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Abstract— Bone can heal on its own through the process known as bone remodelling. Nonetheless, a critical size bone defect will
hinder the natural bone-healing process and may not allow for complete fracture healing. These requires surgical intervention by
employing the use of bone tissue implants and in need of realignment and fixation for proper fracture healing. Traditional knowledge
of bone injury and fracture healing must be comprehended thoroughly for a proper invention of bioengineered material or devices
that could enhance the physiological process. Heretofore, engineered materials used to address critical size bone defects have
encountered various challenges and improvement be it in bone grafting or choices of mechanical stabilization devices. To date,
researchers have been mainly focussing on the alternative material for bone graft substitute albeit the selection of fixators to establish
mechanical stabilization are as important. This review highlighted the challenges, improvement and advancement in mechanical
stabilization devices and bone graft substitute with respect to the physiological process of bone fracture healing. Identifying these

challenges would help assist the researcher in an expedition toward the recovery and restoration of critical size bone defects.

Keywords— critical size bone defect, bone remodelling, tissue engineering, bone graft

I. INTRODUCTION

The bone is a crucial rigid human organ that has an
orderly and complex structure to supports its diverse
mechanical, biological and chemical functions. A highly
documented rates of bone vulnerability to trauma and
fractures have attracted extensive researches in the fields of
bone fracture healing. The interruption to the normal
structure of bone could bring about significant morbidity as
well as an economic burden on the healthcare system (1).
Bone defects especially involving a critical sized deformity
has been a great unresolved challenge in the healthcare
practice (2). The correction of critical sized bone defects
called for substantial surgical intervention. Current strategies
for treatment of critical size bone defects include bone
grafting and stabilization using internal metal plates. These
strategies involve a slow healing with high infection risk and
elicit considerable pain. In addition, the intervention
sometimes does not provide an assurance of complete
rectification of the defect. Therefore, a search for better
alternatives continues to present a major challenge.

The application of biomedical engineering applies
the interdisciplinary aspect of engineering and medical
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sciences contributed to the rapid advancement in providing a
solution for bone fracture healing particularly in critical size
bone defects (3). In the past few decades, there were various
breakthroughs in biomedical engineering to facilitate the
process of critical sized bone fracture healing from a
conventional autologous bone grafting to a more radical
approaches using allograft and synthetic bone graft substitute
(4,5). Moreover, the materials used for stabilization to fix the
bone graft implants also have undergone various
advancement. Throughout the years, mechanical fixators for
bone stabilization advanced from conventional metal plate to
comprehensive biodegradable internal fixators. Although not
all of these materials can be employed in all types of bones,
it served as a potential area to be explored. Meanwhile, there
are various bone graft substitute diversified from natural
polymer, biomaterials, to recent 3D bio printed bone graft.
As innumerable theory and mechanism of bone healing have
been discerned by researcher. Hence, the evolution in
biomedical engineering especially the application of bone
tissue engineering has been progressively aimed at
facilitating faster healing and restoring the function of bone
and quality of life. Therefore, this paper aim at reviewing
and pinpoint the annals of biomedical engineering

Page 1



highlighting the challenges, improvement and advancement
in mechanical stabilisation devices and bone graft
substitutes.

I1. BONE FRACTURE

A fracture happens when a structural continuity of
the bone is interrupted (6,7). The fracture is termed as a
simple or closed fracture when overlying skin remains intact
whereas open fracture ensues following a skin breach. Open
fracture in most cases is vulnerable to contamination and
infection hence prompt management is vital. The brittle
property of bone causes the bone to be more prone to
fracture. This could be due to various reason such as injury,
repetitive stress and pathological fractures that occur as a
result of an abnormal weakening by diverse processes (7).

A. Mechanism of bone fracture healing

The complexity and well-regulated bone healing
process are related to sequential events involving various
cell and signalling molecules (8). However, events such as
non-unions, malunion or delayed fracture healing could
happen during the healing process even though the bone
tissue possessed a powerful regenerative capability (9).

The mechanism of bone fracture healing can take
place in two manners either by primary healing or secondary
healing (10)(11). Primary healing is a process whereby there
is a direct attempt by the bone to re-establish itself after an
injury that mimics the process of normal bone remodelling.
Meanwhile, secondary healing process prior to bone
fractures involves responses in the periosteum and external
soft tissues with the subsequent formation of a callus. The
formation of a fracture callus differentiates the pattern of
bone healing. Secondary healing involves a combination of
intramembranous and endochondral ossification in which
these two processes participate in the fracture repair
sequence. The secondary healing process have three
distinguished overlapping phases as shown in Figure 1
including inflammatory, reparative, and remodelling stages
(11)(22).

1) Inflammatory stage

As shown in Figure 1, following a fracture, an
inflammatory response is initiated whereby a hematoma
assembles at the fracture site. This inflammatory process
reaches its peak at the first 24 h of injury and remains there
for one week. Vascular events most often govern the process
in this stage. Neutrophils are the first recognized
inflammatory cells within 24 h of fracture which attain to the
hematoma. The platelets then released chemotactic factors
within the hematoma built-up. A cascade of signals emerged
from the necrotic tissue by releasing complementary factors,
proinflammatory  cytokines and stimulating integrin
expression on fibrin to attract inflammatory cells to the
fracture site (13).

The neutrophils then attract the secondary
inflammatory cells such as monocytes or macrophages to the
fracture site through secretion of inflammatory and
chemokines such as interleukin-6 (IL-6) and C-C motif
chemokine ligand 2 (CCL2) (1). The level of inflammatory
factors includes tumour necrosis factor-a (TNF-a),
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interleukin-1  (IL-1), IL-6, interleukin (IL-11), and
interleukin (IL-18) increased significantly in the first three
days. These inflammatory molecules also attract
polymorphonuclear  leukocytes,  lymphocytes,  blood
monocytes, and macrophage soon after the release of
cytokines to the fracture site.

