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At present, bone nonunion and delayed union are still difficult problems in orthopaedics.
Since the discovery of bone morphogenetic protein (BMP), it has been widely used in
various studies due to its powerful role in promoting osteogenesis and chondrogenesis.
Current results show that BMPs can promote healing of bone defects and reduce the
occurrence of complications. However, the mechanism of BMP in vivo still needs to be
explored, and application of BMP alone to a bone defect site cannot achieve good
therapeutic effects. It is particularly important to modify implants to carry BMP to achieve
slow and sustained release effects by taking advantage of the nature of the implant. This
review aims to explain the mechanism of BMP action in vivo, its biological function, and
how BMP can be applied to orthopaedic implants to effectively stimulate bone healing in
the long term. Notably, implantation of a system that allows sustained release of BMP can
provide an effective method to treat bone nonunion and delayed bone healing in the clinic.
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1 INTRODUCTION

Bone morphogenetic proteins (BMPs) were originally discovered to promote bone growth in muscle.
Since 1965, when Dr. Urist discovered that BMP can induce bone growth in muscle (Urist, 1965),
multiple subsequent studies have demonstrated that BMPs function in a large variety of physiological
and pathological processes. BMP is an important member of the transforming growth factor-beta
(TGF-PB) superfamily, a group of highly conserved homologous signalling proteins that play an
important role in embryogenesis, organogenesis, cell proliferation, and stem cell
differentiation(Miyazawa et al, 2002). Therefore, BMPs have been applied in a plethora of
tissues and organs. To date, approximately 20 BMP family members have been identified and
characterized. BMP is a dimeric molecule composed of two polypeptide chains linked by a single
disulfide bond. According to the structural similarity of BMP amino acid sequences, BMP family
members are generally divided into four categories: BMP2/4; BMP5/6/7/8; BMP9/10; and BMP12/
13/14 (Liu et al., 1995; Gomez-Puerto et al., 2019).

In orthopaedics, BMPs are naturally secreted multifunctional proteins that play crucial roles
throughout the developing skeletal system. BMPs have been proven to be key factors with significant
osteogenic functions, regulating bone balance by controlling the differentiation of osteoblasts and
osteoclasts (Poynton and Lane, 2002; Lavery et al, 2008). Notably, BMP-2 and BMP-7 can
significantly enhance osseointegration (Dent-Acosta et al., 2012; Dolanmaz et al., 2015). Therefore, the
Food and Drug Administration (FDA) has approved two factors containing recombinant human BMP
(thBMP)-2 and rhBMP-7 for a few orthopaedic disease treatments, such as open fractures, non-union
fractures, vertebral fusion, and maxillofacial bone enhancement (Cecchi et al., 2016).
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Fracture is a serious public health problem and is one of the
diseases that most affects people’s quality of life. It brings a heavy
burden to patients and the medical system. Fracture also causes
pain and affect a patient’s exercise ability. If recovery is improper,
it is very likely to reduce life-long mobility. Fracture healing is a
very robust repair process that depends on many factors,
including fracture type, anatomical site, and associated trauma
to soft tissue and vascular structures (Hackl et al., 2017). After the
fracture heals, the epiphysis can achieve structural stability, even
exceeding the stability of the unfractured bone, and then undergo
callus remodelling, restoring the geometry and function of the
original bone. Generally, the fracture can be cured after reduction
and fixation, but in some cases, severe bone defects or nonunion
occur. Generally, most fracture patients will heal within a few
weeks to a few months. Although most fracture patients heal
quickly after timely treatment, a small number of patients will
have delayed fracture union or fracture nonunion, especially
patients with larger open bone injuries and non-union
(Hissnauer et al., 2017). At this time, the traditional treatment
method has little effect. Due to the special nature of fracture
healing and fixation, the current standard of treatment for
fractures includes reduction and fixation, and the requirements
for clinical treatment are as follows: 1) speed up fracture healing,
2) speed up normal function recovery, and 3) reduce fracture
healing complications (Goldhahn et al., 2008).

With the rapid development of orthopaedic implants, such as
intramedullary nails, steel plates, joint prostheses, pedicle screws
and other materials, the incidence of delayed union or nonunion
of fractures has been greatly reduced when treating fractures or
nonunions, shortening the healing time and reducing fixation-
related complications (von Ruden et al., 2016). Notably, some
patients still suffer from complications, and traditional treatment
methods often cannot guarantee that the fracture will reach the
complete clinical cure standard. Although device-assisted therapy
is still an important part of fracture treatment, for example,
reduction and fixation of the fracture site through
intramedullary needles, screws, or metal plates, implants may
prolong the fracture healing time and cause infection and chronic
pain. Importantly, exploring new treatments for fractures has
become the focus of orthopaedic research (Annis et al., 2015).

The FDA has approved rhBMP-2 and rhBMP-7 for
orthopaedic treatments, such as open fractures, nonunion
fractures, vertebral fusion, and maxillofacial bone
enhancement (Cecchi et al, 2016). In recent years, the
application of growth factors may bring new breakthroughs in
the treatment of fractures. Depending on the morphology of the
bone defect, rhBMP-2 and rhBMP-7 can be used in combination
with bone substitutes or collagen sponges to achieve better results
(Dent-Acosta et al,, 2012). Importantly, with the increase in the
number of treatments, retrospective studies have provided more
data to analyse whether BMP can promote fracture healing.
Current research advances indicate that application of
biological agents may lead to significant progress in improving
treatment effects.

At present, many biomaterials carrying BMP have been used
in orthopaedic treatments and have achieved desired results.
These implant materials should have good mechanical
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properties, excellent biocompatibility, good corrosion
resistance, high wear resistance, and osteointegration capability
(Han et al., 2014; Chen et al., 2020). Whether implant materials
are compatible with surrounding tissues and whether they can
promote bone formation is a focus of orthopaedic research (Sul
et al., 2002; Geetha et al., 2009). The application of BMPs on
scaffolds for clinical treatment of orthopaedic diseases has
initially achieved a certain effect. To achieve better therapeutic
effects, people have improved biomaterials with high
biocompatibility to make their design and manufacturing
more perfect, which can continuously and effectively promote
bone formation. This research method of bone tissue engineering
shall receive more and more attention (Bosemark et al., 2015;
Ding et al,, 2016; Huang et al., 2018). To date, extensive research
has focused on combining new biomaterials and exploring new
material synthesis technologies, which can not only improve the
success of surgery but also reduce the cost of surgery (Wang L.
etal., 2019; Zhang X. et al., 2019). From what has been discussed
above, biomaterial-loaded BMPs have become research hotspots
and open up new prospects for orthopaedic disease research and
treatment.

In this review, we summarize recent research advances in BMP
functions in orthopaedics, including biological functions,
applications in bone tissue engineering and applications in
common clinical diseases.

2 ADVANCED RESEARCH PROGRESS ON
THE BIOLOGICAL FUNCTION OF BMPS IN
THE FIELD OF ORTHOPAEDICS

Together, the biological functions of BMP regulate the growth
and development of organisms through different signalling
pathways in cells. BMP signalling is transduced through serine
(Ser)/threonine (Thr) protein kinase receptors, namely, type I
receptors (BMPRIs) and type II receptors (BMPRIIs) (Liu et al.,
1995; Gomez-Puerto et al., 2019). These two receptor types are
combined into a functional complex to initiate further signalling
pathways (Koenig et al, 1994). The BMP ligand activates
BMPRII, and then, BMPRII phosphorylates BMPRI. Activated
BMPRI recruits and phosphorylates Smad-dependent and non-
Smad-dependent signalling pathways and then transduces signals
into the nucleus and controls osteogenic gene expression. On the
one hand, activated BMPRI phosphorylates Smad-dependent
signalling pathways, including Smad 1, Smad 5, and Smad 8
(Yamamoto et al., 1997; Nishimura et al., 1998; Kaneko et al.,
2000; Pera et al., 2004), and then combines with Smad 4 to form a
hybrid complex, which is transported to the nucleus and regulates
target gene transcription. Smad 6 or 7 negatively regulates Smad
signalling by preventing receptor-activated Smad (R-Smad)
phosphorylation, inhibits the expression of osteoblast-related
genes and blocks the differentiation of osteoblasts. On the
other hand, BMP receptors activate non-Smad-dependent
signalling pathways, namely, the p38 mitogen-activated protein
kinase (MAPK), extracellular signal-regulated kinase (ERK) and
c-Jun N-terminal kinase (JNK) signalling pathways (Guicheux
etal., 2003). Then, BMP signalling can stimulate the expression of
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FIGURE 1 | The BMP signal is transduced through BMPRI and BMPRII receptors. These two receptors are combined into a functional complex, to initiate further
signaling pathways. On the one hand, activated BMP type | receptor phosphorylates Smad-dependent signaling pathways. On the other hand, BMP receptors activate
non-Smad-dependent signaling pathways, that is, activate p38 MAPK, JNK, and ERK signaling pathways. Then, BMP can stimulate the expression of three osteogenic

the main osteogenic transcription factors runt-related
transcription factor 2 (Runx2), distal-less homeobox 5 (DIx5),
and osterix (Osx) (Lee et al., 2003), and Runx2 plays a key role in
the induction of osteogenesis (Figure 1) (Celil and Campbell,
2005). In addition, TGF-p, Wnt, Hedgehog, Notch, fibroblast
growth factor (FGF), and other signalling pathways also interact
with the BMP signalling pathway (Wang N. et al., 2017; Zhang L.
et al, 2019). At the cellular level, BMP exists as a ligand of
receptors on the membrane of various cells, such as osteoblasts,
osteoclasts, adipose stem cells, mesenchymal stem cells, and
tendon fibroblasts, through concentration gradient diffusion.
When the receptors of these cells are activated, they induce
cells to differentiate and proliferate (Rawadi et al., 2003; Wu
et al,, 2016). Therefore, BMPs play an important role in the
growth and development of bones and in homeostasis of the bone
environment effect.

2.1 Cartilage Formation

Articular cartilage is often damaged by mechanical wear,
inflammation, and external forces. Due to the nonvascular
nature of cartilage tissue, once articular cartilage is damaged,
its ability to spontaneously heal and regenerate is very weak,
which reduces joint motor function. In addition, cartilage
formation may also be critical for initial bridging and
subsequent stabilization of a fracture and can reduce the
occurrence of late complications. Compared to osteogenesis
alone, timely stimulation of cartilage in fractured epiphyses

may be a more effective way to prevent delayed bone healing
or nonunion of the bone (Shum et al., 2003; Hatakeyama et al.,
2004; El-Magd et al., 2013; Kostenuik and Mirza, 2017; Wang T.
etal,2019; Yang et al,, 2021). Therefore, cartilage formation plays
a crucial role in the skeletal system. Currently, the use of tissue
grafts to repair articular cartilage and other connective tissue in
the joint has limited therapeutic effects. How to effectively repair
and regenerate joints presents great challenges in current
research.

Cartilage formation is a multistep process. At the gene level,
the expression of osteogenic and cartilage-related genes is
dependent on the BMP signalling pathway. Moreover, the
BMP signalling pathway can directly regulate the expression of
Runx2 (Akiyama et al., 2002). Runx2 is the key gene in the bone
marrow mesenchymal stem cell (BMSC) differentiation process,
regulating the expression of Osx, sry-related HMG-box (Sox) 9,
type II collagen, aggrecan (Acan), and other genes. BMSCs form
chondrocytes by maintaining Runx2 expression (Pini et al., 2018).
By measuring the expression levels of BMPs in normal human
cartilage, BMP-2, BMP-4, BMP-5, BMP-6, BMP-7, and BMP-9
have been found to be highly expressed in cartilage tissue
(Suttapreyasri et al, 2006), suggesting that a proper
proportion of BMPs may maintain normal homeostasis in
normal human cartilage tissue. These BMPs have a precise
impact on cartilage formation in vivo, but the relationship
between the expression of a single BMP type and cartilage
formation requires more careful in vivo and in vitro studies.
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TABLE 1 | Functions of BMPs in cartilage formation.

