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Abstract Orthopaedic implants are applied daily in our orthopaedic clinics for treatment of
musculoskeletal injuries, especially for bone fracture fixation. To realise the multiple func-
tions of orthopaedic implants, hybrid system that contains several different materials or parts
have also been designed for application, such as prosthesis for total hip arthroplasty. Fixation
of osteoporotic fracture is challenging as the current metal implants made of stainless steel or
titanium that are rather rigid and bioinert, which are not favourable for enhancing fracture
healing and subsequent remodelling. Magnesium (Mg) and its alloys are reported to possess
good biocompatibility, biodegradability and osteopromotive effects during its in vivo degrada-
tion and now tested as a new generation of degradable metallic biomaterials. Several recent
clinical studies reported the Mg-based screws for bone fixation, although the history of testing
Mg as fixation implant was documented more than 100 years ago. Truthfully, Mg has its limita-
tions as fixation implant, especially when applied at load-bearing sites because of rather rapid
degradation. Currently developed Mg-based implants have only been designed for application
at less or noneloading-bearing skeletal site(s). Therefore, after years research and develop-
ment, the authors propose an innovative hybrid fixation system with parts composed of Mg
and titanium or stainless steel to maximise the biological benefits of Mg; titanium or stainless
steel in this hybrid system can provide enough mechanical support for fractures at load-bearing
site(s) while Mg promotes the fracture healing through novel mechanisms during its degrada-
tion, especially in patients with osteoporosis and other metabolic disorders that are
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unfavourable conditions for fracture healing. This hybrid fixation strategy is designed to effec-
tively enhance the osteoporotic fracture healing and may potentially also reduce the refrac-
ture rate.

The translational potential of this article: This article systemically reviewed the combina-
tion utility of different metallic implants in orthopaedic applications. It will do great contribu-
tion to the further development of internal orthopaedic implants for fracture fixation.
Meanwhile, it also introduced a titaniumemagnesium hybrid fixation system as an alternative
fixation strategy, especially for osteoporotic patients.
ª 2019 The Authors. Published by Elsevier (Singapore) Pte Ltd on behalf of Chinese Speaking
Orthopaedic Society. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Orthopaedic implant occupies a special and vital position in
both clinical applications and biomedical industry. In 2016,
the orthopaedic device market in the United States has
reached 15.8 billion USD, [1] while this value was 6.1 billion
USD in Asia [2]. The global orthopaedic device market value
was estimated to reach 45.0 billion USD by 2020 [3]. Be-
sides, the global orthopaedic trauma devices, such as
plates, screws and external fixators, have possessed a
market of 5.7 billion in 2013, which was forecasted to have
a highest compound annual growth rate of 7.2% until 2020
[4].

Orthopaedic implants could be categorised into the
following four main applications, including joint replace-
ment, spinal implants, orthobiologics and trauma implants
[5]. Those different types of the orthopaedic implants are
basically derived from nearly all the clinical needs and
developed with an extraordinary speed. Orthopaedic im-
plants are Class III medical devices that shall be well-
designed, tested and developed based on specific clinical
indications to realise their expected functions within body
[5]. This article mainly focuses on the internal implants
designed for bone fracture fixation.
Bone fractures and fracture healing

Bone fractures can be categorised as complete or incom-
plete, simple or comminuted, close or open fractures [6,7].
There are normally three phases in the fracture healing
irrespective of differences in their fracture types, including
reactive phase (haematoma and inflammatory stage),
reparative phase (callus formation stage) and remodelling
phase (remodelling stage) (Figure 1) [8,9].

The initial reactive phase of fracture healing can be
regarded as an anabolic phase with the activities of in-
flammatory cells and stem cells. This phase can last
several hours in humans, which mainly consists of the
recruitments and differentiation of stem cells that form
the subsequent skeletal tissues and vessels. After this
phase, a cartilaginous callus is formed adjacent to the
fracture line immediately to restore an early stability of
the fractured bones. Afterwards, endochondral ossifica-
tion of the formed cartilaginous tissue occurs, and nascent
blood vessels are simultaneously formed in the
surrounding tissue. Cartilage extracellular matrix will then
undergo mineralisation and reduction in the volume of the
callus tissues, indicating bone callus remodelling. Bone
remodelling from woven bone towards lamellar bone is a
relatively long phase which can start about 6 months after
the fracture and last up to 1e2 years [9e13]. At last, the
bone returns to its original shape with sufficient me-
chanical strength, with blood supply towards its pre-injury
level [14]. This fracture healing process might be accel-
erated if favourable micromotion is presented at the
fracture sites [10].