These cells then trigger the angiogenesis process and
enhance the extracellular matrix synthesis (11)(1). Therefore,
the formation of hematoma is deemed to be an elementary
event for a proper outcome of fracture healing.

2) Reparative stage

Bone reabsorption occurs at the point of 1 to 2 mm
of fracture margins with the coexisting loss of blood supply.
It is this bone reabsorption that makes fracture lines
radiographically distinct 5 to 10 days after an injury.
Concurrently, the reparative stage begins  with
revascularization process resulting from normal disruption
bone architecture (13). The angiogenesis process occurs
externally across the fracture site (12). The activation of the
platelets initiate the secretion of platelet-derived growth
factors (PDGFs) and transforming growth factor-p1 (TGF-B1)
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Figure 1: lllustration of a typical fracture healing process.
Adapted from Wang et al 2017

These subsequently triggers proliferation and differentiation
of bone mesenchymal stem cells (MSCs) (14).

The hematoma tissue is then replaced by the
cartilaginous callus (15). The osteoprogenitor cells and bone
MSCs adjacent to the fracture line differentiated mainly into
chondrocytes and osteoblasts initiating the ossification
process for the formation of new bone. Moreover, the
osteoprogenitor cells release 1L-11, IL-6, and IL-1, along
with other factors to stimulate osteoclast formation (14).
The soft callus eventually extends throughout the fracture
gap connecting both fracture ends (11). This event takes
place within the period of one week after the injury (16, 17).

A hard callus forms simultaneously with the soft callus

in the subperiosteal area through intramembranous
ossification. The chondrocytes develop into hypertrophic
chondrocytes after the release of calcium which leads to
endochondral ossification (18).
Furthermore, the differentiation of MSCs into osteoblast
replaced the resorbed lacunae with new bone. These lead to
the construction of woven bone with a trabecular structure.
Hence, the cartilaginous callus is replaced by a hard callus in
this process (19).
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3) Remodelling stage

In the remodelling phase, the endochondral callus
becomes completely ossified and remoulded into a
secondary mature bone. The deposition of osteoblasts and
osteoclasts leads to the reconstruction of the woven bone
into the lamellar bone. This is accomplished via regulation
of pro-inflammatory signals such as IL-1, IL-6, IL-11 and
IL-12, TNF-a, and interferon-gamma (IFN-g) (20). The
remodelling stage can last for many years to allow the bone
to resemble its pre-fracture condition.

Thus, as beforehand mentioned, numerous types of
cells and signalling pathway have been recognized to
involve in the fracture repair process (21). Respective to the
discovery of normal physiology of fracture repair, the
contribution of biomedical engineering toward fracture
healing is made in accordance with these scientific
knowledges.

I11. BIOMEDICAL ENGINEERING INVENTION IN BONE
FRACTURE HEALING

A favourable outcome can be achieved in fracture
healing with the comprehension of the conceptual
framework of the diamond concept as in Figure 2 that

described the prominent components of fracture healing (22).

A number of particular applications have been discovered in
biomedical engineering to complement and improve bone
fracture healing response.

Vascularity

Osteomediators Osteogenic cells

Osteomatrix Stability

Fracture healing

Figure 2: Diamond concept of fracture healing showing the important
components of bone fracture healing.

A. Mechanical stabilization: Bone plating

Fracture fixation is one of the many procedures
performed to achieve mechanical stability in fracture healing
(11). Different degrees of stability may be attained by using
different fixation devices (23). Primary bone healing without
the formation of callus effectuates toward absolute stability
in bone fracture. Meanwhile supposing that the same fracture
is fixed by the relative stability principle, bone healing could
happen with callus formation. However, in reality, most
fixations may involve components from both types of
healing.
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Bone plating is applied for internal fixation in
which the implantation requires the tissue adjacent to the
fracture to be opened (24). The fixation method aid in the
biology of bone healing through mechanical transduction in
which the method acts as mechanical stimuli. These stimuli
play an important part in the physiological process of bone
fracture healing that allows migration of bone cell precursors
(25,26)

The mechanical aspect of the bone plate is further
explained by Thakur et al., 2015 in which bone the plate
facilitates the load transfer and load-bearing property by
transmitting forces from one end of the bone to the other
(27). Furthermore, the bone plate could preserve the stability
and offer protection to the fracture zone from overloading as
well as providing maintenance to the mechanical alignment
of the fracture fragments (28). These actions are beneficial to
achieve a good outcome of bone fracture healing process.

The structure and materials used for the bone plate
must be presented with a proper biomechanical environment
suitable for bone healing requirements. The bone plate
design can be categorized into two distinct patterns namely:
conventional plates and locking plates (29).

1) Conventional bone plating

Absolute stability of the fracture is established
using a conventional bone plate as opposed to locked plating
The conventional bone plating aim to restrain any relative
movement between the fracture fragments hence promoting
direct healing of the fracture gap without callus formation
(30). The compression of the plate on the bone surface
provides mechanical stability in the conventional plating.
Moreover, the compression serves as a load transfer in a
form of axial forces from the bone to the plate and back to
the bone.

The conventional screws occupy the bicortical
space in the bone to toggle within the plate. The eccentric
lever arm created by the pull of the plate on the screw leads
to the anchorage of the screw in the far cortex and toggle in
the near cortex. This movement pulls the plate tight to the
bone surface. The stability of the conventional plate is
dependent on the friction at the bone—plate interface which is
equivalent to the sum of the torques on each screw (31).

The conventional plate offers various advantages
such as low incidence of mal-union, no requirement of
external immobilization and supports a stable internal
fixation, few drawbacks still persist (24). However, the
process of primary healing itself is a slow enduring process.
On top of that, some other drawbacks includes resulting
from the use of conventional bone plate could lead to
osteoporosis and secondary bone fracture where there are
loss of bone mass at the subcortical bone (32). The
compression of the plate onto the bone directly beneath the
plate contributed toward bone necrosis and porosis which
subsequently exposed the patient to risk of refracture after
plate removal (33).
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2) Locking plate

The biomechanical advancement leads to the
introduction of limited-contact plate (LCP). This plate was
invented attributed by the fact that excessive contact could
hinder the flow of blood to the constructed site. Perren et al.,
2003 suggested that a redundant amount of contact between
the bone plate and cortical bone obstructs blood flow
resulting in necrosis of the cortical bone under the plate and
that leads to local osteoporosis (34).