BMP(s) Related GENE(s)

BMP-2  Runx2, Sox5, Sox9, Acan, and
Col2a1

BMP-4  Sox9, type Il collagen, and type X
collagen

BMP-5  Type | collagen, type Il collagen, Promote cartilage formation
and type X collagen

BMP-6  Type Il collagen and type X Affects cartilage development
collagen

BMP-7  Colta2, Col2al, Col10at, Promote cartilage formation
mmp13, Runx2, and Acan

BMP-9  Type Il collagen, Sox9, Acan, and

ALK-1 osteogenic differentiation

BMP-2 increases the expression level of Runx2 at the
transcriptional and posttranscriptional level by inhibiting the
expression of cyclin-dependent kinase 4, ubiquitination of
Runx2 and protease degradation (Shu et al, 2011). BMP-2
induces Sox9 expression, which in turn stimulates the
expression of cartilage markers, such as collagen type II alpha
1 chain (Col2al) (Zhao C. et al,, 2017). BMP-4 plays a guiding
role in cartilage formation. BMP-4 can not only induce
mesenchymal cells to differentiate into cartilage but can also
induce the expression of nodular interstitial cells, thus promoting
the formation and maturation of cartilage nodules (Hatakeyama
et al,, 2004). BMP-5 can increase the expression of hypertrophy
markers, type | collagen, type Il collagen, and type X collagen
(Guenther et al., 2008; Snelling et al., 2010). In one study,
knockout of the BMP-6 gene in chondrocytes leads to a
significant decrease in the expression of type II collagen and
type X collagen (Ye et al, 2019). BMP-7 can promote the
expression of cartilage markers, such as collagen type I alpha 2
chain (Colla2), Col2al, collagen type X alpha 1 chain (Col10al),
matrix metalloprotein (mmp) 13, Runx2 and Acan (Yan et al,
2018; Muller et al., 2019). In addition, BMP-9 can increase the
expression of type II collagen, Sox 9, Acan and cartilage
oligomeric protein in BMSCs (Wang et al., 2014; van Caam
et al, 2015; Ren et al, 2016). Because of the overlapping
biological functions of different BMPs, some combinations of
BMPs may be more effective in cartilage or bone regeneration
than a single BMP. Table 1 lists the functions of BMPs in cartilage
formation.

2.2 Bone Formation

There are two forms of bone formation, endomembranous and
endochondral.  Intramembranous  osteogenesis is  the
differentiation of mesenchymal cells into embryonic
connective tissue membranes, and then differentiation into
osteoblasts for proliferation and differentiation. The parietal
bone, frontal bone and clavicle of the human body occur in
this way. Endochondral ossification is first formed from hyaline
cartilage to form a cartilage model, which is then replaced by
mineralized bone and continues to expand to both ends.
Endochondral ossification occurs mainly in long bones, short
bones and some irregular bones such as the base of the skull and
the back of the skull. Studies have shown that there is no cartilage

Biological function(s)

Increases the expression level of Runx2, Promote chondrogenesis

Plays a guiding role in cartilage formation. Regulation development of
vertebral cartilage, pedicle of vertebral arch and proximal rib

Effectively activate Smad pathway, promote chondrocyte differentiation and
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tissue at an early time point in bone defect healing. Interestingly,
the addition of BMP resulted in the early appearance of
chondroid tissue. BMP can promote the proliferation and
differentiation of chondrocytes, and can guide endochondral
ossification, which plays an important role in the development
of endochondral bone (Dang et al., 2017; Daly et al, 2018;
Klosterhoff et al, 2022). BMP stimulates the first stage of
endochondral ossification, including effective stem cell
recruitment and cartilage formation. BMP plays an important
role in endochondral bone development and has various
functions in bone formation, including bone morphogenesis,
growth plate development and osteoblast differentiation (Wu
etal, 2016; Long et al., 2021; Strong et al., 2021; Yang et al., 2021).
Bone remodelling is a physiological process involving absorption
of old bone and formation of new bone. These two physiological
processes are influenced by systemic regulation and the local
release of growth factors, such as BMPs, in the body. During
osteoblastic differentiation, BMSCs are controlled by Runx2 and
Osx genes, which are considered to be key genes for osteoblastic
differentiation. Among them, Runx2 plays a leading role in the
entire differentiation process, while the BMP signalling pathway
directly affects the expression of Runx2, therefore, BMPs can
more effectively induce osteoblast differentiation and regulate
bone formation (Yokouchi et al., 1996; Lieberman et al., 1998;
Baltzer et al., 2000; Krishnan et al., 2001; Sojo et al., 2005; Bessa
etal., 2008; Seo et al., 2014; Teotia et al., 2017; Pini et al., 2018; Ball
et al,, 2019; Chen et al., 2019; Long et al., 2021).

rhBMP-2 and rhBMP-7 are orthopaedic surgery-induced
osteogenic adjuvants approved by the FDA (Cecchi et al,
2016). BMP-2 is an essential endogenous medium for fracture
repair (Peng et al., 2005; Tsuji et al., 2006; Song et al., 2014). It can
guide the differentiation of cells into chondrocytes in the
periosteum, increase bone deposition and absorption, and
plays an important role in the early stage of fracture healing
(Yuetal,, 2010). Consequently, BMP-2 can significantly promote
the formation of mineralized nodules, osteogenic differentiation
(Ball et al., 2019; Chen et al., 2019), mineralized bone length
increase (Krishnan et al., 2001), bone healing (Sojo et al., 2005;
Bessa et al., 2008), and limb development (Zhao C. et al., 2017).
During the rapid ossification phase in the body, the mRNA
expression of BMP-7 increases sharply and remains at a high
level. The ability to induce Smad pathway expression is very
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TABLE 2 | Functions of BMPs in bone formation.

BMP(s) Related GENE(s) Biological function(s)
BMP-2  Runx2, DIx5, osteopontin (OPN), Promote the formation of mineralized nodule and
osteocalcin (OCN), and type | collagen  osteogenic differentiation. Bone healing and limb

development

BMP-4  Sox9, Acan, and type Il collagen Activating or promoting the release of other BMPs. Bone
development, reconstruction and fracture healing

BMP-5  Col2a1 and Sox9 Promote fracture and soft tissue healing

BMP-6  Col1a2, Runx2, and OPN Significant osteogenic effect. Promote the healing of
vertebral defect and segmental defect

BMP-7 Runx2, ALP, OPN, and OCN Induces the maturation of osteoblasts, and promotes the
healing of fractures

BMP-9  ALP, Runx2, and type | collagen The strongest ability to induce osteogenic differentiation

Application of BMP in Orthopaedics
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significant, and it is inferred that BMP-7 may be a powerful
promoter of bone development (Bosemark et al., 2015; Yan et al.,
2018; Zhang et al., 2018; Li et al., 2019; Zhang L. et al,, 2019). In
clinical applications, in patients with acute open tibial fractures,
rhBMP-2 and rthBMP-7 can promote nonunion healing and
shorten the recovery time of patients (Caterini et al., 2016;
Singh et al, 2016). The healing effect of BMP treatment is
better than conventional treatment. Therefore, thBMP-2 is a
safe and effective method for autologous bone transplantation
in the treatment of tibial fractures with large-scale traumatic bone
loss (Jones et al., 2006).

In osteogenic cell lines, BMP-2, BMP-4, BMP-7, and BMP-9
effectively induce Smad-mediated signalling pathways. In
addition, BMP-2, BMP-4, and BMP-9 induces Runx2
expression, but interestingly, BMP-6 and BMP-7 do not
significantly induce Runx2 expression (Zhang L. et al, 2019).
In recent years, research progress on BMPs has revealed that
BMP-9 has the strongest ability to induce osteogenic
differentiation of mesenchymal stem cells (MSCs) (Luu et al,
2007; Zhang L. et al, 2019). BMP-9 can effectively promote
expression of the BMP/Smad signalling pathway, increase
alkaline phosphatase (ALP) activity, induce the formation of
mineralized nodules, and increase expression of osteogenic
related genes, thereby promoting bone and joint regeneration
(Wang et al., 2014; Chen et al., 2016; Yu et al., 2019). In addition,
BMP-9 activates the Wnt/B-catenin signalling pathway,
upregulates the protein level of B-catenin and promotes bone
healing (Kusuyama et al., 2019; Wang H. et al., 2019). Table 2 lists
the functions of BMPs in bone formation.

2.3 Tendon/Ligament Healing

The human body needs not only the support of bones and
articular cartilage but also a large number of muscles and
ligaments to coordinate and pull the bones to complete
various actions during daily activities. Therefore, tendons and
ligaments are also important research directions in orthopaedics.
However, since tendon and ligament cells are nonrenewable, only
scar tissue can form, which will affect daily function. Therefore,
how to fully restore tendons and ligaments is also a focus in the
field of orthopaedics. In addition to cartilage formation and
osteogenesis, BMPs also promote the differentiation and
growth of tendons and ligaments, mainly BMP-12, BMP-13,

(2019), Zhu et al. (2021)

BMP-14, and BMP-15 (Fu et al, 2003; Chuen et al., 2004;
Wang et al., 2005; Haddad-Weber et al., 2010; Henn et al.,
2010; Wang et al., 2018; Zhang L. et al., 2019).

BMPs have different transcriptional regulation effects on the
important mediators of BMP signal transduction in BMSCs, and
the most effective upregulators of tendon related gene are BMP-
11, BMP-12, BMP-13, BMP-14 and BMP-15 (Zhang L. et al,
2019). Through morphological observation and molecular
biological detection, MSCs have been found to be induced to
differentiate into tendon cells by BMP-12 gene transfection,
leading to type I collagen mRNA and protein expression but
not type III collagen mRNA and protein expression (Wang et al.,
2005). Cells transfected with BMP-12 were transplanted into rat
tendon defects, and the results showed that type I/III collagen,
scleraxis (SCX) and tenascin-C were all upregulated (Xu et al,,
2018). Adenovirus-mediated implantation of BMP-13 into the
supraspinatus tendon of rats revealed that BMP-13 upregulates
the expression of type III collagen and fibronectin and increases
biomechanical properties (Lamplot et al., 2014). Wang et al.
(2018) studied the effect of BMP-14 on BMSC differentiation
in vitro. BMP-14 upregulated sirtuin 1 (Sirt 1) expression at the
mRNA and protein level, activated the JNK and Smad pathways,
and significantly increased tendon markers, such as sclerotic and
tonic regulatory proteins. BMP-12 and BMP-13 were expressed in
MSCs and anterior cruciate ligament (ACL) fibroblasts via an
adenoviral vector, and after 21 days of culture in a type I collagen
hydrogel, both the MSCs and ACL fibroblasts differentiated into
ligament cells (Haddad-Weber et al., 2010). Thus, combined
application of BMPs also plays an important role in tendon
and ligament healing. Table 3 lists the functions of BMPs in
tendon/ligament healing.

2.4 Blood Vessel Formation

Angiogenesis is considered to be an essential key step in the
process of bone regeneration because bone is highly vascularized.
In the process of bone repair, newly formed blood vessels are very
important for nutrition supply, macromolecular transport, cell
aggregation and maintenance of the proper metabolic
microenvironment. Since a defect site requires not only the
continuous differentiation of MSCs but also blood vessels to
provide nutrients, promotion of angiogenesis and sustained
release of BMP are particularly important for promoting bone

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

March 2022 | Volume 10 | Article 810880


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhu et al.

TABLE 3 | Functions of BMPs in tendon/ligament healing.

BMP(s) Related GENE(s)

BMP-12 Type | collagen and SCX

BMP-12 Type I/l collagen, tenascin-C, and SCX
BMP-13 Type Il collagen, fibronectin

BMP-14 Sclerotic and sirtuin1

formation (Kempen et al., 2009). At present, vascular endothelial
growth factor (VEGF) is considered to be one of the key
regulators in angiogenesis (Peng et al., 2002). VEGF regulates
the proliferation, vascularization and ossification of stem cells
(Duan et al, 2016; Liu et al, 2020). In normal bone healing,
vascular tissue development precedes bone formation. VEGF first
stimulates angiogenesis, and BMP then promotes bone
formation. Vascular tissue formation and bone formation are
interdependent. BMP and VEGF have a regulatory coupling effect
between osteogenesis and angiogenesis (Bouletreau et al., 2002;
Barati et al., 2016; Zhong et al., 2016). The dual release of growth
factors can promote the process of bone regeneration more
effectively than either factor alone. Studies have shown that
topical application of VEGF can promote bone repair in
nonunion models, especially in the early stage of fracture
healing (Percival and Richtsmeier, 2013; Li et al., 2021a; Li A.
et al., 2021). Therefore, in order to promote bone regeneration
more effectively, rapid early release of VEGF and sustained slow
release of BMP-2 should be achieved, which is consistent with the
law of bone growth and angiogenesis may be critical for bone
tissue regeneration. VEGF and BMP-2 act together to
significantly ~ enhance  osteogenesis =~ and  angiogenic
differentiation (Barati et al., 2016). In the process of normal
bone healing, high expression of VEGF occurs in the early stage,
and high expression of BMPs occurs in the later stage. VEGF
indirectly promotes bone formation by regulating formation of
the vascular network. In addition, this interaction between BMP
and VEGF has been confirmed in bone regeneration studies. By
enhancing BMP- expression at the fracture site, the osteogenesis
of osteoblasts can be directly stimulated, and the angiogenesis of
endothelial cells can be promoted (Bouletreau et al., 2002; Kim
et al.,, 2018).

2.5 BMP Derived Peptide

In general, BMP has some disadvantages such as high cost,
ectopic bone formation, chemical instability, and immune
response problems. BMP derived peptide has the advantages
of small molecular weight, good chemical stability, flexible
application and low economic cost, so it has higher
application safety and biological effect (Beauvais et al., 2016;
Li A.etal., 2021; Meng et al., 2021). BMP derived peptide can also
activate osteogenic differentiation pathway and promote
osteoblast differentiation, thus inducing differentiation and
osteogenesis (Caron et al., 2021; Chao et al.,, 2021).