Nevertheless, these healing phases and healing mech-
anisms become quite different in patients with osteopo-
rosis, where nearly all the reaction and healing phases are
prolonged, and the healing abilities are limited in osteo-
porotic fractures [15]. Conventional orthopaedic implants
made of permanent rigid metals with high stiffness are not
favourable for osteoporotic fracture fixations because of
deteriorated bone structure and poor mechanical stabil-
ity. Too rigid fixation on the fracture site is unfavourable
for fracture healing and its remodelling outcome due to
limited cellular responses in periosteum and bone marrow
[16]. Both clinical and experimental studies indicated that
rigid internal fixators implanted over a longer period of
time were unfavourable for fracture repair by increasing
cortical resorption, which was even more obvious in
osteoporotic fractures [17,18]. Interfragmentary micro-
motion would be beneficial for callus stimulation and
subsequent bone healing [19]. Therefore, bioactive ma-
terials with lower rigidity as orthopaedic implants would
be preferred to improve the fracture healing for osteo-
porotic patients.

Fixation classifications and strategies

Bone fractures need to be fixed by stabilising the fracture
fragments [6,7,20]. Although not all bone fractures need to
be treated surgically, fracture fixation with implants is still
quite common and essential to maintain a proper bone
alignment and fundamental function [7,20]. Therefore, the
purpose of the fracture fixation is to restore the stability
and alignment of the fractured bones, enable the healing
process and avoid damages to the surrounding tissues.
There are mainly two types of fracture fixations clinically,
i.e., internal fixation and external fixation [7]. Meanwhile,
all internal and external fixation strategies that allow
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Figure 1 Fracture healing phases and tissue responses in both humans and rodents.
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proper interfragmentary movement under functional
weight bearing are considered to be flexible fixation and
those involving compression mechanisms are regarded as
rigid fixation [6,7,20,21].

In some cases, fracture healing has a close connection
with the fixation stability or rigidity of the fixation. Primary
fracture healing is induced by rigid fixation with direct
cortical bone remodelling via “cutting-cone” mechanism on
the fracture site, while secondary fracture healing is
induced by flexible fixation with endochondral ossification
over the fracture site [22]. Since most fractures are treated
or fixed with certain degree of local micromovement, pri-
mary healing is rare [23].

The external fixations are generally regarded as flexible
fixation. External fixator consists of pins, wires (Schanz
screws, Steinman pins, Kirschner wires) and belts that are
widely used as a dynamic fixation of fractured bones. This
strategy mainly applies for open fractures with substantial
soft-tissue injuries, open Type II, Type III fractures and even
in joint arthrodesis, in which the surgical trauma to the
limb during fixation is minimised (Figure 2A) [7,24,25].

Apart from external fixation, another strategy for bone
fracture fixation is internal fixation, which has been widely
used to restore bone anatomy and also enable early mobi-
lisation of the bone fragments. This strategy is able to
restore the function of the injured bones and provide an
instant mechanical support for physiological load at the
fracture site. The majority of internal fixation implants are
currently made of stainless steel and titanium (Ti). These
devices can be roughly divided into wires, plates and
screws, pins and intramedullary nails or rods (Figure 2B and
C) for fracture fixation at various skeletal sites (Table 1)
[6,7,20,21,26e29].

Internal fixation has low incidence of malunion, high
stability and most importantly no need for external immo-
bilisation to realise an immediate movement of nearby
joints. Patients with internal fixators can move freely and
much less bound to the fixators, which greatly contributes
to fast recovery in some circumstances [27].

However, internal fixators made of stainless steel or Ti
also have some limitations. They are rigid materials with
much higher Young’s modulus and stiffness compared to
human cortical bones. Fixation with these high rigidity
materials prevents load transfer to the healing bone that is
unfavourable for fracture callus remodelling [31]. Since
internal fixators are implanted into the human body, sur-
gical removal procedures can also be a concern for the
patients. Recently, biocompetitive, biodegradable and
bioactive materials have been reported to be absorbed
gradually in vivo during the fracture healing process and
therefore extensively tested as internal implants for or-
thopaedic applications [32e35]. As the application of
biodegradable biomaterials may avoid later implant-
removal surgery or also known as “second operation”, this
is very attractive for both orthopaedic surgeons and
patients.