The biological internal fixation concept was
proposed by Gerber et al.,1990 in which it is an adaptation in
reducing damage to the blood supply by retaining a complete
reduction and absolute stability of fixation by avoiding
excessive surgical approach (34-36). The development of
the locking plate arises from the need of biological internal
fixation.

In this method, the screw head engages with the
plate hole and the load transfer from the bone to the plate is
provided by the locking mechanism of the screw within the
plate hole. The load is transferred and distributed evenly in a
uniform manner over the length of the plate. The plates can
be inserted through a minimal skin incision and then slid
along the bone surface without creating a large open
approach (29). With the minimally invasive application of
anatomical locking plates, the blood supply to the periosteal
region and the fracture area is largely preserved thus
providing a biological environment for fracture healing.
Thus allows for adequate osseous healing and decreased risk
for infections, delayed union or non-union and secondary
loss of reduction (37).

The absence of compression, resulted in flexible
elastic fixation and stimulation of callus formulation which
follow the secondary healing pathway. In locking plates, the
strength of fixation is equal to the strength of all screw—bone
interfaces rather than that of the single screw’s axial stiffness
or pull-out resistance (38). Therefore, a single screw is
difficult to pull out unless several adjacent screws are also
pulled out. This locking biomechanical principle increases
the stability of the internal fixation, especially in
osteoporotic bone, comminuted fractures, or highly unstable
fractures (39). At the same time, the locking plate structure
can avoid stress shielding below the plate and reduce the
need for soft tissue dissection.

A study on osteoporotic comminuted radial
diaphyseal fracture model revealed that the minimum contact
locking plate (MC-LP) plating systems is significantly more
stable than the limited contact dynamic compression plate
(LC-DCP) system when tested in four-point bending and
torsion. This is due to the fact is that in osteoporotic bone,
there is a significant correlation between the pull-out
strength and the cortical layer and its thickness. (40). Hence,
progressive improvements have been made to address the
issues in bone plating to facilitate fracture healing and
reduce other possible adverse risk.

B. Mechanical stabilization: Materials

MJoSHT 2020, Volume 6, Special Issue, eISSN: 2601-0003

A part from the mechanical consideration, internal
fracture fixation requires materials that are able to resist
stress load to allow skeletal functions. Although metals are
widely used material for this purpose, biomaterials such as
polymers and ceramics have all been introduced for the same
purpose. Currently, there is also an option for biodegradable
internal fixation devices employing biodegradable polymers
without requirement of secondary removal. These devices
are currently used for in fixation in craniofacial and
maxillofacial applications [41]. Given its highly
opportunistic property, there are still unsettled debates over
the scanty mechanical properties for other parts of the limbs
[42].

Moreover, the use of polymer-based material has
shown to be an alternative to metal. Polymer has a
substantial fatigue resistance, high strength and flexibility
[43]. The use of laminate composites of carbon fiber
reinforced epoxy resin in a clinical trial indicates its viable
potential as internal fixation devices. A recent study also
considers the use of hybrid material for this purpose and
positive findings were presented in fixating bone fractures
[44].

C. Bio- intervention: Bone tissue engineering

The capability of bone to regenerate and a growing
demand for an alternative approach necessitates the
advancement of bone tissue engineering in the millennial
world. This review constitutes the discussion bone graft,
synthetic bone grafts substitute and various growth factor
that aid in bone tissue reparation.

1) Bone graft

By definition, bone grafting is a surgical procedure
involving the replacement of a defective or missing bone
using the patient's bone structure, an artificial, synthetic, or
natural substitute of the bone. The favourable environment
for bone grafts generated through distinctive mechanisms
accounting various osteogenic pathway which support de
novo bone formation that potentiated by osteoblast
precursors derived from the graft itself. Osteogenesis
requires angiogenesis and differentiation of MSCs into
osteoblasts. The osteoconductive property is characterized
by the capacity of the graft to act as a scaffold for initiation
of bone growth. Lastly, osteoinduction allows the graft to be
able to recruit MSCs and induce its differentiation (45).
Various growth factors and osteoinductive factors for
example bone morphogenic proteins (BMPs) are required in
this process (46).

Autogenous bone graft: Autograft comprises of
cancellous; cortical or bone marrow aspirate from patients
bone, which remains as the gold standard for bone grafts.
Integration of an autograft into the host bone may accelerate
bone healing (47).

The downside of autografts is the requirement of a
second surgical procedure to obtain the harvested tissue such
as from the patient's iliac crest (48). Other than that, an
autogenous bone graft is a considerably cheaper option but
may ensue adverse issues such as significant donor site
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injury and morbidity, deformity, scarring and associated with
surgical risks of bleeding, inflammation, infection, and
chronic pain (49). However, the advantages of autologous
bone graft includes fewer risk of disease transmission as well
as less immunological rejection from the bone graft
transplantation (50).

Allogeneic bone graft: Bone structure that is
harvested and transplanted from one genetically different
individual of the same species, it is known as allograft (51).
Histocompatibility property is likely to be presented in a
machined and tailored allogeneic. The allograft is derivable
from variety forms, including cortical, cancellous and
demineralized bone matrix (DBM).

In contrast to autografts, allografts are linked to the
risk of immunoreactions, transmission of infections and
manifest a lower success rate. The primary osteoinduction
phase would be eradicated by an immune response and
inflammatory cells due to the activation major
histocompatibility complex (MHC) antigens and thus cause
immunoreactions (52).