2.6 BMPs With Other Active Substances

Various biologically active substances and drug interventions
have shown potential to promote fracture healing (Einhorn

Induced MSCs to differentiate into tendon cells

Promoted window defect regeneration

Improve rotator cuff tendon healing and reduce the incidence of rotator cuff
Activate JNK and Smad pathways, induce the tendon differentiation of BMSCs
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Function(s) References

Wang et al. (2005)
Xu et al. (2018)
Lamplot et al. (2014)
Wang et al. (2018)

and Gerstenfeld, 2015). Bone healing relies not only on a
single growth factor but also on the joint role of many
biological components, such as dexamethasone (Dex), vitamin
C, vitamin D, BMPs, TGF-p, VEGF, FGF, and insulin. At present,
Dex is typically added to in vitro osteogenesis induction media.
This is because Dex has a synergistic effect with BMP-2; when
MSCs were cultured in basic medium supplemented with both
BMP and Dex, osteoblast ALP activity was significantly increased,
and osteoblast mRNA levels were increased (Rickard et al., 1994).
Research shows that, the combination of BMP and FGF
significantly enhanced osteogenesis than growth factor alone
(Gromolak et al., 2020; Hu et al,, 2021). Bmp-2 may stimulate
extramedullary bone regeneration, and FGF-2 may stimulate
extramedullary bone regeneration (Nosho et al, 2020). The
combined use of BMP-2 and TGF-1 or TGF-3 showed
stronger chondrogenic activity than BMP-2 alone (Yu et al,
2010; Sang et al, 2014). Early release of TGF-1 induces
chondrogenesis, and BMP-2 promotes bone remodeling in a
sustained release. TGF-fp1 and BMP-2 showed good
biocompatibility and bone formation ability in bone defects,
which enhanced the chondrogenic ability of bone marrow
mesenchymal stem cells (Dang et al., 2017; Li et al, 2021b).
The combination of TGF-B3 and BMP-6 promoted chondrogenic
differentiation of BMSCs in a synergistic manner (Taghavi et al.,
2020).

3 APPLICATIONS OF BMPS IN BONE
TISSUE ENGINEERING

BMPs have been shown to have strong cartilaginous, osteogenic
and tendinous activity (Wang et al., 2005; Wang et al., 2018; Ball
et al,, 2019; Chen et al,, 2019; Wang T. et al,, 2019), and their
applications in bone tissue engineering are promising. At present,
most materials have poor retention of BMPs, leading to rapid
clearance of BMPs from the site of implantation and thus to loss
of the role of continuous stimulation of osteogenic differentiation
of stem cells. BMPs can be slowly released in the body in several
ways. The approach is to load BMPs into artificial implants, such
as porous scaffolds, scaffold coatings or collagen combined with
scaffolds (Figure 2) (Bouyer et al., 2016).

3.1 BMPs Combined With Scaffolds

In orthopaedic surgery, implants play a crucial role in the success
of the operation, especially in bone defects that exceed a critical
size and require matrix as a scaffold to guide bone regeneration.
Therefore, the scaffold structure is of great significance for bone
regeneration. Scaffolds are defined as special structures that allow
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cells to interact with the extracellular matrix and provide
mechanical support for growing cells and tissues (Li et al,
2006; Ding et al, 2016; Wu S. et al,, 2018). In the field of
orthopaedics, the main role of the scaffold is bone conduction,
and the scaffold combines with different types of cells and
adjacent tissues to promote new bone formation (Kayabasi
et al,, 2013; Quade et al., 2020). Moreover, scaffolds can also
be used as carriers for active molecules, such as cells and drugs, in
the bone regeneration process to achieve better bone healing
effects and good antibacterial properties (Ren et al., 2016; Huang
et al., 2018).

3.1.1 Loading and Releasing BMPs From Scaffolds

In the process of repairing bone defects, the addition of BMPs can
play a significant role in promoting healing of bone defects.
Although the osteogenic activity of growth factors is significant,

most orthopaedic diseases require artificial implants to assist bone
healing. The quality and quantity of bone formation at the defect site
depend on the dose of BMPs (Teng et al., 2019). However, a large
amount of BMPs released in a short period of time not only fails to
effectively promote bone formation but may also cause side effects,
such as heterotopic ossification and inhibition of bone formation.
Thus, slow and continuous release of BMPs at the site of
implantation has an important effect on bone regeneration
(Barati et al, 2016; Seo et al, 2017). At present, artificial
orthopaedic implants play a stable structural role at the defect
site, while the role of slow and continuous release of bioactive
substances needs to be further explored. To solve the problem of
BMP release, it is very important to construct a sustained BMP
release system using artificial implants. Therefore, the promotion of
osteogenesis by BMPs loaded in various new materials has become a
research hot spot (Tao et al,, 2019; Chen et al., 2020).
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3.1.2 Connecting the Bone Defect Site and Promoting
Bone Formation

The success of orthopaedic surgery depends on the degree of
bonding between the implant and the surrounding bone. The
higher the degree of osseointegration is, the higher the
mechanical stability and the lower the possibility of loosening.
Artificial implants can be implanted into the bone defect, connect
the bone defect and combine with the surrounding bone tissue to
achieve a stable mechanical structure and effectively stimulate
bone formation (Rihn et al., 2009; Nam et al., 2017). However,
implants have the problem of poor biocompatibility. If the
implant is not specially treated, it will not combine well with
the tissue in the human body, and it may cause bone nonhealing
or bacterial infection, which ultimately leads to treatment failure.
Modification of the implant through chemical or physical
methods improves biocompatibility and helps the bone injury
heal faster. In addition, bioactive molecules (such as BMPs) and
drug delivery systems can be added to implants to further
improve bone conductivity and antibacterial properties to
promote bone healing (Liu et al., 2007; Han et al., 2014).

3.1.3 Supporting the Growth of New Blood Vessels
The osteogenic induction ability of implants also depends on
their ability to induce new blood vessel formation. The necessary
conditions for the survival of cells and tissues growing in scaffolds
are supplied by blood vessels. The injury site is induced to form a
complex vascular network in the scaffold, which can provide
abundant bone progenitor cells at the bone defect site, stimulate
the migration and differentiation of osteoblasts, lead to increased
bone deposition, and thus promote bone healing (Kempen et al.,
2009; Kim et al., 2018).

3.2 Loading Strategies of BMPs

In composite scaffold systems, bioactive proteins are usually
adsorbed to the surface of porous material or encased in pores
(Injamuri et al., 2020). As a biologically active substance, BMP
may be inactivated or released suddenly during the process of
loading into the composite scaffold. In addition, after loading
BMP on the surface of the scaffold, the interaction between the
BMP and the surface of the biological material may be destroyed
due to the interaction between the material and the organism.
These factors may cause BMP to fail to achieve the desired
sustained release effect in many composite scaffolds
(Rajabnejadkeleshteri et al., 2021). Therefore, the current
research should focus on the development of stable composite
scaffolds to achieve stable release of BMP.

3.2.1 Nanoparticle/Microsphere

Microspheres/nanoparticles can be directly used as carriers to
deliver growth factors to bone defects. Growth factors were
encapsulated in an intermediate delivery tool consisting of
microspheres to provide a protective barrier that would not
affect their biological activity during scaffold fabrication. In
addition, the slow-release ability of microspheres enables BMP
to be released stably and sustainably at the target site, which can
effectively promote bone tissue repair. At present, microspheres

Application of BMP in Orthopaedics

are mainly divided into natural polymer microspheres and
synthetic polymer microspheres. The microspheres are
wrapped with BMP through microcapsules, processed into
composite scaffolds, and implanted into bone defects to
achieve the purpose of continuous induction of bone
regeneration (Bai et al, 2020; Injamuri et al., 2020; Kong
et al,, 2020; Koons et al., 2021; Rajabnejadkeleshteri et al., 2021).

3.2.2 Hydrogel

Hydrogels have been widely studied for BMP delivery due to their
injectable, easy chemical modification, degradability, and
permeability of macromolecules. While the hydrogel continues
to degrade, BMP will also be continuously released. At the same
time, because the hydrogel has better permeability, tissues and
cells can also better absorb the BMP in the hydrogel (Larochette
et al., 2020; Datta et al.,, 2021; Lee et al,, 2021).The clinically
approved delivery method of BMP is usually adsorbed on a
collagen sponge and then implanted into the bone defect.
Therefore, in orthopaedic applications, the hydrogel can be
filled alone, used as a coating for implants, or used to fill
porous materials to provide a greater degree of coverage in the
gap between the implant and the bone, so as to better stimulate
bone growth.

3.2.3 Chemical Modification

Due to the biological activity characteristics of BMP, it can form a
more stable combination of some chemical substances through
chemical bonds, thus forming a bioactive delivery system.
Heparin, a natural glycosaminoglycan, is a molecule that
composes the extracellular matrix (ECM), which participates
in the binding and isolation of growth factors in the cell
microenvironment. Heparin has a strong affinity for BMP and
has the benefit of enhancing the biological activity of BMP.
Heparin-binding peptides are used in drug delivery systems
and show better BMP binding and controlled delivery in vivo.
Such as heparin methacrylamide microparticles (HMPs), HMPs
can be incorporated into the hydrogel to adjust the rate of release
of BMP-2 from the scaffold (Hettiaratchi et al., 2020; Subbiah
etal., 2020). Current research shows that compared with collagen
sponges, HMPs drug delivery system has significantly increased
bone formation, reduced heterotopic ossification, and regular
bone formation (Vantucci et al., 2021). The heparin delivery
system provides a better choice for improving the clinical use of
BMP-carrying methods.

3.3 Structural Characteristics of BMP-

Loaded Scaffolds

3.3.1 Porous Structure

Biomaterial scaffolds with well-connected porous structures play
an important role in bone tissue engineering. The porous
structure is conducive to the adhesion, proliferation and
differentiation of mesenchymal stem cells, allowing the cells to
interact with the extracellular matrix to provide mechanical
support for growing cells and tissues (Ding et al., 2016; Li
et al., 2018; Wu S. et al,, 2018). On the one hand, the presence
of a porous structure allows cells to quickly diffuse into the
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scaffold; on the other hand, it provides a higher interface bonding
area for vascularization and bone growth, which can better
promote immobilization of implants and bones. More
importantly, the scaffold should have interconnected pores
and high porosity so that the infiltration and proliferation of
cells, the growth of blood vessels, the diffusion of nutrients and
the elimination of waste will achieve better results. By adjusting
the pore size and porosity, an implant with the best density,
strength and mechanical compatibility can be obtained, which
can effectively prevent bone necrosis and bone deformity around
the implant and effectively improve the success rate of
orthopaedic surgery (Figure 3) (Kayabasi et al., 2013; Han
et al., 2014; Nam et al, 2017; Teng et al., 2019; Zhang X.
et al., 2019; Chen et al., 2020; Quade et al., 2020; Zhu et al., 2021).

3.3.2 Coating

Coating the surface of an implant reduces the gap around the
implant, avoids direct contact between the implant and bone and
reduces osteolysis caused by implant movement and wear at the
implant site, thereby increasing opportunities for stable interface
formation (Kayabasi et al., 2013; Ishack et al., 2017; Behrendt
et al,, 2020). Moreover, coatings can be loaded with BMPs to
control their slow and long-term release to reduce the side effects
of short-term overrelease of BMPs and enhance the fusion of
implant bone with the surrounding bone. Therefore, a stable
coating can greatly increase the success rate of implantation and
osseointegration (Kayabasi et al., 2013; Shen et al., 2016; Wu S.
et al., 2018; Zhu et al., 2021). At present, coating technology is
developing rapidly, such as dip coating, bionic coating, sol-gel,

electrophoretic deposition, vapour deposition, laser processing,
ion spraying and 3D printing (Teng et al., 2019; Li et al.,, 2021a;
Koons et al.,, 2021).

Incorporation of BMPs into a bionic coating allows high
pharmacodynamic activity at a low pharmacological level and
maintenance of this activity for a long period of time. Improved
implants with coatings have good bone induction and bone
conduction ability, which can not only promote cell adhesion
and proliferation but also effectively promote osteogenic
differentiation and improve biological activity (Wu J. et al,
2018; Teng et al, 2019). The maintenance of this osteogenic
activity has important clinical significance for the
osseointegration of the implant (Liu et al., 2005).