Figure 2 (A) Typical external fixators applied in tibial shaft fracture; (B) and (C) internal fixators used for fixation of distal
femoral fracture.

Table 1 Different fracture sites using different internal fixation methods [7,30].

Fracture sites Internal fixators

Head Skull fracture Wires, pins and plates
Craniofacial fracture Wires, screws and plates

Trunk Clavicle fracture Intramedullary nail and plates
Scapular fracture Screws and plates
Pelvic fracture Screws, plates and external fixators
Spinal fracture Fixation device consists of rods, pedicle screws and plates

Upper limb fracture Humeral fracture Open reduction with plate and screws/close reduction
with intramedullary nail

Radius, ulnar fracture Open reduction with plate and screws/close reduction with
intramedullary nail

Metacarpal and phalangeal fracture Close reduction with external fixators, open reduction with
intramedullary nail, screws and plates

Lower limb fracture Femoral fracture Open reduction with plate and screws/close reduction with
intramedullary nail

Tibial and fibular fracture Open reduction with plate and screws and intramedullary nail
Metatarsus fracture Open reduction with plate and screws and intramedullary nail
Calcaneal fracture Close reduction and fixation with screws or wires
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Research and development history of
orthopaedic plates and screws

Orthopaedic plates as internal fixators have been tested for
more than 100 years (Figure 4) [27]. The first report by
Hansman was back in 1886, introduced a case of fracture
fixed with a bone plate made of an alloy of nickel, copper
and tin [36]. Lane also reported his innovative steel plate
and lag screws for bone fracture fixation in 1895, which was
considered to be the precursor of current cancellous thread
forms [37]. Corrosion of the implants and incompatibility of
these nickelecopper alloy have been solved by the inven-
tion and application of stainless steel as orthopaedic im-
plants since 1931 [38,39]. Surgical grade stainless steel
alloys, also termed as 316L, was made of iron, chromium
and nickel and have excellent corrosion resistance, high
mechanical strength and better biocompatibility compared
to the silverealuminium alloys used in the past [39]. Danis
introduced the world’s first compression plate in 1949 [27],
and titanium (Ti) has been developed as orthopaedic
implants since 1951 [40]. Compared to 316L stainless steel
and other alloys used before, Ti has very high biocompati-
bility and low corrosion rate, which has showed quite good
long-term results with few controversies. In 1958, Swiss
surgeon Maurice Müller and his team studied the process of
bone healing and the influence of rigid fixation on fracture
repair, which gave birth to the subsequent world’s famous
organisation, the Association for the Study of Internal Fix-
ation [41,42]. In 1965, Müller et al. successfully developed
a plate with a tensioner to provide interfragmentary
compression during tightening processing, known as which,
was called the dynamic compression plate (DCP) and was
officially documented in AO technique in 1973 [27]. In 1988,
Perren et al. developed another compression plate which
had limited contact with the bone surface, which was to
preserve the blood supply and protect the periosteum [39].
Apart from the DCP, Hey Groves introduced the first locking
plate construct in which the screw heads screwed directly
into the plate in 1916 [39]. In 1982, a locking plate system
named as Zespol System was finally widely used in clinical
after years of developments [43]. In 1998, Michael Wagner



Figure 3 (A) X-ray cross-sectional image of the rats’ femora without implantations of Mg pins in the bone marrow cavities; (B) X-
ray cross-sectional image of the rats’ femora with implantations of Mg pins in the bone marrow cavities; (C) fluorescent labelling
image of rats’ femora without implantations of Mg pins in the bone marrow cavities; (D) fluorescent labelling image of rats’ femora
with implantations of Mg pins in the bone marrow cavities. Old bone area (OB), new bone area (NB) and bone marrow area (BM)
were marked. Both the X-ray and fluorescent labelling images showed more new bone formations in the rats implanted with Mg pins
(B, D), as compared to those without Mg pins (A, C) [16].
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proposed a design of combined plate hole which intended
to develop a plate that possessed the advantages of both
DCP and locking plate system, which gave birth to the
development of locking compression plate [44]. During the
past several decades, some new metals such as tantalum,
some nonmetallic materials such as poly-lactic acid have
been studied and developed as internal orthopaedic im-
plants and also applied to clinical applications [39,45e48].
Hybrid fixation implants designed for
orthopaedic applications

