Fabricate desired shape Mg—X alloys [274]
techniques parts with desired shape, in an above/below its (X=Gd, Ca, Al, Mn,
recrystallization temperature. (hot working or cold Sn, Sr, Nd, La, Ce,
working) Zr or Si)
Commonly used wrought techniques in the fabrication
of Mg bone implants: rolling, forging and extrusion. Mg-2.0Zn-0.5Zr- [275]
3.0Gd alloy
Powder Pressed the original powder into desired shape under Fabricate desired shape Mg-HA Composite [276]
metallurgy high pressure; MgO/ZK60 [277]
method A high temperature sintering in a furnace with nanocomposites
protective atmosphere. Mg-Zn scaffolds [83]
The powder particles achieve a sintering densification Mg-Ca alloys [278]
by a series of physical and chemical processes.
Laser additive Converting the 3D model into STL file Net-shape fabrication, rapid porous magnesium [265]
manufacturing Spreading a layer of metal powder evenly on the fabrication basing on as-designed magnesium scaffolds [279]
forming cylinder; model, excellent process flexibility; WE43 [280]

Controls the laser beam to selectively scan the
powder layer, and obtain a single layer entity;

high material utilization
rate

The height of the molding cylinder is lowered by one
layer, and a new layer of powder was paved by the
roller.

titanium alloy, a Co alloy and stainless steel in the production
of conventional implants [268,269].

However, the close melting and boiling points of magne-
sium pose some obstacles for laser additive manufacturing
of magnesium materials. Typical defects are common during
laser manufacturing of Mg [269,270]. In view of the above-
mentioned issues, further research on the mechanisms affect-
ing processing parameters is necessary. The corresponding
fabrication methods are summarized in Table 6.

7. Conclusions

Biodegradable materials are very promising in the next
generation of orthopedic implants. Based on the excellent
biodegradability and biocompatibility of magnesium, various
Mg-based biomaterials, including magnesium-based metals,
alloys, bioceramics, bioglasses and polymers, have been in-
vestigated for their potential as biodegradable bone repair ma-
terials. Each of these materials has unique physical and chem-
ical properties while exhibiting similar biological performance
and enhanced bone regeneration in bone repair treatments.
Numerous basic studies have confirmed the vital role of mag-
nesium in bone regeneration in vitro and in vivo. Although
most Mg and Mg-based materials suffer from unsatisfactory
corrosion resistance and/or mechanical properties and have
therefore been limited to nonload-bearing bone applications,
the emergence of innovative technologies and methods has
provided new solutions for overcoming these constraints. No-
tably, the majority of in vivo experiments employing MBs

were performed in small animal models, and these results
are difficult to transfer to human applications. Therefore, be-
fore preclinical and clinical studies, further experimental work
in large animal models, especially at load-bearing application
sites, is necessary to comprehensively investigate the potential
of MBs as orthopedic implants. With the continuous improve-
ment of Mg-based biomaterials, the new generation of bone
implant materials will likely have a broad range of potential
applications and improve the well-being of patients.
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