3.4 Loading of BMPs in Different

Biomaterials

3.4.1 Metals Based Composite Scaffolding System
Among implant metal materials, titanium alloys are the most
widely used orthopaedic implant materials due to their
outstanding characteristics, such as high strength, high
corrosion resistance, and biological inertness. However, due to
the naturally inert nature of titanium alloys, they do not have
sufficient biological activity and cannot be well combined with
bone tissue; thus, there may be a gap between the bone and the
implant, leading to unstable healing and resulting in failure of
bone healing (Sul et al., 2002; Geetha et al., 2009; Li et al., 2021a).
The porous structure of titanium alloy is constructed by 3D
printing and other technologies, and surface modification of
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Using ImagedJ software to estimate the bone filling rate of the cross-sectional scanning electron microscope image. Reprinted with permission from (Teng et al., 2019).

titanium alloy is carried out using various methods, such as
electrodeposition, so that biologically active molecules (such as
BMP) can be loaded on the surface coating of titanium alloy to
achieve slow and continuous release. Therefore, bone formation
at the bone defect site is continuously stimulated, the degree of
bonding between the implant and the bone interface is enhanced,
and the bone healing interface is more stable (Tao et al., 2019;
Teng et al,, 2019; Chen et al., 2020; Zhu et al., 2021).
Titanium alloys can be optimized not only by surface
modification but also by other processing techniques,
including a variety of materials, porous structures,
nanotechnology applications, and 3D printing technology
applications. Ti6AI4V is the most widely used titanium alloy
material (Chen et al,, 2020). Current research shows that the
pores of titanium alloy scaffolds are 400-600 pm, and the porosity
is 60-80%, which can promote cell proliferation, osteogenic
differentiation and bone growth and can improve the degree
of bone-scaffold binding (Han et al., 2014; Taniguchi et al., 2016;
Zhang T. et al, 2020). In addition, surface modification of
titanium alloy can achieve faster osseointegration of bone and
implants in the early stage and can achieve certain antibacterial
ability to facilitate stable chemical bonds between implants and
bone tissue. Increasing research has been carried out on the
surface modification of titanium alloys. Through various physical

and chemical methods, materials with good biocompatibility can
be stably combined on the implant surface, such as hydrogels,
polymers,  hydroxyapatite,  calcium  phosphate, and
bisphosphonate (Nie and Wang, 2007; Hu et al., 2012; Han
et al., 2014). Basic fibroblast growth factor (bFGF) and BMP-2
incorporated in a polydopamine (PDA) coating on a titanium
surface led to an obvious improvement in surface hydrophilicity,
efficient growth factor adsorption and moderate sustained release
of the modified titanium matrix (Wu et al., 2020). In one study,
BMP-2, calcium, and phosphorus (Ca/P) coatings were
codeposited with 3D-printed porous titanium alloy implants
and treated via microarc oxidation (MAO), achieving
continuous release of BMP-2 over a period of 35days. The
continuous release of BMP-2 effectively improved ALP activity
and in vitro mineralization and promoted new bone formation in
vivo. The BMP-2 and Ca/P coating on titanium alloy produced
better osseointegration and further promoted bone formation
compared with pure titanium alloy or Ca/P-coated titanium alloy
(Figure 4) (Teng et al, 2019). Titanium dioxide (TiO2)
nanotubes are also one of the more widely used materials. The
advantage of this material is that it is receptive to loading of drugs
and growth factors. Titanium dioxide was used as a carrier of
BMP-2, sodium alginate, gentamicin and chitosan (CHI), and this
modification improved the biocompatibility and enhanced the
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antibacterial ability and bone formation ability of the composite
(Tao et al., 2019).

Modified titanium alloy is more suitable for implantation in
multiple parts of the body, has better biocompatibility with the
human body, promotes bone healing and angiogenesis, reduces
the bone healing failure rate, and plays a role in healing of bone
defects caused by trauma.

3.4.2 Inorganic Salts Based Composite Scaffolding
System

Hydroxyapatite (HA) is the main inorganic component of human
and animal bones. HA stimulates or induces bone proliferation,
which can promote defective bone tissue repair. Therefore, it has
excellent biocompatibility and is applied in bone tissue
engineering. HA is widely used and has a good clinical effect
(Kim et al., 2006; Ko et al., 2013; Bosemark et al., 2015; Wu S.
etal, 2018; Li A. et al., 2021). The combined application of HA,
autologous BMSCs, BMPs and autologous bone grafting (ABG)
has been proven to be safe, with good stability and bone
regeneration characteristics, and can be an option for

treatment of severe bone defects (Teotia et al., 2017; Dilogo
et al., 2019). HA can not only be used directly as a scaffold
for bone defects but can also be mixed with other materials to
form a composite scaffold or fixed to an implant surface, such as a
titanium alloy implant, via coating (Nie and Wang, 2007; Ding
et al,, 2016). In addition, a nanohydroxyapatite (NHA) coating
has a strong adsorption capacity and can be used as a suitable
coating for BMP, providing a rich active site for cell attachment,
which is more conducive to stable combination of the bone and
the implant (Shen et al., 2016; Deng et al., 2017; Wu S. et al., 2018;
LiA.etal., 2021). NHA and calcium sulfate bone substitute (NC)
were used as carriers of rhBMP-2 and zoledronic acid (Za) to
repair skull defects in rats, and the results showed that it could
significantly promote bone regeneration (Figure 5) (Teotia et al.,
2017).

Calcium  phosphate can improve the bioactivity,
bioabsorbability, bone conductivity and osteoinductivity of
bioceramics. Biphasic calcium phosphate (BCP) and tricalcium
phosphate (TCP) have become research hotspots in the field of
bioceramics. BCP and TCP scaffolds have a high degree of
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biocompatibility and can support the attachment, proliferation
and differentiation of osteoblasts, thereby promoting the
formation of bone tissues. Thus, increasing research has been
conducted on these materials (Bosemark et al., 2015; Ishack et al.,
2017; Quade et al., 2020; Chao et al., 2021). Although calcium

phosphate shows a chemical composition similar to that of
inorganic bone, its osteogenic performance is restricted by its
low degradation rate and poor bone induction. Therefore, it is
necessary to modify the material to obtain a better performance.
Mixing of calcium phosphate and HA to make a scaffold has
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received increasing attention. However, the delayed or rapid
biodegradation rate of HA may interfere with the rate of new
bone formation. The main advantage of calcium phosphate is that
it has higher chemical stability, and a better biodegradation rate
can improve the bone repair effect (Lee et al., 2016). Combining
HA and calcium phosphate makes a composite implant more
similar to bone minerals, with better biological activity,
biodegradability and mechanical properties, which can achieve
better therapeutic effects (Kim et al., 2006; Ko et al., 2013).

At present, due to the natural osteogenic properties of HA,
more and more studies have been conducted on HA composite
scaffolds. In one study, Bosemark et al. (2015) made tricalcium
phosphate hydroxyapatite composite scaffolds carrying BMP-7 to
study the repair of femoral defects in rats. Compared with the use
of scaffolds or drugs alone, the callus characteristics of bone
defects were significantly improved. In another study, the
composite scaffold was made according to the ratio of 15%
HA:85% [B-TCP, and it has the advantages of good bone
conduction and bone integration (Ishack et al., 2017). Wu S.
et al. (2018) made a NHA/collagen/poly (L-lactide) composite
scaffold loaded with rhBMP-2 to treat bone defects that had a
positive effect on human MSCs implantation, proliferation and
osteogenic differentiation. Shen, XF and others have made
composite scaffolds with silk fibroin (SF) and NHA, in which
BMP-2 was loaded into SF microspheres, BMP-2 can be sustained
and slowly released for up to 3 weeks. Therefore, the composite
scaffold can continuously and slowly release BMPs and
significantly promote osteogenic differentiation of BMSCs
(Figure 6) (Shen et al, 2016). In summary, HA composite
systems have broad application prospects in bone tissue
engineering.

3.4.3 Hydrogels Based Composite Scaffolding System
Hydrogels are extremely hydrophilic gels with a three-
dimensional network structure that swell rapidly in water and
can absorb a large volume of water without dissolving. The
hydrogel is neither a complete solid nor a complete liquid.
Under certain conditions, hydrogels can maintain a certain
shape and volume, and a solute can diffuse from or penetrate
the hydrogel (Li et al., 2006; Rihn et al., 2009; Jin et al., 2010;
Kayabasi et al, 2013; Zhang X. et al, 2019). Therefore, in
orthopaedic applications, a hydrogel can be filled separately,
used as a coating for implants, or be used to fill porous
materials to provide a greater degree of coverage in the gap
between the implant and bone to stimulate bone growth and
avoid loosening of the implant (Hu et al., 2012; Kayabasi et al.,
2013; Behrendt et al., 2020). Moreover, studies have shown that
hydrogels can also transfer cells, which is conducive to the growth
of cells and can continuously stimulate the potential of BMSC
differentiation (Ben-David et al., 2011; Hu et al., 2021). Therefore,
hydrogels have been widely used in orthopaedic treatments as an
implant material, coating or filling in the pore structure of a
material, with the functions of controlled release and sustained
release. Collagen, fibrin, CHI, agarose, hyaluronic acid, silk and
sodium alginate can be configured into hydrogels to carry BMP
for more convenient and effective application to bone injury sites
(Ben-David et al, 2011; Kayabasi et al, 2013). In clinical
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applications, combined application of hydrogels and BMPs has
achieved good results (Kolambkar et al., 2011; Nam et al., 2017;
Jain et al., 2019; Xu et al., 2019).

Collagen is one of the most abundant ECM proteins and the
most commonly used synthetic hydrogel material. Due to its good
biocompatibility, nutrition, reparability, moisture and affinity,
collagen is widely used in biomedical materials (Rihn et al., 2009;
Nam et al, 2017). However, due to the instability and rapid
degradation of collagen, artificial collagen implants cannot
maintain their structural integrity for a long time. Currently,
collagen can be modified to prolong durability and mechanical
strength and can be combined with other materials so that
implants can achieve slow release of loaded BMPs (Li et al,
2006; Kayabasi et al., 2013). By optimizing the physical and
chemical properties of collagen, the best environment for bone
tissue development can be provided, greatly improving the
efficiency of bone regeneration (Li et al, 2021c). To date,
rhBMP-2 and rhBMP-7 has been approved by the FDA for
use in combination with collagen sponges in the treatment of
clinical diseases and has achieved good efficacy (Kolambkar et al.,
2011; Jain et al., 2019; Xu et al., 2019).

In one study, Acellular Bioactive affinity-binding Alginate
hydrogel was designed to slowly release a chondral and
osteogenic inducer (TGF-pl and BMP-4, respectively).
Hydrogel was injected into the osteochondral defect of the
medial femoral condyle of miniature pigs. After 6 months,
histological evaluation showed that the articular cartilage layer
was effectively reconstructed with the major features of
hyaluronic cartilage, such as proteoglycans and type II
collagen deposition. The results showed that treatment with an
affinity-binding alginate saline gel containing cell-free injectable
growth factors was effective in repairing the tissue and had the
main characteristics of hyaline cartilage (Ruvinov et al.,, 2019).
CHI has a wide range of applications in bone tissue engineering
and antibacterial activity. CHI scaffolds and BMP-6-transfected
rat BMSCs were used to treat bone defects and promote cartilage
formation (Kayabasi et al., 2013). A bioactive multilayer structure
of gelatine/CHI containing BMP-2 and fibronectin was
constructed on the surface of Ti6Al4V, which was beneficial to
osteogenic differentiation and integration of implant and bone
(Hu et al, 2012). Current research shows that composite
hydrogels have more significant osteoinductive activity and
better development prospects when applied together with
other materials (Kolambkar et al., 2011; Dhivya et al, 2015;
Ghavimi et al., 2019; Ruvinov et al., 2019).

3.4.4 Synthetic Polymers Based Composite
Scaffolding System

Synthetic polymers have been widely used in bone tissue
engineering because of their excellent biocompatibility and
biodegradability, and they can be combined with various
materials to make composite scaffolds. In recent vyears,
synthetic polymers have been widely used in aerospace,
medical, dental, automotive, and other related fields. Especially
in the field of orthopaedics, because synthetic polymers have
excellent biocompatibility and good mechanical properties, they
are easily produced and have certain bone-like properties, which
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help to extend the life of the implant (Toth et al., 2006; Wu J. et al.,
2018). In terms of orthopaedic implant stents for treating disease,
synthetic polymers are suitable for the manufacture of implants
with high quality and high precision requirements, such as
implants for joint, spine, skull, and maxillofacial surgery and
other operations (Abu Bakar et al., 2003; Meisel et al., 2008;
Vaidya et al, 2008). With the development of 3D printing
technology, synthetic polymers can be used to manufacture
implants that are highly matched to the patient according to
the situation at the injury site in the patient, which can greatly
improve the success rate of surgery and the long-term prognosis
(Wu et al., 2015).