With healing over time, the fractured bone callus becomes
more rigid. Apart from implant designs, the ideal metallic
implants for fracture fixation should be made with metals of
different Young’s modules to match the mechanical prop-
erties of healing tissues [49]. Alloying technology and com-
bined utilisations of different metallic materials became the
solution, and great efforts were made to improve the per-
formances of the implants. As mentioned above, the 316L
stainless steel and Ti-6Al-4V are the most commonly used
alloy materials for fabricating orthopaedic implants, which
show good mechanical properties and corrosion resistances
in orthopaedic applications. However, single material can
hardly fulfil the task due to the multiple requirements of the
complicated situations in the human body. For example, Ti-
6Al-4V has very good biocompatibility but not high wear
resistance, while cobaltechrome (CoeCr) alloy has the
reversed mechanical properties. There were recently some
reports that indicated that the generated wear debris from
CoeCr during wear process could stimulate tissue reactions,
e.g., lymphocytic infiltrations and cell necrosis that can
affect implant performance [50]. Therefore, the combined
use of these different materials has been studied and tested
for various orthopaedic applications since 1960s [5]. The
total hip arthroplasty is a typical successful application that
involves various materials to cope with the complex in vivo
environment. A total hip arthroplasty prosthesis is made of
miscellaneous materials, such as Ti, CoeCr alloy, poly-
ethylene and polymethylmethacrylate, which showed both
high mechanical strength and wear resistance [51]. Over the
past century, different combinations of materials have been
developed as hybrid fixation implants. These implants not
only provided enough mechanical strength to support the
broken bones or anatomical structure around, but showed
good wear resistance to realise a long-term fixation stability
as well [5,52,53]. Besides, interactions between the mate-
rials and the living cells and tissues are evenmore important.
The non-living materials are regarded as foreign bodies



Figure 4 Development of orthopaedic metallic implants (screweplate) for internal fixation of bone fractures from the published
representative clinic studies.
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within a biological system, which induced series reactions of
the surrounding cells and tissues. After series studies and
experiments, a significant number of materials were iden-
tified for testing their biocompatibilities and mechanical
properties for different clinical applications [54].

In recent years, biodegradable materials, such as iron
(Fe), magnesium (Mg), poly-caprolactone (PCL) and poly-
lactic acid, have been developed for musculoskeletal ap-
plications [5,33,47]. These innovative biodegradable ma-
terials degrade gradually in vivo with no implant residues,
and the “second operation” for implant removal can be
avoided. These biodegradable materials show different
mechanical properties, in vivo degradation rates and tissue
reactions [47,55e57]. Proper combined utilisations could
be a promising method to develop an ideal biodegradable
orthopaedic implant for clinical applications.

In general, hybrid fixation implants have been widely
used over several decades and contributed a lot in ortho-
paedic applications. Nevertheless, adverse effects arising
from interactions at the implant surface might result in
implant failures.
Limitations of current fixation implants

Implant removal surgical procedure and concerns

Clinically, patients are mostly concerned about the sec-
ondary surgical procedure for removing the permanent
implants. Operative therapy for fracture fixation using
metal implants has gradually replaced the conservative and
nonoperative treatments for achieving early mobility since
the World War II [58]. Necrosis, inflammation, pain, allergic
reactions and even cancer potentially result from the fix-
ation implants have been reported frequently in 1970s and
1980s [40,59]. All these adverse effects and indications
have made the implant removal as a clinical routine ever
since [58]. Taking implant removal cases from the upper
extremity as an example, two reports declared that the
complication rates among 23 and 37 cases of implant re-
movals (mostly plates removal) were 26% and 19%,
respectively, due to indications like nerve injuries, implant
breakage or refracture [60,61]. In lower extremity, the
implant removal (mostly nails) due to such indications was
however much less but more with complications of necrosis
and infections [62e64]. Besides, cut-out of the implants
were also an indication which forced the surgeon to
perform implant removal surgery for our patients. By ana-
lysing refracture cases, the poor quality of newly formed
bone was the main explanation that might even further
weaken during the removal procedures.