Cancellous allograft also exerts exquisite
osteoconductive properties accustomed by its porosity which
allow a speedy establishment into host bone in comparison
to cortical allografts. Meanwhile, a DBM is a type of
allograft derivative that produced through an acid extraction
with preserved content of collagens, non-collagenous
proteins and growth factor (53). An advance formulation of
DBM has been discovered namely a cellular bone allografts
(CBA) that is safe for foot and ankle arthrodesis (54).

2) Bone graft substitutes: Biomaterials

Bone is a combination of both organic and
inorganic components. Substitute from ceramic, polymer or
composite materials has been used to mimic the natural
composition of bone with the aim to restore bone and
improve bone regeneration (55). A noteworthy interest to the
exploration of non-biological material as bone graft
substitutes may be explained by the deficit supply compared
to the demands, especially in developed countries. The aim
of most bone graft substitute is to achieve ingrowth of bone
from the surrounding tissue (56). However, these remain an
issue in critical bone defects. Hence, biomaterials designed
for bone regeneration are required to induce bone formation
at the desired locations (55). Additionally, it is vital that
these materials possess optimal physical properties,
sufficient mechanical stability, with similar surface
properties and bioresorbability (57).

a) Natural biopolymer

Natural polymers can be categorized into proteins
(silk, collagen, gelatin, fibrinogen, elastin, keratin, actin, and
myosin) or polysaccharides (cellulose, amylose, dextran,
chitin, and glycosaminoglycan) (58). In order to gain
necessary mechanical and biological properties of hard bone
tissue,a combination of natural degradable polymers and
inorganic bioactive particles were proven as one of the
suitable candidates (56). A fabrication of natural polymer
can either be derived from cells induced with suitable ECM
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or from decellularized bone tissue (58). Recently, the
combination of chitosan with polysaccharides and proteins
has been shown to induce osteochondral regeneration (59).
Additionally, a natural polymer known as bacterial cellulose
associated with osteogenic growth peptide (OGP(10-14)
promoted a greater bone regeneration in vivo with a higher
radiographic density of repaired bone (60). In another study,
bacterial cellulose (BC) incorporated with Graphene
oxide/hydroxyapatite (GOHA) composite showed good
viability on osteoblast cells in vitro which may act as a
potential osteoinductive material (58).

b) Synthetic bioceramic: calcium phosphate
(CaP) and calcium sulfate (CaS) compounds

At present, resulting from extensive researches and
innovations; calcium sulfate (CaS) and calcium phosphate
(CaP) are some of the most commonly available synthetic
bone graft substitutes (53,61).

CaS is a type of osteoconductive and biodegradable
ceramics material constitutes of calcium sulphate
hemihydrate (CaSO.). This structure is generally prepared in
a form of cement or pellet form that dissolves in vivo within
2 months attached to the graft. The compounds establish a
readily competent filling component to bony voids similar to
those in the metaphyseal bone defects after fracture
reductions and post-traumatic fractures (62). Other than that,
few studies have been conducted by augmenting injectable
CaS in the treatment of tibial plateau fractures and calcaneus
fractures using open reduction and internal fixation (ORIF)
technique. These studies documented the use of the material
as safe with high efficacy (63,64).

Next, osteoconductive feature exhibits by the CaP
ceramics and cement are conducive to enhance bone fracture
healing (53). CaP ceramics consisting of the chemical
composition similar to the mineralized calcified tissues that
is the calcium hydroxyapatites (Hap)(59). CaP ceramics are
generally encompassed a similar primary mechanical
property of cancellous bone in which it is brittle with weak
tensile strength but resistant to compressive loads. After their
implantation, the resistance ability may decrease by 30-40%
(61,65). The formulation of CaP constitutes of the calcium
dissolution with an aqueous solvent causing the cement to
harden while the CaP crystals expand efficaciously (53).
Some prospective clinical trials have been conducted
proving significant result to the safety and efficacy of these
material for bone graft. Readily available CaP cement
injections aids in reinforcing the percutaneous pinning
procedures in distal radius fractures treatment (66,67).

¢) Synthetic bioactive glass

Bioglass, a shorter term for bioactive glass
constitutes mainly of silicate with combination of other
components such as silicon dioxide (SiO2), sodium oxide
(Na20), calcium oxide (CaO) and phosphorus pentoxide
(P205), potassium oxide (K20), magnesium oxide (MgO)
and boric oxide (B20) acting as the stabilizing compounds
(65). A strong physical bonding is created between the
bioglass and the host’s bone caused by extraction and
accumulation of silicon ions with the formation of
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hydroxyapatite laminate the surface of bioglass (68). The
hydroxyapatite layer will biologically replace by bone tissue
gradually through a substitution process after the
implantation (69). Currently, the use of bioglass is mostly
utilized in the reconstruction of facial bone defects with the
combination of growth factors (70,71).

d) 3D bioprinted graft

The most recent advancement that in tackling the
issues of bone regeneration is known as 3D bioprinting
techniques. These techniques employed the use of bioinks
for production of 3D printed materials. Bioinks consist of
cells and biomaterial building blocks tailored with specific
ECM signalling’s to produce 3D fabrication of accurately
shaped bone constructs. Importantly, these techniques also
allow production of constructs by employing patient imaging
data for example from magnetic resonance imaging (MRI) or
computer tomography (CT) (72). The ability to tailor the
complex anatomical structure of an individual’s bone
construct may has a promising application in critical bone
defects. A study by Kuss et al., 2017 on 3D bioprinted bone
constructs composed of polycaprolactone/hydroxyapatite
(PCL/HAp) and SVFC-laden hydrogel bioinks showed
promising promotion of vascularization-related gene
expression (73). Moreover, in a updated research, the use of
3D bioprinted construct by using silk-gelatin bioink was
tested in vitro using custom made bone-marrow derived
mesenchymal stem cell line (TVA-BMSC) and compared
with in vivo endochondral ossification route. The study aims
to highlights the imitation of the developmental biology in
endochondral ossification route for progenitor cells
differentiation. The results of the study indicated overall
enhancement of progenitor stem cells osteogenic
differentiation via various signally pathway and improved
mineralization in 3D bioprinted constructs in vitro (74).