Polyether ether ketone (PEEK) is a thermoplastic organic
polymer with excellent strength and stability, bone-like
stiffness, high-temperature durability and wear resistance (Han
et al., 2014). In clinical applications, patients with degenerative
lumbar disease were treated with pedicle screws and PEEK cages
for dorsal fixation and then treated with rhBMP-2. At 6 months
of controlled evaluation, all cases met the criteria for spinal fusion
(Meisel et al., 2008). PEEK can be mixed with titanium alloy, HA,
TCP and other materials to improve mechanical properties and
biocompatibility and achieve better therapeutic effects (Tan et al.,
2003; von Wilmowsky et al., 2008; Han et al, 2014). PEEK-
Ti6AI4V has better osseointegration capacity (Zhang W. et al,,
2020). Nano-TiO2 can improve the biocompatibility and bone
conductivity of PEEK (Han et al., 2014). Surface modification of
microporous PEEK with BMP-2-loaded phosphorylated gelatine
can significantly promote cell adhesion and proliferation,
effectively promote osteogenic differentiation and improve
biological activity (Wu J. et al,, 2018). Therefore, the use of
PEEK in orthopaedics has received extensive attention.

Polylactic acid (PLA) is a new type of biodegradable material
produced using raw starch materials obtained from renewable
plant resources and subsequent synthesis of polylactic acid of a
certain molecular weight through chemical synthesis methods
(Zhang X. et al., 2019). Poly (lactic-co-glycolic acid) (PLGA) is
polymerized from lactic acid and glycolic acid according to a
certain ratio (Zhao X. et al,, 2017). It is a degradable organic
polymer compound. The degradation rate of PLGA is faster than
that of PLA. Both PLA and PLGA have good biocompatibility,
degradability, and plasticity; low cost; and good medical uses.
Moreover, both PLA and PLGA have been approved by the FDA
for clinical treatment. Therefore, PLA and PLGA have become
widely applied in recent years (Zhang X. et al., 2019). PLA and
PLGA can also be mixed with other materials. PLA/PLGA
composite scaffolds have good stem cell loading properties and
can induce cell-cell synergy, promote bone regeneration, and
achieve better therapeutic effects (Laurencin et al., 2001; Zhao X.
et al,, 2017; Wu S. et al,, 2018; Zhang X. et al., 2019). Zhang X.
et al. (2019) used 3D printing technology to print a cylindrical
PLA scaffold, which was surface-modified with dopamine (DA)
and equipped with BMP-2. Then, the scaffold was implanted into
a rat skull defect model. At 8weeks after surgery, bone
regeneration occurred in the skull defects of rats, and the
fibrous bone tended to connect to form continuous bone
tissue. Wu S. et al. (2018) made a NHA/collagen/PLA scaffold
loaded with rhBMP-2, and the scaffold significantly increased
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phosphate content, mineral production, ALP activity and
osteogenic biomarkers (OCN and Runx2). This complex had a
positive effect on the proliferation and osteogenic differentiation
of human MSCs. A PLGA-HA scaffold loaded with BMP-2
showed a significant promoting effect on cell adhesion and
proliferation. In addition, genes related to alkaline phosphatase
activity, calcium deposition and osteogenesis were highly
expressed in cells (Figure 7) (Zhao X. et al., 2017). PLGA/HA
composite scaffolds have good application prospects for bone
regeneration (Laurencin et al., 2001; Nie and Wang, 2007).
Importantly, the biological and mechanical properties of
single-material scaffolds often fail to achieve the desired
results. Compared with single-material scaffolds, composite
material scaffolds have improved properties, show a more
obvious effect on promoting bone defect healing, and can
stimulate bone formation continuously, long-term and
effectively (Bosemark et al., 2015; Ding et al, 2016). Table 4
lists application of BMPs in materials.

4 CLINICAL APPLICATIONS OF BMPS

4.1 Open or Nonunion Fractures

Open or nonunion fractures are a challenging complication with
often unpredictable results. They can have devastating effects on
patients, often require multiple surgeries and long-term recovery,
and can lead to severe psychological and functional disabilities.
Treatment of open or nonunion fractures is difficult. The two
main principles of treatment are internal fixation to stabilize the
structure and improvement of bone biology (Singh et al., 2016;
Hissnauer et al., 2017).

AGB currently exhibits the best cure rate and is the safest
method for treating bone defects. At present, most clinical studies
have shown that BMP can achieve a faster healing time in
treatment of bone nonunion, and the combination of BMP
and ABG has a more significant therapeutic effect (Flierl et al.,
2013; von Ruden et al, 2016). Hissnauer et al. (2017)
retrospectively  studied 10  children with  congenital
pseudarthrosis of the tibia (CPT) or tibial nonunion treated
with thBMP-2. Nine of the ten patients achieved healing after
initial surgery. rhBMP-2 may provide an appropriate option for
treatment of CPT or persistent tibial nonunion in children and
adolescents. In a study by Singh et al. (2016), 42 patients with
refractory upper limb bone nonunion who were continuously
treated with rhBMP-7 were followed up. Bmp-7 was used alone in
1 case and combined with ABG in 41 cases. Forty fractures
showed both clinical and radiographic healing, while the other
two patients showed partial radiographic healing. Combined
treatment with ABG and rhBMP-7 has achieved results in the
treatment of refractory upper limb nonunion. Therefore,
combined application of thBMP and ABG may have a better
effect on promoting bone nonunion healing than BMP alone.

Current studies have shown that in the treatment of bone
nonunion, although rhBMP-2 and rhBMP-7 are helpful for
fracture healing, the more critical factor is the method
employed during the operation, which may be the most
important factor affecting postoperative fracture healing
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PLGA PLGA/HA

PLGA /HA

FIGURE 7 | (A) SEM micro-photographs of PLGA, PDA-PLGA, PLGA/HA, and PDA-PLGA/HA scaffolds. (B) Alizarin Red staining of MC3T3-E1 cells cultured on
PLGA, PLGA/HA, PDA-PLGA, PDA-PLGA/HA, PDA-PLGA/BMP-2, PDA-PLGA/HA/BMP-2 on day 21. (C) Fluorescence staining of MC3T3-E1 cells cultured on the
different scaffolds for 1-4 days. Reprinted with permission from (Zhao X. et al., 2017).

BMP-2 immobilization

PDA modified

BMP-2 immobilization

PDA modified

(Hackl et al.,, 2017; Dilogo et al.,, 2019). One year after thBMP
application, bone nonunion did not heal compared with the
nonapplication group. Because the non-BMP group also
reached the healing standard, whether there is a difference in
the healing time of nonunion needs more research. Much debate
remains, especially with regard to the safety and efficacy of
rhBMP. At present, there are few data on adding rhBMP to
the treatment for long bone nonunion, and the role and
indications of rhBMP in the treatment of nonunion have not
been clarified. The limitations of these studies include
retrospective review, a small number of patients, and a lack of
randomization. Prospective randomized controlled trials are
needed to investigate the long-term efficacy and safety of
rhBMP in these cases. hBMP has been successfully used for
the treatment of nonunion, and it should be warned that the use
of external growth factors may bring adverse complications.
However, studies have found a risk of impaired wound healing
and inflammation following BMP use, but this was only a
temporary problem and subsided over the course of
continuous treatment, with no other complications (von
Ruden et al., 2016; Hissnauer et al., 2017).

Recent studies have shown that with the development of
implant materials, a variety of new implant materials equipped
with BMP can continuously stimulate local bone growth. In
particular, HA has been used as a material for clinical
application. BMP combined with autologous bone grafts and

hydroxyapatite particles has a unique osteoinduction effect on
mesenchymal cells present in autologous bone grafts and is also
associated with the effect of hydroxyapatite on bone conduction
at nonunion sites (Caterini et al., 2016; Dilogo et al., 2019).
Caterini et al. (2016) reported 12 patients with refractory humeral
nonunion who were treated with thBMP-7, HA and ABG for
nonunion. The average healing time of nonunion in all patients
was 7.3 months, and function was basically restored. The patients
were satisfied with the effect. This shows that the combined
application of rhBMP-7 and HA is an effective method to
stimulate bone healing. Dilogo et al. (2019) treated 6 patients
with critical-sized defects with a combination of autologous
BMSCs, HA particles, rhBMP-2 and mechanical stabilization.
Follow-up for at least 12 months after surgery showed significant
improvement in function in all cases (Figure 8).

rhBMP-2 and rhBMP-7 combined with other bone growth-
promoting substances, such as HA and ABG, can significantly
enhance the degree of fracture healing in patients. During
treatment, the effects of the mutual promotion of various
treatment methods should be evaluated in detail. To avoid
complications, it is particularly important to find a treatment
method suitable for combined application with thBMP.

4.2 Vertebral Fusion
In spine surgery, nonunion is a challenging problem. Spinal
instability can cause nerve damage and many sequelae, which
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TABLE 4 | The application of BMPs in materials.

Application of BMP in Orthopaedics

Function(s)

Improved the degree of bone-scaffold bonding

Bone induction and bone conduction capabilities,
enhances the growth of cells, enables the formation of
blood vessels in the implant and has a better osteogenic
effect

Enhanced antibacterial ability and bone formation ability

Enhanced stability and bone regeneration characteristics

Providing a rich active site for cell attachment, which is
more conducive to the stable combination of bone and
implant

Improved bone defects, promoted bone healing

Improve bone conduction and bone integration

Positive effect on human MSCs implantation, proliferation
and osteogenic differentiation

Continuously and slowly release growth factors and
significantly promote the osteogenic differentiation of
BMSCs

Beneficial to osteogenic differentiation and integration of
implant and bone

Promote bone formation and cartilage formation
Spinal fusion

Promote cell adhesion and proliferation, effectively
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BMP Material(s) Modified

rhBMP-  TiBAI4V 3D printing porous structure, pore size:400-600 pm,

2 porosity:60-80%

BMP-2 TiBAI4V Porous structure, pore size:600 pm, prepared by a
combination of MAO, calcium-phosphorus co-precipitation
and electrodeposition BMP-2 coating technology (MAO-
Ca/P-BMP2)

BMP-2  TNTs Through layer-by-layer assembly technique, the sodium
alginate and gentamicin and CHI were constructed on BMP
2 loaded TNTs substrate

BMP-2 HA Combination of autologous BMSCs and ABG

BMP-2 NHA NHA coating

BMP-7  TCP Carried BMP-7 and bisphosphonates

HA
BMP-2  HA Composite scaffold, ratio: 15% HA: 85% B-TCP
B-TCP
rhBMP-  NHA Composite scaffold
2 Collagen
PLA
BMP-2 SF Composite scaffold
NHA SF microspheres stromal cell-derived factor-1 (SDF-1) is
bound to the scaffold

BMP-2 Ti6Al4V Layer-by-layer assembly technology, construct a bioactive

CHI multilayer structure of gelatin/CHI containing BMP-2 and
fibronectin on the surface of TiBAI4V

BMP-6  CHI CHI scaffolds and BMP-6 transfected rat BMSCs

rhBMP-  PEEK Pedicle screw and PEEK cage

2

BMP-2 PEEK Coated BMP-2 loaded phosphorylated gelatin on PEEK

BMP-2 PLA Scaffold surface-modified with DA and BMP-2

BMP-2 PLGA DA and BMP-2 coatings

BMP-2 PLGA Modified the surface of the scaffold with DA

HA

hinder the treatment effect. Therefore, surgery is needed to
achieve fusion. The traditional surgical method has a low cure
rate and can cause many complications. Therefore, whether
rhBMP treatment can increase the cure rate and reduce
complications has an important impact on the development of
spinal surgery (Meisel et al., 2008; Annis et al., 2015; Sayama et al.,
2015; Stiel et al., 2018).

The gold standard for spinal fusion is a local autogenous bone
graft, with autogenous iliac crest or rib bone extracted separately.
However, it can lead to complications, such as pain at the site of
bone removal, haematoma, infection, and increased risk of
fracture. Bone nonunion remains a challenging problem.
Especially in paediatric spinal surgery, too many autogenous
bone grafts will bring more serious complications due to the
insufficient amount of autogenous bone in children. Therefore, it
is very important to find a treatment method that can replace
ABG or reduce the number or amount of bone grafts. Currently,
ABG combined with BMP is used to achieve spinal fusion and has

promote osteogenic differentiation and improve biological
activity

Bone regeneration occurred in the skull defects of rats;
the fibrous bone tended to connect to form continuous
bone tissue

Significantly promoted in vivo bone formation in critical-
sized calvarial bone defects

Significant promoting effect on cell adhesion and
proliferation. Alkaline phosphatase activity, calcium
deposition and osteogenesis are highly expressed

Zhang X. et al. (2019)

Ko et al. (2013)

Zhao X. et al. (2017)

received increasing attention (Singh et al., 2013; Sayama et al,,
2015; Stiel et al., 2018). In one study, 13 children with spinal
deformities were treated with rhBMP-2 during spinal fusion, with
an average follow-up of 51 months. Analysis of clinical and
radiographic results showed that 11 cases of spinal fusion were
observed, with no significant increase in complications. The rate
of spinal fusion in children treated with rhBMP-2 was high, and
the incidence of complications was not significantly increased.
Therefore, we consider recombinant human BMP-2 to be an
option in paediatric spinal surgery, especially in cases of impaired
bone healing due to congenital, systemic or local disease (Stiel
et al.,, 2018). In one report, a retrospective review of 11 paediatric
patients with L5-S1 neuromuscular spinal deformity treated with
long segment fusion and rhBMP-2 was performed, and this
treatment had the advantages of a lower complication rate,
less bleeding, and shorter surgical duration compared to
peripheral nerve fusion (Gressot et al., 2014). In another
study, 17 patients with degenerative lumbar diseases were
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FIGURE 8 | Autologous MSC implantation, hydroxyapatite, BMP-2, and internal fixation for treating critical-sized defects. Radiographic results of follow-up visits of
4 cases. (A): An 18-year-old male with 5-cm bone defect of the humerus. (B): An 18-year-old male with 5-cm bone defect of the humerus. (C): A 28-year-old male with 7-
year history of 8-cm bone defect of the right tibia. (D): A 24-year-old female with 12 cm bone defect of the tibia. Reprinted with permission from (Dilogo et al., 2019).
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treated with rhBMP-2 carried in a collagen sponge. The patients
were followed up for 3 and 6 months after the operation. All the
patients showed signs of spinal fusion, and there were no
complications, such as vertebral collapse and pain. All 17
patients reached the standard of vertebral fusion healing after
6 months (Meisel et al., 2008). In adult L5-S1 vertebral deformity
surgery, BMP-2 combined with sacral internal fixation was
retrospectively studied in 61 patients, and the vertebral fusion
rate was 97%. A satisfactory fusion rate was obtained by
combining low-dose BMP-2 with internal sacral fixation
(Annis et al., 2015).