Although different types of metallic materials have been
developed and tested, one problem shared by most of them
is their too high rigidity and Young’s modulus that affects
the fracture healing and callus remodelling [65,66].

Meanwhile, a survey in UK. indicated that the routine
implant removal was mostly objected (only 3% advocated)
by the orthopaedic surgeons when dealing with patients
aged over 35 years [67]. It is obvious that the routine
implant removal is unfavourable for both surgeons and
patients. However, there is still a variety of view points
with huge differences in the routine implant removal
among the surgeons over the world [58].
Impaired bone fracture healings due to ageing and
osteoporosis

Apart from surgical fixation, fracture healing showed
quite different situations with respect to differences in age
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and/or bone quality, such as in healthy or osteoporotic
conditions. Current fixation implants have their limitations
for effective applications on several challenging conditions,
such as osteoporosis of elderly people. Patients with oste-
oporotic fractures have limited osteogenic potential and
therefore show delay in healing, and they are also at high
risk of suffering further fragility fractures due to impaired
mobility [68].

Rigid fixation via current stiff steel or Ti implants
developed for bone fracture repair has its significant
drawback for fixation of osteoporotic bone [69]. Further-
more, refracture of osteoporotic bone caused by the
removal of the fixation plate is also a critical issue espe-
cially for elderly people as compared to those in younger
patients due to significant poor bone quality [70]. Although
routine implant removal is unnecessary for elderly patients,
indications (pain, infection, aseptic loosening) caused by
these bioinert metal implants need to be controlled to
avoid complication-induced removal [58,71].

Apart from the challenges in fixation of osteoporotic
fractures, its healing process is also prolonged as compared
with normal one, in spite of similarity in all three healing
stages of osteoporotic fracture compared to normal bone
fracture repair [15,72]. This has also been proved in many
animal studies [73e75]. Reduced callus formation around
the fracture site and low bone mineral density has been
found in long bone fractures of osteoporotic animals.
Meanwhile, a clinical study also showed significant increase
in fixation failure rate in osteoporotic patients [76].

There were several possible explanations for the frac-
ture healing disturbances in osteoporosis situations. One
mechanism was limited availability of mesenchymal stem
cells observed in osteoporotic individuals, implying limited
cell sources for facilitating fracture repair [77,78]. Clinical
case study also reported that mesenchymal stem cells in
postmenopausal women with osteoporosis had a lower rate
of growth and lack of differentiation ability compared to
premenopausal women [79]. Even bone cells from osteo-
porotic patients were discovered to be less active and had
an impaired response to mechanical stress [72,80].

Development of innovative orthopaedic
implants as potential internal fixators

The orthopaedic implants have been developed to over-
come the above limitations over the years. Generally, there
are several research directions to improve the bioactivity,
osteo-integrity and application methods of the orthopaedic
implants. From the aspect of implant material, bioactive
and biodegradable materials have been developed as
Table 2 Summary of the mechanical properties of various impla
by Husain et al [63], Staiger et al [65]).

Properties Natural bone Magn

Density (g/cm3) 1.8e2.1 1.74
Elastic modulus (Gpa) 3e20 41e4
Compressive yield strength (Mpa) 130e180 65e1
orthopaedic implants and showed great application poten-
tials [32,33]. Bioactive and biodegradable metallic mate-
rials like Mg, strontium and iron have been introduced to
orthopaedic applications [35,81e83]. Besides, nanotech-
nology has been revealed to show important potentials in
modifying the interaction between orthopaedic implants
and host bone [84]. It was reported that a single inorganic
mineral matrix of mature bone was within nanoscale, which
made the application of a nanotextured material reduce
the risk of implant failure [85,86]. Surface coating is
another method to improve the performances of ortho-
paedic implants. Inorganic coatings like calcium
phosphateebased coatings can effectively enhance the
osteointegration of orthopaedic implants [87]. Biomole-
cular coatings on the implants enhance not only bioactivity
but promote the bone formation as well [88,89].
Research and development of Mg-based
biodegradable metallic and hybrid orthopaedic
implants

Research and development of Mg-based
biodegradable orthopaedic implants

Mg, as biodegradable implants, has attracted much atten-
tion from material scientists, biomedical scientists and
clinicians in recent decades. Mg is the fourth most abun-
dant element in human body and distributed mostly in
skeletons and also in soft tissues especially skeletal muscles
where Mg ions are involved in about 300 known enzymatic
reactions [90,91]. Mg also possesses good mechanical
properties compared to currently used stainless steel and
titanium with regards to bone material and mechanical
properties (Table 2).