Lasty, research on engineered vascularized 3D
bioprinted bone construct indicated an excellent bioactivity
and vascularized bone forming potential using smart release
nanocoating that is induced through a matrix metalloprotease
2 regulative mechanism using growth factors (75).

D. Promotion of bone regeneration: Cell biology

Biological properties are vital and in particular
signalling molecules are required to recruit mesenchymal
progenitor cells. These molecules are taken into
consideration in development of bone substitute and
promotion of its regeneration. As mentioned, bone fracture
healing normally is coordinated by a sequence of
physiological process by cytokine signalling sequences
evoked by the intensified expression of various types of
growth factors (GFs) including osteogenic, angiogenic and
pro-inflammatory growth factors (76). GFs such as BMPs,
fibroblast growth factors (FGFs), and other GFs have been
discovered to exist during natural bone fracture healing
through an in vivo study (77). The adoption of GFs on bone
regeneration can be observed as an augmentation for
osteoinductive purposes in the majority of bone graft
substitutes and therapeutic strategies in treatment settings
(51,78).
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Osteogenic factor such as the bone morphogenic
protein (BMPs) are considered as an important promoter of
bone healing especially in large bone defects. Two
prominent members of BMPs that are highly commercialized
are BMP-2 and BMP-7 (79). Several studies reported that
BMPs have significant influence in treatment of bone
fracture by promoting cells differentiation and angiogenesis
process. BMP-2 has important function in triggering an
osteoblastic differentiation from MSCs (80). Whereas BMP-
7 have the ability to influence the expression of important
initiators of acute-phase reaction in angiogenesis process.
Utilization of BMP-7 in bone graft transplantation produces
a costimulatory effects on proinflammatory cytokines
expression such as IL-6, TNF-o and IL-8 which urges an
increased VEGF expression (81).

Few examples of clinical application of BMPs were
observed. For instances, reported application in treatment of
open tibia fractures and non-union condition (82). Besides
that, BMPs also aid the formation of new bone in the disc
spaces for spinal fusion procedures by promoting cells
differentiation (83,84). In another randomized controlled
trial for the treatment of open tibial fracture, compared to the
control group, the patient treated with BMP-2 GFs shown to
develop earlier formation of bone callus with decrease
infection rate at wound closure site and less amount of pain
after the operation (85). Moreover, the Food and Drug
Administration and European Medicines Evaluation Agency
(EMEA) has recognised the use of BMP-2 in anterior lumbar
spinal fusion and open tibial fractures operations (86) and
BMP-7 utilization as a component in the treatment of
posterolateral lumbar spine fusion (87).

Although the function of FGFs is not clearly
understood, it exhibits a fundamental role in angiogenesis
and osteoclast formation (88) in addition to the effective
mitogenic action that mediated by the FGFs/FGFRs
signalling on MSCs (89).

A study by Bjorn et al., 2010 demonstrated that
FGFs associate directly with the healing of calvarium,
especially to the parietal bone defect. Improvement and
gradual restoration of missing bone manifested in the
experimental mice treated with collagen scaffolds containing
FGF9 and FGF18 was observed (90). A randomized
controlled trial which involving patients with tibial shaft
fracture showed a fast recovery of fracture healing after the
patients were injected with rhFGF-2 contained gelatine
hydrogel (91). Furthermore, the fracture in FGFs-treated
patient portrayed a greater effect of fracture union compared
to the placebo group. A study by Hurley et al., 2016 revealed
that FGF-2 produced a curative outcome to the close
fractures of tibia in transgenic mice (92). The study
concluded that overexpression of FGF-2 aided in
osteoprogenitor cells differentiation which eventually speeds
up the healing process. Many studies are continuously still
being performed to understand the roles of FGFs and FGFRs
in bone healing.
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IV. CONCLUSION

Critical bone defects require quick and precise
management to avoid any delayed union or non-union of the
bones. Such undesirable effects could occur when treated
inappropriately. Currently, the management of critical-size
defects remains as one of the biggest challenges for bone-
defect healing. However, iterative improvements to the
technologies for bone-defect healing has led to a significant
advancement of bone tissue engineering. Overall
biomechanical environment in which implants would be
positioned in is essential to address these challenges. These
includes investigation of the suitable substitute for bone graft
and also mechanical materials and properties for its support.
The attained knowledge should be considered as a golden
opportunity to address these challenges for better bone
fracture healing. Future studies should explore further
conventional technologies and biomaterials to create a better
intervention for critical size bone defect.

ACKNOWLEDGEMENT

The authors would like to express their
gratitude to the Malaysian Journal of Science, Health and
Technology for the invitation and Universiti Sains Islam
Malaysia (USIM) for the support and facilities provided.

REFERENCES

[1] Qasim, M., D.S. Chae, and N.Y. Lee, Bioengineering strategies
for bone and cartilage tissue regeneration using growth factors
and stem cells. Journal of Biomedical Materials Research Part A,
2020. 108(3): p. 394-411.

[2] Calori, G., et al., The use of bone-graft substitutes in large bone
defects: any specific needs? Injury, 2011. 42: p. S56-S63.

[3] Parashar, S.K. and J.K. Sharma, A review on application of finite
element modelling in bone biomechanics. Perspectives in
Science, 2016. 8: p. 696-698

[4] Sohn, H.-S. and J.-K. Oh, Review of bone graft and bone
substitutes with an emphasis on fracture surgeries. Biomaterials
research, 2019. 23(1): p. 1-7.

[5] Vacanti, J.P. and C.A. Vacanti, Chapter 1 - The History and
Scope of Tissue Engineering, in Principles of Tissue Engineering
(Fourth Edition), R. Lanza, R. Langer, and J. Vacanti, Editors.
2014, Academic Press: Boston. p. 3-8.

[6] Nyary, T. and B.E. Scammell, Principles of bone and joint
injuries and their healing. Surgery (Oxford), 2018. 36(1): p. 7-
14.