While satisfactory results have been achieved with rhBMP-2,
we cannot ignore the existence of postoperative complications.
The Rush University Department of Orthopaedic Surgery
reviewed 573 adult patients who received rhBMP-2 during
vertebral surgery. Of these patients, 91.4% achieved
postoperative healing standards. However, in other cases, there
were complications, and symptomatic ectopic bone formation,
vertebral osteolysis, and pseudojoint complications were detected
after treatment with rhBMP-2 (Singh et al., 2013). In a follow-up
study of 119 patients, 33 patients received autologous iliac bone
grafts, and 86 patients were treated with rhBMP-2. The data
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suggest that the use of hBMP-2 reduced the incidence of donor-
site complications due to autologous bone grafts but also
introduced treat-site complications, including postoperative
radiculitis and ectopic bone formation. The most common
complication in the rhBMP-2 group was postoperative
radiculitis, and hydrogel sealing significantly reduced the
incidence of postoperative radiculitis (Rihn et al, 2009).
Therefore, the application of hydrogel sealant and thBMP can
reduce the incidence of postoperative complications.

The general conclusion is that the use of rhBMP-2 in adult
vertebral surgery can achieve satisfactory results and reduce the
incidence of complications. Although some studies in adults have
shown that thBMP-2 has a positive effect on vertebral fusion, the
use of rhBMP-2 in children has shown a higher failure rate of
vertebral fusion than in adults. Therefore, the application of
rhBMP-2 in spinal surgery in children and in spinal fusion in
adults should be studied separately. BMP affects the development
of the vertebral body in children, and there should be more
evaluation and research.

4.3 Maxillofacial Bone Enhancement
Maxillofacial bone enhancement is also common in head and
neck surgery. As a result of congenital dysplasia or complete or
partial removal of the mandible and other facial bones after
tumour surgery or trauma, extensive bone defects usually appear
in the oral maxillofacial region. ABG has been used to fix these
defects. In addition, bone graft materials and autologous bone
grafts have been used to treat other defects, such as congenital
cleft palate, facial fissures, and facial asymmetry. rhBMP has also
been widely used in maxillofacial bone repair. For example, a
custom-made carrier based on a patient’s unique CT scan can be
designed to perfectly fill bone defects, resulting in accurate and
low-dose BMP loading with minimal impact on surrounding
tissue and reduced side effects (Herford and Boyne, 2008; Jensen
et al, 2012; Nam et al, 2017; Park et al, 2017; Ayoub and
Gillgrass, 2019).

The application of rhBMP without bone grafts in the
treatment of mandibular defects has achieved a good
therapeutic effect. In the treatment of 14 cases of bone defects
caused by maxillofacial tumours or osteomyelitis, thBMP-2 was
applied to collagen, and no bone graft material was used. In all
cases, the bones were successfully repaired in the toothless area,
supporting the application of rhBMP-2 in facial bone
regeneration or repair (Herford and Boyne, 2008). In another
study to treat severe maxillary sinus atrophy, BMP-2 was added to
the implant in 10 patients and successfully bound to bone a year
later to form a stabilized prosthesis. In the case of severe maxillary
atrophy, zygomatic implants with rhBMP-2 added are a viable
option (Jensen et al., 2012). In a study treating medication-related
osteonecrosis of the jaw (MRON]J), the efficacy of rhBMP-2
combined with leukocyte-rich and platelet-rich fibrin (L-PRF)
was evaluated. The lesions completely resolved with the
combination of L-PRF and rhBMP-2, which was significantly
different from the results of treatment with L-PRF alone.
Therefore, the additional use of rhBMP-2 significantly
improved the healing of medication-related osteonecrosis of
the jaw (Park et al,, 2017). BMP-2 in combination with both
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hydroxyapatite and bovine-derived xenografts can effectively
enhance the alveolar ridge in treatment of augmentation of the
alveolar ridge, and BMP-2 in combination with hydroxyapatite is
especially effective in repairing complex bone defects (Nam et al.,
2017). The use of a collagen carrier enables rhBMP-7 to be used
more effectively in surgery. Collagen can be injected directly into
the cleft area of the alveolar crest, which facilitates surgery
because it requires a smaller incision, thus reducing
complications. This provides a guarantee of the safety of
BMP-7 applied to the immature area of bone. During a
follow-up period of 10years, maxillary bone growth was
similar to that of autologous bone grafts in the area where
rhBMP was applied, without excessive bone fusion or
excessive bone growth, and rhBMP-7 has been found to be
safe in the treatment of alveolar bone defect repair in children
(Ayoub and Gillgrass, 2019). Table 5 lists clinical applications
of BMPs.

In clinical application of rhBMP, most previous retrospective
studies have confirmed that rhBMP has the effect of repairing
bone defects and can reduce the occurrence of complications. The
use of thBMP has led to preliminary achievements in the
treatment of clinical orthopaedic diseases and has good
efficacy in promoting bone healing and reducing
complications. However, it should not be neglected that the
efficacy of BMP alone is not significant, and there are other
influencing factors in the process of bone healing. Combining
other factors that can promote bone healing, such as ABG, HA
particles, hydrogels, collagen sponges, and bone substitutes, with
rhBMP can lead to a better effect. Clinical therapy is rarely based
on a single bioactive molecule and almost always requires
combinatorial approaches, since the combined use of bioactive
molecules usually achieves greater efficacy. In the prospect of
using BMPs in the treatment of orthopaedic diseases, the
combined application of implants and BMPs is obviously a
research trend. Because implants can be loaded with BMP, a
control and continuous release system can be formed to achieve
continuous and effective osteogenesis stimulation at the bone
defect site. Further research progress in implants can solve a series
of problems in the application of BMP.

5 CURRENT LIMITATIONS AND FUTURE
PERSPECTIVES

In orthopaedics, delayed healing or nonunion of bone caused by a
large bone defect area has always been a difficult treatment
problem. How to promote bone regeneration and bone healing
has become an important field of research. Currently, prosthesis
implantation, autogenous bone transplantation, local loading of
drugs or growth factors and other methods can promote bone
regeneration and bone healing. Among the growth factors that
have been the focus of research in recent years, BMPs have the
strongest osteogenic activity. Although there is a superficial
understanding of BMPs, for example, BMPs stimulate
osteoblast differentiation through the Smad pathway, the
signalling pathway of BMPs is still under study. What can be
determined now is that BMPs do not rely on a single signalling
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TABLE 5 | Clinical applications of BMPs.

Disease Therapies

CPT or persistent tibial nonunion in rhBMP-2
children and adolescents

Refractory upper limb bone nonunion
Refractory humeral nonunion
Critical-sized defect

Pediatric spinal deformity
Neuromuscular spinal deformity
Degenerative lumbar disease

Adult L5-S1 vertebral deformity
Vertebral disease

rhBMP-7 and ABG

rhBMP-7, HA, and ABG

rhBMP-2, HA, and autologous BMSCs
rhBMP-2

rhBMP-2 carried by collagen sponge

rh-BMP-2, segmental spinal instrumentation system

rhBMP-2, multi-level spinal and fusion pelvic fixation
rhBMP-2, laminectomy with bilateral facetectomy, single

TLIF cage, unilateral pedicle screw fixation

Bone defects caused by maxillofacial
tumors or osteomyelitis

Severe maxillary sinus atrophy
Medication-related osteonecrosis of
the jaws

Unilateral cleft lip and palate

rhBMP-2 carried by collagen sponge

rhBMP-2 was added to the implant
rhBMP-2 combined with L-PRF

rhBMP-7

pathway to function; many signalling pathways work together,
and various factors affect each other, thereby stimulating
osteoblasts in the body to repair bone defects. Interestingly,
the individual skeleton is a composite structure, and its
specific growth pattern is constructed by numerous gene
lineages and domains that regulate gene expression. The
individual enhancer in BMP genes provides a genome to
precisely control the growth of cartilage and bone so that bone
growth can be individually regulated in specific parts of the body.
In addition, BMP gene expression can be found not only in the
skeletal system but also in other organs and tissues. This shows
that the human body is a complex overall structure that is jointly
regulated by the genome to maintain homeostasis and repair
damage. At present, in vitro studies and animal studies have
shown that BMPs have an important role in cartilage
differentiation, bone differentiation and tendon and ligament
differentiation. BMP-2, BMP-4, BMP-5, BMP-6, BMP-7 and
BMP-9 have obvious stimulating effects on cartilage formation
and bone healing, while BMP-12, BMP-13 and BMP-14 have
significant effects on tendon and ligament repair. In addition,
BMP and other cytokines also have a synergistic effect, which can
enhance the biological activity of each other and achieve better
osteogenesis, chondrogenesis, tendon formation and vascular
formation.

In 2002, the FDA approved rhBMP-2 and rhBMP-7 for
clinical treatment of issues such as vertebral fusion, open or
nonunion fractures, and maxillofacial bone reinforcement. With
the increase in follow-up data in recent years, BMPs have been
verified to be beneficial for the treatment of diseases. However, in
the process of applying BMPs, we should pay attention to
preventing complications and consider individualized
treatment for adults and children. The use of local high-dose
BMPs may cause various complications, such as ectopic bone
formation. Slow and sustained release of BMPs at a low dose will

enhance bone healing and reduce the occurrence of

Application of BMP in Orthopaedics

Total Number of Effective References
number effective rate
of patients patients (%)
10 9 90.0 Hissnauer et al
(2017)
41 39 95.1 Singh et al. (2016)
12 12 100 Caterini et al. (2016)
6 6 100 Dilogo et al. (2019)
13 ihl 84.6 Stiel et al. (2018)
11 10 90.9 Gressot et al. (2014)
17 17 100 Meisel et al. (2008)
61 59 97 Annis et al. (2015)
573 524 91.4 Singh et al. (2013)
14 14 100 Herford and Boyne,
(2008)
10 10 100 Jensen et al. (2012)
30 30 100 Park et al. (2017)
9 9 100 Ayoub and
Gillgrass, (2019)

complications. How to achieve slow and sustained release of
BMPs at low doses is a difficulty that needs to be solved. At
present, implantation of a scaffold with a porous structure and
coating of the implant can achieve slow and continuous release of
growth factors at the site of bone defects. However, implants
made from a single material have various disadvantages in terms
of strength, stability, durability, wear resistance, bone
conductivity and biocompatibility. Implants made of
composite materials can solve this problem and promote bone
healing at the implantation site.

The development of bone tissue engineering provides a good
solution for the application of BMP. At present, the research focus
has been focused on the development of composite scaffolds,
which have stronger biological functions. Importantly, with the
development of various BMP delivery systems, BMP will be more
reasonably loaded into the composite scaffold, so that BMP can
continue to release slowly in vivo, and continue to stimulate
osteoblast growth and induce bone formation in the process of
fracture healing. Most notably, research on composite implant
materials loaded with BMPs will provide better prospects for
treatment of orthopaedic diseases.

6 CONCLUSION

BMPs have a powerful role in stimulating the differentiation of stem
cells into bone, chondroblasts and tendons, which provides a new
option for treatment of orthopaedic diseases. Application of BMP at
the disease site requires a collagen sponge or other implant carrier to
achieve slow and continuous release of BMP, thus achieving
continuous and effective stimulation of bone healing. The
selection of implant materials is particularly important for the
degree of bone healing recovery. Composite materials can
combine the advantages of various materials to endow implants
with better biocompatibility, shape plasticity, antimicrobial properties
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and osteogenesis capacity. This review mainly introduces the
biological function of BMP in the field of orthopaedics and
presents the latest progress in implant materials equipped with
BMP. Further development and modification of implants would
be helpful in achieving better clinical application of BMP.