Mg is active chemically and can degrade in aqueous so-
lutions with the formation of magnesium hydroxide
(Mg(OH)2) and hydrogen (H2), which gives Mg the biode-
gradability in vivo. It also has excellent biocompatibility
and osteopromotion effect through periosteum (Figure 3,
adopted from study by Zhang et al [16]), which makes it the
most potential biodegradable metallic implants.

From the first Mg clinical trial in 1892 [34], Mg-based
implants have been tested both in human and in animals
for over 100 years. In 1900, Payr first proposed the Mg im-
plants for orthopaedic applications, such as pins, nails,
plates, sheets, etc. [34]. Tremendous efforts have been
made to the development and application of Mg implants in
orthopaedics over the past century although the progress
was rather slow (Figure 4).
nt materials compared to natural bone (adopted from studies

esium Ti alloy Stainless steel Polymers

e2.0 4.4e4.5 7.9e8.1 1.2e1.3
5 110e117 189e205 3e4
00 758e1117 170e310 40e60
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The main limitation of Mg tested in the past was its
lower purity that led to rapid degradation after implanta-
tion and therefore lost its mechanical support too early to
maintain its function, e.g., for fracture fixation, together
with local hydrogen accumulation [34,65]. To enhance the
degradation resistance of Mg, there are several ap-
proaches, including purifying, alloying with another or
more metals and surface modification [34,92]. With
advancement in metallurgy, high purity Mg is now available
with significantly reduced degradation properties. It is re-
ported that fewer alloying elements in alloy materials
provide higher corrosion-resistance due to much reduced
galvanic corrosion [93]. Different kinds and combinations of
Mg alloys were also developed, and their properties were
studied in vitro, which also showed comparable high
corrosion resistance and better mechanical properties
[94,95]. An appropriate alloying composition can generate
a fine grain structure of the developed alloy that could truly
enhance the corrosion resistance [65].

During the past two decades, many research groups
worldwide devoted themselves into Mg and related studies
for orthopaedic applications [94e106]. All published work
indicated their potentials to develop Mg-based orthopaedic
implants. In 2013, the world’s first biodegradable Mg-based
screw (MgYReZr, Mgeyttriumeneodymiumegadoliniume
zirconium) called MAGNEZIX by Syntellix was approved in
Germany with CE mark for application in less load-bearing
skeleton sites without requirement for implant removal
[107]. In 2015, another Mg alloy screw product (MgeCaeZn)
was approved in Korea for successful fixation of knuckle in
patients with no complications [82]. During the past several
years, Zhao et al have conducted the bone grafting fixation
using biodegradable pure Mg screw for successful fixation of
bony flap used for treatment of osteonecrosis of the
femoral head and with detailed published in 2016 [35]
although multicentre clinical trials are required before
official registration of Mg-related products [108].

However, all the three successful clinical applications of
Mg-based screws described above were tested at low load-
bearing skeletal sites. The current available Mg-based im-
plants have limited range of application. For long bone
fractures and other critical load-bearing sites, there are
still no published reports on their successful applications.
Meanwhile, there are few published articles about fracture
fixation using Mg plates and screws in animal studies
[109e111]. Fast degradation and limited mechanical
strength are the main concerns for Mg-based implants
applied at critical load-bearing skeletal sites. Recently, an
innovative Mg-based “super-nanometre-sized dual-phase
glass-crystal” (SNDP-GC) alloy has been developed by
magnetron sputtering [112]. This developed Mg-based
SNDP-GC alloy showed an ultimate stress of 3.3 GPa,
which was much higher than those of conventional Mg-
based metallic glass (around 1 GPa) and Mg-based crystal-
line alloy (0.46 GPa) [113]. Besides, both Young’s modulus
and strain limit of the Mg-based SNDP-GC alloy were
improved, as compared to the conventional Mg-based
metallic glass and crystalline alloys [112]. This innovative
Mg-based SNDP-GC alloy showed great potential in devel-
opment of internal fixators for fracture fixation at critical
load-bearing skeletal site.
R&D of Mgecontaining hybrid fixation system