[7] Solomon, L., D. Warwick, and S. Nayagam, Apley's system of
orthopaedics and fractures. 2010: CRC press.

[8] Gothard, D., et al., Tissue engineered bone using select growth
factors: a comprehensive review of animal studies and clinical
translation studies in man. European cells & materials, 2014. 28:
p. 166-208.

[9] Marsell, R. and T.A. Einhorn, Emerging bone healing therapies.
Journal of orthopaedic trauma, 2010. 24: p. S4-S8.

[10] Li, J., et al., Materials evolution of bone plates for internal
fixation of bone fractures: A review. Journal of Materials Science
& Technology, 2020. 36: p. 190-208.

[11] Pountos, I. and P.V. Giannoudis, Fracture healing: back to
basics and latest advances, in Fracture Reduction and Fixation
Techniques. 2018, Springer. p. 3-17.

[12] Beutler, A. and M. Stephens, General principles of fracture
management: bone healing and fracture description. 2012.

[13] Loi, F., et al., Inflammation, fracture and bone repair. Bone,
2016. 86: p. 119-130.

[14] J Panetta, N., D. M Gupta, and M. T Longaker, Bone
regeneration and repair. Current stem cell research & therapy,
2010. 5(2): p. 122-128.

MJoSHT 2020, Volume 6, Special Issue, eISSN: 2601-0003

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]
(28]
[29]
(30]

(31]

(32]

(33]

(34]

(35]

(36]

(371

(38]

[39]

Pivonka, P. and C.R. Dunstan, Role of mathematical modeling in
bone fracture healing. BoneKEy reports, 2012. 1.

Dimitriou, R., E. Tsiridis, and P.V. Giannoudis, Current
concepts of molecular aspects of bone healing. Injury, 2005.
36(12): p. 1392-1404.

Barnes, G.L., et al., Growth factor regulation of fracture repair.
Journal of Bone and Mineral Research, 1999. 14(11): p. 1805-
1815.

Phillips, A., Overview of the fracture healing cascade. Injury,
2005. 36(3): p. S5-S7.

Claes, L., S. Recknagel, and A. Ignatius, Fracture healing under
healthy and inflammatory conditions. Nature Reviews
Rheumatology, 2012. 8(3): p. 133-143.

Rundle, C.H., et al., Microarray analysis of gene expression
during the inflammation and endochondral bone formation
stages of rat femur fracture repair. Bone, 2006. 38(4): p. 521-
529.

White, A.P., et al., Clinical applications of BMP-7/OP-1 in
fractures, nonunions and spinal fusion. International
orthopaedics, 2007. 31(6): p. 735-741.

Giannoudis, P.V., T.A. Einhorn, and D. Marsh, Fracture healing:
the diamond concept. injury, 2007. 38: p. S3-S6.

Pater, T.J., et al., Stability of unicortical locked fixation versus
bicortical non-locked fixation for forearm fractures. Bone
research, 2014. 2: p. 14014.

Uhthoff, H.K., P. Poitras, and D.S. Backman, Internal plate
fixation of fractures: short history and recent developments.
Journal of Orthopaedic Science, 2006. 11(2): p. 118-126.

Ghiasi, M.S,, et al., Bone fracture healing in mechanobiological
modeling: A review of principles and methods. Bone reports,
2017. 6: p. 87-100.

Einhorn, T.A. and L.C. Gerstenfeld, Fracture healing:
mechanisms and interventions. Nature Reviews Rheumatology,
2015. 11(1): p. 45.

Thakur, AJ., Elements of Fracture Fixation-E-book. 2015:
Elsevier Health Sciences.

Holz, U., The elements of fracture fixation. Indian Journal of
Orthopaedics, 2015. 49(6): p. 682.

Augat, P. and C. von Riden, Evolution of fracture treatment with
bone plates. Injury, 2018. 49: p. S2-S7.

Gardner, M.J., D.L. Helfet, and G. Lorich, Has locked plating
completely replaced conventional plating? AMERICAN
JOURNAL OF ORTHOPEDICS-BELLE MEAD-, 2004. 33: p.
440-446.

Miller, D.L. and T. Goswami, A review of locking compression
plate biomechanics and their advantages as internal fixators in
fracture healing. Clinical Biomechanics, 2007. 22(10): p. 1049-
1062.

Perren, S.M., Evolution of the internal fixation of long bone
fractures: the scientific basis of biological internal fixation:
choosing a new balance between stability and biology. The
Journal of bone and joint surgery. British volume, 2002. 84(8): p.
1093-1110.

Perren, S., Fracture healing: fracture healing understood as the
result of a fascinating cascade of physical and biological
interactions. Part Il. Acta Chirurgiae Orthopaedicae et
Traumatologiae Cechoslovaca, 2015. 82(1): p. 13-21.

Perren, S.M., Biological internal fixation interface between
biology and biomechanics. European Cells and Materials, 2003.
5(2): p. 22-3.

Gerber, C., J. Mast, and R. Ganz, Biological internal fixation of
fractures. Archives of orthopaedic and trauma surgery, 1990.
109(6): p. 295-303.

Sander, A.L., et al., Epidemiology and treatment of distal radius
fractures: current concept based on fracture severity and not on
age. European journal of trauma and emergency surgery, 2020.
46(3): p. 585-590.

Egol, K.A., et al., Biomechanics of locked plates and screws.
Journal of orthopaedic trauma, 2004. 18(8): p. 488-493.

Cordey, J., M. Borgeaud, and S. Perren, Force transfer between
the plate and the bone: relative importance of the bending
stiffness of the screws and the friction between plate and bone.
Injury, 2000. 31: p. 21-92.

Snow, M., G. Thompson, and P.G. Turner, A mechanical
comparison of the locking compression plate (LCP) and the low
contact-dynamic compression plate (DCP) in an osteoporotic

Page 7



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

bone model. Journal of orthopaedic trauma, 2008. 22(2): p. 121-
125.