AUTHOR CONTRIBUTIONS

LZ: Conceptualization, Investigation, Writing-original draft.
Yul: Data curation, Writing-review and editing. AW:
Validation, Methodology. ZZ: Writing-review and editing,
Methodology, Conceptualization. YoL: Conceptualization,
Methodology, Supervision. CZ: Conceptualization, Supervision.

REFERENCES

Abu Bakar, M. S., Cheng, M. H. W, Tang, S. M., Yu, S. C,, Liao, K., Tan, C. T., et al.
(2003). Tensile Properties, Tension-Tension Fatigue and Biological Response of
Polyetheretherketone-Hydroxyapatite ~ Composites ~ for ~ Load-Bearing
Orthopedic Implants. Biomaterials 24 (13), 2245-2250. doi:10.1016/s0142-
9612(03)00028-0

Akiyama, H., Chaboissier, M.-C., Martin, J. F., Schedl, A., and de Crombrugghe, B.
(2002). The Transcription Factor Sox9 Has Essential Roles in Successive
Steps of the Chondrocyte Differentiation Pathway and Is Required for
Expression of Sox5 and Sox6. Genes Dev. 16 (21), 2813-2828. d0i:10.1101/
2ad.1017802

Annis, P., Brodke, D. S., Spiker, W. R., Daubs, M. D., and Lawrence, B. D. (2015).
The Fate of L5-S1 with Low-Dose BMP-2 and Pelvic Fixation, with or without
Interbody Fusion, in Adult Deformity Surgery. Spine 40 (11), E634-E639.
doi:10.1097/brs.0000000000000867

Ayoub, A., and Gillgrass, T. (2019). The Clinical Application of Recombinant
Human Bone Morphogenetic Protein 7 for Reconstruction of Alveolar Cleft:
10 years’ Follow-Up. J. Oral Maxillofac. Surg. 77 (3), 571-581. doi:10.1016/j.
joms.2018.08.031

Bai, Y., Moeinzadeh, S, Kim, S., Park, Y, Lui, E, Tan, H,, et al. (2020).
Development of PLGA-PEG-COOH and Gelatin-Based Microparticles Dual
Delivery System and E-Beam Sterilization Effects for Controlled Release of
BMP-2 and IGF-1. Part. Part. Syst. Charact. 37 (10), 2000180. doi:10.1002/ppsc.
202000180

Ball, A. N,, Phillips, J. N., Mcllwraith, C. W., Kawcak, C. E., Samulski, R. J., and
Goodrich, L. R. (2019). Genetic Modification of scAAV-equine-BMP-2
Transduced Bone-marrow-derived Mesenchymal Stem Cells before and after
Cryopreservation: An "off-the-shelf' Option for Fracture Repair. J. Orthop. Res.
37 (6), 1310-1317. doi:10.1002/jor.24209

Baltzer, A. W. A, Lattermann, C., Whalen, J. D., Wooley, P., Weiss, K., Grimm, M.,
et al. (2000). Genetic Enhancement of Fracture Repair: Healing of an
Experimental Segmental Defect by Adenoviral Transfer of the BMP-2 Gene.
Gene Ther. 7 (9), 734-739. doi:10.1038/sj.gt.3301166

Barati, D., Shariati, S. R. P., Moeinzadeh, S., Melero-Martin, J. M., Khademhosseini,
A., and Jabbari, E. (2016). Spatiotemporal Release of BMP-2 and VEGF
Enhances Osteogenic and Vasculogenic
Mesenchymal Stem Cells and Endothelial colony-forming Cells Co-
encapsulated in a Patterned Hydrogel. J. Controlled Release 223, 126-136.
doi:10.1016/j.jconrel.2015.12.031

Beauvais, S., Drevelle, O., Lauzon, M.-A., Daviau, A., and Faucheux, N. (2016).
Modulation of MAPK Signalling by Immobilized Adhesive Peptides: Effect on
Stem Cell Response to BMP-9-Derived Peptides. Acta Biomater. 31, 241-251.
doi:10.1016/j.actbio.2015.12.005

Behrendt, P., Ladner, Y., Stoddart, M. J., Lippross, S., Alini, M., Eglin, D., et al.
(2020). Articular Joint-Simulating Mechanical Load Activates Endogenous
TGF-p in a Highly Cellularized Bioadhesive Hydrogel for Cartilage Repair.
Am. ]. Sports Med. 48 (1), 210-221. doi:10.1177/0363546519887909

Differentiation of Human

Application of BMP in Orthopaedics

ZC: Data curation, Validation, Visualization, Software. TL:
Writing-review  and  editing. HL:  Conceptualization,
Validation, Methodology. LH: Conceptualization,
Writing-review and editing.

FUNDING

This work was sponsored by the Department of Science and
Technology of Jilin Province (Grant Number 20200201327]C),
Health Science and Technology Capacity Improvement Project of
Jilin Province (Grant Number 2021JC019), Graduate Innovation
Fund of Jilin University (Grant Number 101832020CX294,
101832020CX298).

Ben-David, D., Kizhner, T. A., Kohler, T., Miiller, R., Livne, E., and Srouji, S.
(2011). Cell-scaffold Transplant of Hydrogel Seeded with Rat Bone Marrow
Progenitors for Bone Regeneration. J. Craniomaxillofac. Surg. 39 (5), 364-371.
doi:10.1016/j.jcms.2010.09.001

Bessa, P. C., Casal, M., and Reis, R. L. (2008). Bone Morphogenetic Proteins in
Tissue Engineering: the Road from Laboratory to Clinic, Part II (BMP
Delivery). J. Tissue Eng. Regen. Med. 2 (2-3), 81-96. d0i:10.1002/term.74

Bosemark, P., Perdikouri, C., Pelkonen, M., Isaksson, H., and T4gil, M. (2015). The
Masquelet Induced Membrane Technique with BMP and a Synthetic Scaffold
Can Heal a Rat Femoral Critical Size Defect. J. Orthop. Res. 33 (4), 488-495.
doi:10.1002/jor.22815

Bouletreau, P. J., Warren, S. M., Spector, J. A., Peled, Z. M., Gerrets, R. P,,
Greenwald, J. A, et al. (2002). Hypoxia and VEGF Up-Regulate BMP-2
mRNA and Protein Expression in Microvascular Endothelial Cells:
Implications for Fracture Healing. Plast. Reconstr. Surg. 109 (7), 2384-2397.
doi:10.1097/00006534-200206000-00033

Bouyer, M., Guillot, R., Lavaud, J., Plettinx, C., Olivier, C., Curry, V., et al. (2016).
Surface Delivery of Tunable Doses of BMP-2 from an Adaptable Polymeric
Scaffold Induces Volumetric Bone Regeneration. Biomaterials 104, 168-181.
doi:10.1016/j.biomaterials.2016.06.001

Caron, M. M. ], Ripmeester, E. G. J., van den Akker, G., Wijnands, N. K. A. P,,
Steijns, J., Surtel, D. A. M,, et al. (2021). Discovery of Bone Morphogenetic
Protein 7-derived Peptide Sequences that Attenuate the Human Osteoarthritic
Chondrocyte Phenotype. Mol. Ther. - Methods Clin. Develop. 21, 247-261.
doi:10.1016/j.0mtm.2021.03.009

Caterini, R., Potenza, V., Ippolito, E., and Farsetti, P. (2016). Treatment of
Recalcitrant Atrophic Non-union of the Humeral Shaft with BMP-7,
Autologous Bone Graft and Hydroxyapatite Pellets. Injury 47, S71-S77.
doi:10.1016/j.injury.2016.07.044

Cecchi, S., Bennet, S. J., and Arora, M. (2016). Bone Morphogenetic Protein-7:
Review of Signalling and Efficacy in Fracture Healing. J. Orthopaedic
Translation 4, 28-34. doi:10.1016/j.jot.2015.08.001

Celil, A. B, and Campbell, P. G. (2005). BMP-2 and Insulin-like Growth Factor-I
Mediate Osterix (Osx) Expression in Human Mesenchymal Stem Cells via the
MAPK and Protein Kinase D Signaling Pathways. J. Biol. Chem. 280 (36),
31353-31359. doi:10.1074/jbc.M503845200

Chao, Y.-L., Lin, L.-D., Chang, H.-H., and Wang, T.-M. (2021). Preliminary
Evaluation of BMP-2-Derived Peptide in Repairing a Peri-Implant Critical
Size Defect: A Canine Model. J. Formos. Med. Assoc. 120 (5), 1212-1220. doi:10.
1016/.jfma.2020.07.023

Chen, L., Zou, X., Zhang, R.-X,, Pi, C.-], Wu, N,, Yin, L.-],, et al. (2016). IGF1
Potentiates BMP9-Induced Osteogenic Differentiation in Mesenchymal Stem
Cells through the Enhancement of BMP/Smad Signaling. Bmb Rep. 49 (2),
122-127. doi:10.5483/BMBRep.2016.49.2.228

Chen, X.-J., Shen, Y.-S., He, M.-C,, Yang, F., Yang, P, Pang, F.-X,, et al. (2019).
Polydatin Promotes the Osteogenic Differentiation of Human Bone
Mesenchymal Stem Cells by Activating the BMP2-Wnt/B-Catenin Signaling
Pathway. Biomed. Pharmacother. 112, 108746. doi:10.1016/j.biopha.2019.
108746

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

20

March 2022 | Volume 10 | Article 810880


https://doi.org/10.1016/s0142-9612(03)00028-0
https://doi.org/10.1016/s0142-9612(03)00028-0
https://doi.org/10.1101/gad.1017802
https://doi.org/10.1101/gad.1017802
https://doi.org/10.1097/brs.0000000000000867
https://doi.org/10.1016/j.joms.2018.08.031
https://doi.org/10.1016/j.joms.2018.08.031
https://doi.org/10.1002/ppsc.202000180
https://doi.org/10.1002/ppsc.202000180
https://doi.org/10.1002/jor.24209
https://doi.org/10.1038/sj.gt.3301166
https://doi.org/10.1016/j.jconrel.2015.12.031
https://doi.org/10.1016/j.actbio.2015.12.005
https://doi.org/10.1177/0363546519887909
https://doi.org/10.1016/j.jcms.2010.09.001
https://doi.org/10.1002/term.74
https://doi.org/10.1002/jor.22815
https://doi.org/10.1097/00006534-200206000-00033
https://doi.org/10.1016/j.biomaterials.2016.06.001
https://doi.org/10.1016/j.omtm.2021.03.009
https://doi.org/10.1016/j.injury.2016.07.044
https://doi.org/10.1016/j.jot.2015.08.001
https://doi.org/10.1074/jbc.M503845200
https://doi.org/10.1016/j.jfma.2020.07.023
https://doi.org/10.1016/j.jfma.2020.07.023
https://doi.org/10.5483/BMBRep.2016.49.2.228
https://doi.org/10.1016/j.biopha.2019.108746
https://doi.org/10.1016/j.biopha.2019.108746
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhu et al.