From the above studies about Mg-based implants, it is
obvious that Mg implants provide comparable fixation effi-
ciencies and osteopromotion effect in fracture fixation.
However, concerns and complications from patients of
using Mg-based implants at crucial load-bearing skeletal
site(s) is predictable. To expand the application of Mg-
based implants, a combination use of Mg and other metallic
material to develop an Mg-related hybrid fixation system is
a potential method.

Mg-related hybrid fixation implants were firstly tested
clinically in 1906 by Lambotte, who used one Mg plate with
six steel screws together to fix a fractured tibia. Unfortu-
nately, this trial failed due to extensive subcutaneous gas
formation and accumulation, local swelling and pain of the
patient only 1 day after its implantation [34]. Therefore,
Lambotte realised that Mg corroded extremely fast when
combined with other metals for application, which had a
great impact on the subsequent Mg-related researches.
Since then, nearly all the orthopaedic surgeons agreed that
Mg could only be implanted without combined use with
other metallic implants, which was later proved to be
caused by electrolytic corrosion [34,39]. Meanwhile, it was
also accepted that Mg alone was not strong enough to
support the fractured bones at load-bearing skeletal sites
and the fast degradation made the clinical application more
challenging. Since then, surgeons and metallurgists have
started to work on other metallic materials as fixation im-
plants for clinical applications [39].

As reviewed above, osteoporotic fracture fixation and
repair is a great challenge for orthopaedic surgeons
because of poor bone quality and the impaired fracture
healing abilities. Too rigid fixation is not favourable for
osteoporotic fracture fixation. Patients with osteoporosis
have lower bone mass and architecture deterioration
leading to poor bone quality. The compromised bone
strength affects anchorage of the orthopaedic implants
that weakens the fracture fixation stability. Several studies
reported that osteoporotic patients showed delay in callus
formation, its ossification and remodelling. The failure rate
of fixation in patients with osteoporosis range from 10% to
25% [114], and orthopaedic surgeons reported unfavourable
prognosis of osteoporotic fracture fixation using current
implants that were suitable for fracture fixation of younger
patients [115,116]. To solve these challenging problems in
osteoporotic fracture fixation and repair, authors’ group
has proposed an innovative construct of Ti/Mg hybrid fixa-
tion system. The mature Ti internal fixators and bioactive
Mg implants are combined to realise a strong and osteo-
promotive hybrid fixation system, which has demonstrated
great potential for its application in osteoporotic fracture
healing.

With recent huge advancement in metallurgy, it enabled
us to develop a high-purity Mg (99.99%) for developing fix-
ation implants. Yet high-purity Mg has rather weak me-
chanical properties, a combined use of Mg and other
routine fixation implants made of Ti could be a solution for
achieving both essential mechanical support and osteogenic
function as the degradation of Mg after implantation. To
realise the combination use, the electrolytic corrosion



Figure 5 (A) The Mg screw coated with a thin layer of
polymer coating film on the screw head (transparent part); (B)
the plate with coated Mg screw (purple one) and Ti screws; (C)
hypothesised working mechanisms of the proposed innovative
Mg-containing hybrid fixation system for fracture fixation at
long bone fracture. The fracture was fixed by Ti plate (pointed
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(galvanic corrosion) needs to be controlled due to the
different equilibrium potentials of these two metallic ma-
terials [117,118]. Therefore, a thin compact layer of poly-
mer coating film has been developed on the surface of Mg
screw, which works as a barrier to prevent direct contact
between Mg and Ti implants (Figure 5A and B).