Xiong, Y., et al., Comparison of a new minimum contact locking
plate and the limited contact dynamic compression plate in an
osteoporotic fracture model. International orthopaedics, 2009.
33(5): p. 1415.

Deshmukh, R., & Kulkarni, S. (2015). A review on biomaterials
in orthopedic bone plate application. Int. J. Curr. Eng. Technol,
5(4), 2587-2591.

Gaball, C., Lovald, S., Baack, B., & Olson, G. (2011). Minimally
invasive bioabsorbable bone plates for rigid internal fixation of
mandible fractures. Archives of Facial Plastic Surgery, 13(1),
31-35.

Narayanan, G., Vernekar, V. N., Kuyinu, E. L., & Laurencin, C.
T. (2016). Poly (lactic acid)-based biomaterials for orthopaedic
regenerative engineering. Advanced drug delivery reviews, 107,
247-276. doi: 10.1016/j.addr.2016.04.015

Samiezadeh, S., Awval, P. T., Fawaz, Z., & Bougherara, H.
(2015). On optimization of a composite bone plate using the
selective stress shielding approach. Journal of the Mechanical
Behavior of Biomedical Materials, 42, 138-153.

Khan, S.N., et al., The biology of bone grafting. JAAOS-Journal

of the American Academy of Orthopaedic Surgeons, 2005. 13(1):

p. 77-86.

Valdes, M.A.,, et al., Recombinant bone morphogenic protein-2
in orthopaedic surgery: a review. Archives of orthopaedic and
trauma surgery, 2009. 129(12): p. 1651-1657.

Goldberg, V.M. and S. Akhavan, Biology of bone grafts, in Bone
regeneration and repair. 2005, Springer. p. 57-65.

Amini, ARR., C.T. Laurencin, and S.P. Nukavarapu, Bone tissue
engineering: recent advances and challenges. Critical
Reviews™ in Biomedical Engineering, 2012. 40(5).

St John, T.A,, et al., Physical and monetary costs associated with
autogenous bone graft harvesting. American journal of
orthopedics (Belle Mead, NJ), 2003. 32(1): p. 18.

Buza Ill, J.A. and T. Einhorn, Bone healing in 2016. Clinical
Cases in Mineral and Bone Metabolism, 2016. 13(2): p. 101.
Roberts, T.T. and A.J. Rosenbaum, Bone grafts, bone substitutes
and orthobiologics: the bridge between basic science and
clinical advancements in fracture healing. Organogenesis, 2012.
8(4): p. 114-124.

Stevenson, S. and M. Horowitz, The response to bone allografts.
JBJS, 1992. 74(6): p. 939-950.

Baldwin, P., et al., Autograft, allograft, and bone graft
substitutes: clinical evidence and indications for use in the
setting of orthopaedic trauma surgery. Journal of orthopaedic
trauma, 2019. 33(4): p. 203-213.

Jones, C.P., et al., Prospective, multicenter evaluation of
allogeneic bone matrix containing viable osteogenic cells in foot
and/or ankle arthrodesis. Foot & ankle international, 2015.
36(10): p. 1129-1137.

Chocholata, P., Kulda, V., & Babuska, V. (2019). Fabrication of
scaffolds for bone-tissue regeneration. Materials, 12(4), 568.
Koons, G. L., Diba, M., & Mikos, A. G. (2020). Materials design
for bone-tissue engineering. Nature Reviews Materials, 1-20.
Kaur, G., Kumar, V., Baino, F., Mauro, J. C., Pickrell, G., Evans,
l., & Bretcanu, O. (2019). Mechanical properties of bioactive
glasses, ceramics, glass-ceramics and composites: State-of-the-
art review and future challenges. Materials Science and
Engineering: C, 104, 109895.

Sabir, M. I, Xu, X., & Li, L. (2009). A review on biodegradable
polymeric materials for bone tissue engineering applications.
Journal of Materials Science, 44(21), 5713-5724. doi:
10.1007/s10853-009-3770-7

Sultankulov, B., Berillo, D., Sultankulova, K., Tokay, T., &
Saparov, A. (2019). Progress in the Development of Chitosan-
Based Biomaterials for Tissue Engineering and Regenerative
Medicine. Biomolecules, 9, 470. doi: 10.3390/biom9090470
Saska, S., Pigossi, S. C., Oliveira, G. J., Teixeira, L. N., Capela,
M. V., Gongalves, A., . .. Gaspar, A. M. M. (2018). Biopolymer-
based membranes associated with osteogenic growth peptide for
guided bone regeneration. Biomedical Materials, 13(3), 035009.
Zwingenberger, S., et al., Recommendations and considerations
for the use of biologics in orthopedic surgery. BioDrugs, 2012.
26(4): p. 245-256.

MJoSHT 2020, Volume 6, Special Issue, eISSN: 2601-0003

(62]

(63]

[64]

[65]

[66]

(67]

(68]

(69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

(771

(78]

[79]

(80]

(81]

(82]

(83]

Kelly, C.M., et al., The use of a surgical grade calcium sulfate as
a bone graft substitute: results of a multicenter trial. Clinical
Orthopaedics and Related Research®, 2001. 382: p. 42-50.
Bibbo, C. and D.V. Patel, The effect of demineralized bone
matrix-calcium sulfate with vancomycin on calcaneal fracture
healing and infection rates: a prospective study. Foot & ankle
international, 2006. 27(7): p. 487-493.

Yu, B., et al., Treatment of tibial plateau fractures with high
strength injectable calcium sulphate. International orthopaedics,
2009. 33(4): p. 1127-1133.

Wang, W. and K.W. Yeung, Bone grafts and biomaterials
substitutes for bone defect repair: A review. Bioactive materials,
2017. 2(4): p. 224-247.

Zimmermann, R., et al., Injectable calcium phosphate bone
cement Norian SRS for the treatment of intra-articular
compression fractures of the distal radius in osteoporotic women.
Archives of orthopaedic and trauma surgery, 2003. 123(1): p. 22-
27.

Cassidy, C., et al, Norian SRS cement compared with
conventional fixation in distal radial fractures: a randomized
study. JBJS, 2003. 85(11): p. 2127-2137.

Vaéliméki, V.-V. and H.T. Aro, Molecular basis for action of
bioactive glasses as bone graft substitute. Scandinavian journal
of surgery, 2006. 95(2): p. 95-102.

Neo, M., et al., Ultrastructural study of the 4-W GC-bone
interface after long-term implantation in rat and human bone.
Journal of biomedical materials research, 1994. 28(3): p. 365-
372

Jones, J.R., Review of bioactive glass: from Hench to hybrids.
Acta biomaterialia, 2013. 9(1): p. 4457-4486.

Liu, W.-C., et al., The effects of 3D bioactive glass scaffolds and
BMP-2 on bone formation in rat femoral critical size defects and
adjacent bones. Biomedical Materials, 2014. 9(4): p. 045013.
Duan, B. (2017). State-of-the-Art Review of 3D Bioprinting for
Cardiovascular Tissue Engineering. Ann Biomed Eng, 45(1),
195-209. doi: 10.1007/s10439-016-1607-5

Kuss, M. A., Harms, R., Wu, S., Wang, Y., Untrauer, J. B.,
Carlson, M. A., & Duan, B. (2017). Short-term hypoxic
preconditioning promotes prevascularization in 3D bioprinted
bone constructs with stromal vascular fraction derived cells.
RSC advances, 7(47), 29312-29320.

Chawla, S., Sharma, A., Bandyopadhyay, A., & Ghosh, S.
(2018). Developmental Biology-Inspired Strategies to Engineer
3D Bioprinted Bone Construct. ACS Biomaterials Science &
Engineering, 4(10), 3545-3560. doi:
10.1021/acsbiomaterials.8b00757

Cui, H., Zhu, W., Holmes, B., & Zhang, L. G. (2016).
Biologically Inspired Smart Release System Based on 3D
Bioprinted Perfused Scaffold for Vascularized Tissue
Regeneration. Advanced Science, 3(8), 1600058. doi:
10.1002/advs.201600058

Azevedo, H.S. and I. Pashkuleva, Biomimetic supramolecular
designs for the controlled release of growth factors in bone
regeneration. Advanced drug delivery reviews, 2015. 94: p. 63-
76.

Fortier, L.A., et al., The role of growth factors in cartilage repair.
Clinical Orthopaedics and Related Research®, 2011. 469(10): p.
2706-2715.

Mark Fisher, D., et al., Preclinical and clinical studies on the use
of growth factors for bone repair: a systematic review. Current
stem cell research & therapy, 2013. 8(3): p. 260-268.

Cahill, K.S., P.C. McCormick, and A.D. Levi, A comprehensive
assessment of the risk of bone morphogenetic protein use in
spinal fusion surgery and postoperative cancer diagnosis.
Journal of Neurosurgery: Spine, 2015. 23(1): p. 86-93.
Dumic-Cule, I., et al., Bone morphogenetic proteins in fracture
repair. International orthopaedics, 2018. 42(11): p. 2619-2626.
Haubruck, P., et al., The treatment of nonunions with application
of BMP-7 increases the expression pattern for angiogenic and
inflammable cytokines: a matched pair analysis. Journal of
inflammation research, 2016. 9: p. 155.

Kanakaris, N.K., et al., Application of BMP-7 to tibial non-
unions: a 3-year multicenter experience. Injury, 2008. 39: p.
$83-S90.

Brandoff, J.F., J.S. Silber, and A.R. Vaccaro, Contemporary
alternatives to synthetic bone grafts for spine surgery. American
journal of orthopedics (Belle Mead, NJ), 2008. 37(8): p. 410-414.

Page 8



[84] Lan, J., et al., The influence of recombinant human BMP-2 on
bone-implant osseointegration: biomechanical testing and
histomorphometric analysis. International journal of oral and
maxillofacial surgery, 2007. 36(4): p. 345-349.

[85] Govender, S., et al., Recombinant human bone morphogenetic
protein-2 for treatment of open tibial fractures: a prospective,
controlled, randomized study of four hundred and fifty patients.
JBJS, 2002. 84(12): p. 2123-2134.

[86] Harwood, P.J. and D.O. Ferguson, (ii) An update on fracture
healing and non-union. Orthopaedics and Trauma, 2015. 29(4):
p. 228-242.

[87] Vaccaro, AR, et al., The safety and efficacy of OP-1 (rhBMP-7)
as a replacement for iliac crest autograft for posterolateral
lumbar arthrodesis: minimum 4-year follow-up of a pilot study.
The Spine Journal, 2008. 8(3): p. 457-465.

[88] Collin-Osdoby, P., et al., Basic fibroblast growth factor
stimulates osteoclast recruitment, development, and bone pit
resorption in association with angiogenesis in vivo on the chick

[89] chorioallantoic membrane and activates isolated avian
osteoclast resorption in vitro. Journal of bone and mineral
research, 2002. 17(10): p. 1859-1871.

[90] Coutu, D.L., M. Francois, and J. Galipeau, Inhibition of cellular
senescence by developmentally regulated FGF receptors in
mesenchymal stem cells. Blood, 2011. 117(25): p. 6801-6812.

[91] Behr, B., et al., Different endogenous threshold levels of
Fibroblast Growth Factor-ligands determine the healing
potential of frontal and parietal bones. Bone, 2010. 47(2): p.
281-294.

[92] Kawaguchi, H., et al., A local application of recombinant human
fibroblast growth factor 2 for tibial shaft fractures: A
randomized, placebo-controlled trial. Journal of Bone and
Mineral Research, 2010. 25(12): p. 2735-2743.

[93] Hurley, M.M., et al., Accelerated fracture healing in transgenic
mice overexpressing an anabolic isoform of fibroblast growth
factor 2. Journal of Cellular Biochemistry, 2016. 117(3): p. 599-

MJoSHT 2020, Volume 6, Special Issue, eISSN: 2601-0003 Page 9