In this design, Ti implants could provide enough me-
chanical support, and the Mg implants are able to support
and contribute to the fracture healing. Mg has similar
Young’s modulus and yield strength compared to human
cortical bones. Therefore, the fixation with Mg implant is
not rigid for osteoporotic patients, which can induce more
callus formation with degradation of Mg implants over time
during fracture healing. The coated Mg implants can sta-
bilise the fragments at early stage and then promote the
fracture healing with Mg degradation. A finite element
analysis was performed through Abaqus 6.13.1 (Dassault
Systèmes Simulia Corp., Willits, France) to test the feasi-
bility of this hybrid fixation system. Two cylinders were
established as the mimic models of cortical bone segments
with the size of rabbit tibiae based on published work
[110,119]; the Ti/Mg hybrid fixation system were estab-
lished based on AO 2.0 mm dynamic compression plate
(DCP) and the matched cortical screws [6,30]. Another
model fixed with Ti plates and screws was also established
as the control. A certain torque of 30 Nm (around 1.5 times
the body weight of rabbit) was added to both groups, and
the generated maximum stress was recorded. Our model-
ling results indicated that the maximum stress applied on
the hybrid system was even lower than that on the Ti fix-
ators, and no failure was observed after the simulation,
suggesting that the hybrid fixation system was suitable to
fix the fracture of cortical bones (Figure 6).

As previously reported, Mg can stimulate periosteum to
generate more callus tissues via upregulation of local
Calcitonin Gene-Related Peptide (CGRP) secretion of a
known neuronal protein for acceleration of fracture healing
process [16]. An innovative Mg-containing Ti intramedullary
nail has been developed to fix the fractured femur in rats,
and the fracture healing process was found accelerated and
enhanced [16]. Therefore, this innovative Ti/Mg hybrid
fixation construct might have potential to be extended to
plateescrew system, where the degrading Mg implant will
provide less fixation stability at the fracture site with
healing over time. In addition, at the time of implant
removal, less screws need to be removed that would pre-
vent a second damage to the newly healed tissues due to
screw removal from the fracture site. Nevertheless,
by dark blue arrow) and six Ti screws (demonstrated with dark
grey). The purple screw next to the fracture gap is Mg screw.
The positions and number of the Mg screws can be justified
according to the fracture types. After fixation, the Mg screw
degrades gradually (pointed by purple arrows) and larger
fracture callus (pointed by green arrows) is induced to promote
fracture healing, based on previous published articles [16,111].
When the fracture heals, the Mg screw is fully absorbed and no
screw hole is remained (pointed by purple arrow in the last
figure). With less fixation screws remained, the fixation system
can be easily removed and the healing efficiency and quality
can be both enhanced by the degradation of Mg screws.



Figure 6 Finite element analysis results of the Ti/Mg hybrid fixation system. No fixation failure was observed in the simulation
results and the maximum stress of the Ti/Mg hybrid fixation system was comparable to that in Ti group; (A) and (B), the stress
distribution of the models fixed with Ti/Mg hybrid fixation system; (C) and (D), the stress distribution of the models fixed with Ti
fixators.
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implant removal is not essential in some cases, thus the Mg
implant can degrade thoroughly and merge into the sur-
rounding tissues. In this scenario, there will be no screw
hole remained at the fracture site, which can further
improve the healing quality (Figure 5C). Therefore, this
system will reduce the refracture rate and enhance the
healing quality of fracture site.

Summary

It has been nearly 130 years after the invention of first
metal plate for bone fracture fixation attributed to col-
lective efforts of orthopaedic surgeons, metallurgists and
engineers. Apart from traditional and even widely used
metallic materials, such as gold, silver, cooper, stainless
steel and titanium, biodegradable polymers or magnesium
become attractive as they can be developed to biode-
gradable fixation implants. However, implant made of only
one type of material can hardly fulfil multiple demands of
fracture fixations, especially at load-bearing skeletal sites.
However, electrochemical corrosion of the implants,
adverse tissue reactions and inferior healing has been al-
ways the concerns of our orthopaedic surgeons. Bioactive
and biodegradable materials such as Mg and its alloys have
also been tested and developed over the past centuries
until recently Mg-related orthopaedic products were
approved for clinical applications in Europe and Asia. To
expand the clinical applications of Mg implants, Mg-related
hybrid fixation systems will also attract attention from both
surgeons and material scientists after being abandoned for
over a hundred years. After years of research and devel-
opment of Mg-based implants, innovative hybrid system
made of Mg and Ti fixation implants are proposed and that
may become a cost-effective fracture fixation concept for
future applications, especially for biological fixation of
challenging osteoporotic fractures and potential reduction
of subsequent refracture rate.
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