Chen, Z., Yan, X,, Yin, S., Liu, L., Liu, X., Zhao, G., et al. (2020). Influence of the
Pore Size and Porosity of Selective Laser Melted Ti6Al4V ELI Porous Scaffold
on Cell Proliferation, Osteogenesis and Bone Ingrowth. Mater. Sci. Eng. C 106,
110289. doi:10.1016/j.msec.2019.110289

Chuen, F. S., Chuk, C. Y., Ping, W. Y., Nar, W. W,, Kim, H. L., and Ming, C. K.
(2004). Immunohistochemical Characterization of Cells in Adult Human
Patellar Tendons. J. Histochem. Cytochem. 52 (9), 1151-1157. doi:10.1369/
jhc.3A6232.2004

Daly, A. C,, Pitacco, P., Nulty, J., Cunniffe, G. M., and Kelly, D. J. (2018). 3D
Printed Microchannel Networks to Direct Vascularisation during
Endochondral Bone Repair. Biomaterials 162, 34-46. doi:10.1016/j.
biomaterials.2018.01.057

Dang, P. N, Herberg, S., Varghai, D., Riazi, H., Varghai, D., McMillan, A, et al.
(2017). Endochondral Ossification in Critical-Sized Bone Defects via Readily
Implantable Scaffold-free Stem Cell Constructs. Stem Cell Translational Med. 6
(7), 1644-1659. doi:10.1002/sctm.16-0222

Datta, S., Rameshbabu, A. P., Bankoti, K,, Jana, S., Roy, S., Sen, R,, et al. (2021).
Microsphere Embedded Hydrogel Construct - Binary Delivery of Alendronate
and BMP-2 for superior Bone Regeneration. J. Mater. Chem. B 9 (34),
6856-6869. doi:10.1039/d1tb00255d

Deng, L., Li, D., Yang, Z., Xie, X, and Kang, P. (2017). Repair of the Calvarial Defect
in Goat Model Using Magnesium-Doped Porous Hydroxyapatite Combined
with Recombinant Human Bone Morphogenetic Protein-2. Bme 28 (4),
361-377. doi:10.3233/BME-171678

Dent-Acosta, R. E., Storm, N., Steiner, R. S., and San Martin, J. (2012). The Tactics
of Modern-Day Regulatory Trials. J. Bone Jt. Surg Am 94 (Suppl. 1), 39-44.
doi:10.2106/JBJS.L.00194

Dhivya, S., Saravanan, S., Sastry, T. P., and Selvamurugan, N. (2015).
Nanohydroxyapatite-reinforced Chitosan Composite Hydrogel for Bone
Tissue Repair In Vitro and In Vivo. J. Nanobiotechnol 13, 13. doi:10.1186/
$12951-015-0099-z

Dilogo, I. H., Phedy, P., Kholinne, E., Djaja, Y. P., Fiolin, J., Kusnadi, Y., et al.
(2019). Autologous Mesenchymal Stem Cell Implantation, Hydroxyapatite,
Bone Morphogenetic Protein-2, and Internal Fixation for Treating Critical-
Sized Defects: a Translational Study. Int. Orthopaedics (Sicot) 43 (6),
1509-1519. doi:10.1007/s00264-019-04307-z

Ding, Z., Fan, Z., Huang, X,, Lu, Q., Xu, W,, and Kaplan, D. L. (2016). Silk-
Hydroxyapatite Nanoscale Scaffolds with Programmable Growth Factor
Delivery for Bone Repair. ACS Appl. Mater. Inter. 8 (37), 24463-24470.
doi:10.1021/acsami.6b08180

Dolanmaz, D., Saglam, M., Inan, O., Dundar, N., Alniacik, G., Gursoy Trak, B.,
et al. (2015). Monitoring Bone Morphogenetic Protein-2 and -7, Soluble
Receptor Activator of Nuclear Factor-Kb Ligand and Osteoprotegerin Levels
in the Peri-Implant Sulcular Fluid during the Osseointegration of Hydrophilic-
Modified Sandblasted Acid-Etched and Sandblaste. J. Periodont Res. 50 (1),
62-73. doi:10.1111/jre.12182

Duan, X,, Bradbury, S. R., Olsen, B. R, and Berendsen, A. D. (2016). VEGF
Stimulates Intramembranous Bone Formation during Craniofacial Skeletal
Development. Matrix Biol. 52-54, 127-140. doi:10.1016/j.matbio.2016.02.005

Einhorn, T. A., and Gerstenfeld, L. C. (2015). Fracture Healing: Mechanisms and
Interventions. Nat. Rev. Rheumatol. 11 (1), 45-54. doi:10.1038/nrrheum.
2014.164

El-Magd, M. A,, Allen, S, McGonnell, I, Otto, A., and Patel, K. (2013).
Bmp4regulates chickEbf2andEbf3gene Expression in Somite Development.
Develop. Growth Differ. 55 (8), 710-722. doi:10.1111/dgd.12077

Fiedler, J., Roderer, G., Giinther, K.-P., and Brenner, R. E. (2002). BMP-2, BMP-4,
and PDGF-Bb Stimulate Chemotactic Migration of Primary Human
Mesenchymal Progenitor Cells. J. Cel. Biochem. 87 (3), 305-312. doi:10.
1002/jcb.10309

Fischerauer, E. E., Manninger, M., Seles, M., Janezic, G., Pichler, K., Ebner, B., et al.
(2013). BMP-6 and BMPR-1a Are Up-Regulated in the Growth Plate of the
Fractured Tibia. J. Orthop. Res. 31 (3), 357-363. doi:10.1002/jor.22238

Flierl, M. A., Smith, W. R., Mauffrey, C,, Irgit, K., Williams, A. E,, Ross, E., et al.
(2013). Outcomes and Complication Rates of Different Bone Grafting
Modalities in Long Bone Fracture Nonunions: a Retrospective Cohort Study
in 182 Patients. J. Orthop. Surg. Res. 8, 10. doi:10.1186/1749-799x-8-33

Fu,S.C., Wong, Y. P,, Chan, B. P., Pau, H. M., Cheuk, Y. C,, Lee, K. M., et al. (2003).
The Roles of Bone Morphogenetic Protein (BMP) 12 in Stimulating the

Application of BMP in Orthopaedics

Proliferation and Matrix Production of Human Patellar Tendon Fibroblasts.
Life Sci. 72 (26), 2965-2974. doi:10.1016/s0024-3205(03)00169-3

Geetha, M., Singh, A. K,, Asokamani, R., and Gogia, A. K. (2009). Ti Based
Biomaterials, the Ultimate Choice for Orthopaedic Implants - A Review. Prog.
Mater. Sci. 54 (3), 397-425. doi:10.1016/j.pmatsci.2008.06.004

Ghavimi, S. A. A,, Lungren, E. S,, Faulkner, T. J., Josselet, M. A., Wu, Y., Sun, Y.,
et al. (2019). Inductive Co-crosslinking of Cellulose Nanocrystal/chitosan
Hydrogels for the Treatment of Vertebral Compression Fractures. Int.
J. Biol. Macromolecules 130, 88-98. doi:10.1016/j.ijbiomac.2019.02.086

Goldhahn, J., Scheele, W. H., Mitlak, B. H., Abadie, E., Aspenberg, P., Augat, P.,
et al. (2008). Clinical Evaluation of Medicinal Products for Acceleration of
Fracture Healing in Patients with Osteoporosis. Bone 43 (2), 343-347. doi:10.
1016/j.bone.2008.04.017

Gomez-Puerto, M. C., Iyengar, P. V., Garcia de Vinuesa, A., ten Dijke, P., and
Sanchez-Dufthues, G. (2019). Bone Morphogenetic Protein Receptor Signal
Transduction in Human Disease. J. Pathol. 247 (1), 9-20. doi:10.1002/path.
5170

Gressot, L. V., Patel, A. J., Hwang, S. W., Fulkerson, D. H., and Jea, A. (2014). Rh-
BMP-2 for L5-S1 Arthrodesis in Long Fusions to the Pelvis for Neuromuscular
Spinal Deformity in the Pediatric Age Group: Analysis of 11 Patients. Childs
Nerv Syst. 30 (2), 249-255. doi:10.1007/s00381-013-2221-6

Grgurevic, L., Oppermann, H., Pecin, M., Erjavec, I, Capak, H., Pauk, M., et al.
(2019). Recombinant Human Bone Morphogenetic Protein 6 Delivered within
Autologous Blood Coagulum Restores Critical Size Segmental Defects of Ulna
in Rabbits. JBMR plus 3 (5), e10085. doi:10.1002/jbm4.10085

Gromolak, S., Krawczenko, A., Antonczyk, A., Buczak, K., Kietbowicz, Z., and
Klimczak, A. (2020). Biological Characteristics and Osteogenic Differentiation
of Ovine Bone Marrow Derived Mesenchymal Stem Cells Stimulated with FGF-
2 and BMP-2. Int. J. Mol. Sci. 21 (24), 9726. d0i:10.3390/ijms21249726

Guenther, C. A., Wang, Z,, Li, E., Tran, M. C,, Logan, C. Y., Nusse, R,, et al. (2015).
A Distinct Regulatory Region of the Bmp5 Locus Activates Gene Expression
Following Adult Bone Fracture or Soft Tissue Injury. Bone 77, 31-41. doi:10.
1016/j.bone.2015.04.010

Guenther, C., Pantalena-Filho, L., and Kingsley, D. M. (2008). Shaping Skeletal
Growth by Modular Regulatory Elements in the Bmp5 Gene. Plos Genet. 4 (12),
€1000308. doi:10.1371/journal.pgen.1000308

Guicheus, J., Lemonnier, J., Ghayor, C., Suzuki, A., Palmer, G., and Caverzasio, J.
(2003). Activation of P38 Mitogen-Activated Protein Kinase and c-Jun-NH2-
terminal Kinase by BMP-2 and Their Implication in the Stimulation of
Osteoblastic Cell Differentiation. J. Bone Miner Res. 18 (11), 2060-2068.
doi:10.1359/jbmr.2003.18.11.2060

Hackl, S., Hierholzer, C., Friederichs, J., Woltmann, A., Bithren, V., and von Riiden,
C. (2017). Long-term Outcome Following Additional rhBMP-7 Application in
Revision Surgery of Aseptic Humeral, Femoral, and Tibial Shaft Nonunion.
BMC Musculoskelet. Disord. 18, 10. doi:10.1186/s12891-017-1704-0

Haddad-Weber, M., Prager, P., Kunz, M., Seefried, L., Jakob, F., Murray, M. M.,
et al. (2010). BMP12 and BMP13 Gene Transfer Induce Ligamentogenic
Differentiation in Mesenchymal Progenitor and Anterior Cruciate

Ligament Cells. Cytotherapy 12 (4), 505-513. doi:10.3109/
14653241003709652
Han, C-M, Jang, T.-S, Kim, H.-E,, and Koh, Y.-H. (2014). Creation of
Nanoporous  TiO2surface onto  Polyetheretherketone for  Effective

Immobilization and Delivery of Bone Morphogenetic Protein. J. Biomed.
Mater. Res. 102 (3), 793-800. doi:10.1002/jbm.a.34748

Hatakeyama, Y., Tuan, R. S., and Shum, L. (2004). Distinct Functions of BMP4 and
GDF5 in the Regulation of Chondrogenesis. J. Cel. Biochem. 91 (6), 1204-1217.
doi:10.1002/jcb.20019

Henn, R. F., Kuo, C. E,, Kessler, M. W., Razzano, P., Grande, D. P., and Wolfe, S. W.
(2010). Augmentation of Zone II Flexor Tendon Repair Using Growth
Differentiation Factor 5 in a Rabbit Model. J. Hand Surg. 35 (11),
1825-1832. doi:10.1016/j.jhsa.2010.08.031

Herford, A. S., and Boyne, P. J. (2008). Reconstruction of Mandibular Continuity
Defects with Bone Morphogenetic Protein-2 (thBMP-2). J. Oral Maxillofac.
Surg. 66 (4), 616-624. doi:10.1016/j.joms.2007.11.021

Hettiaratchi, M. H., Krishnan, L., Rouse, T., Chou, C., McDevitt, T. C., and
Guldberg, R. E. (2020). Heparin-mediated Delivery of Bone Morphogenetic
Protein-2 Improves Spatial Localization of Bone Regeneration. Sci. Adv. 6 (1),
eaay1240. doi:10.1126/sciadv.aay1240

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

21

March 2022 | Volume 10 | Article 810880


https://doi.org/10.1016/j.msec.2019.110289
https://doi.org/10.1369/jhc.3A6232.2004
https://doi.org/10.1369/jhc.3A6232.2004
https://doi.org/10.1016/j.biomaterials.2018.01.057
https://doi.org/10.1016/j.biomaterials.2018.01.057
https://doi.org/10.1002/sctm.16-0222
https://doi.org/10.1039/d1tb00255d
https://doi.org/10.3233/BME-171678
https://doi.org/10.2106/JBJS.L.00194
https://doi.org/10.1186/s12951-015-0099-z
https://doi.org/10.1186/s12951-015-0099-z
https://doi.org/10.1007/s00264-019-04307-z
https://doi.org/10.1021/acsami.6b08180
https://doi.org/10.1111/jre.12182
https://doi.org/10.1016/j.matbio.2016.02.005
https://doi.org/10.1038/nrrheum.2014.164
https://doi.org/10.1038/nrrheum.2014.164
https://doi.org/10.1111/dgd.12077
https://doi.org/10.1002/jcb.10309
https://doi.org/10.1002/jcb.10309
https://doi.org/10.1002/jor.22238
https://doi.org/10.1186/1749-799x-8-33
https://doi.org/10.1016/s0024-3205(03)00169-3
https://doi.org/10.1016/j.pmatsci.2008.06.004
https://doi.org/10.1016/j.ijbiomac.2019.02.086
https://doi.org/10.1016/j.bone.2008.04.017
https://doi.org/10.1016/j.bone.2008.04.017
https://doi.org/10.1002/path.5170
https://doi.org/10.1002/path.5170
https://doi.org/10.1007/s00381-013-2221-6
https://doi.org/10.1002/jbm4.10085
https://doi.org/10.3390/ijms21249726
https://doi.org/10.1016/j.bone.2015.04.010
https://doi.org/10.1016/j.bone.2015.04.010
https://doi.org/10.1371/journal.pgen.1000308
https://doi.org/10.1359/jbmr.2003.18.11.2060
https://doi.org/10.1186/s12891-017-1704-0
https://doi.org/10.3109/14653241003709652
https://doi.org/10.3109/14653241003709652
https://doi.org/10.1002/jbm.a.34748
https://doi.org/10.1002/jcb.20019
https://doi.org/10.1016/j.jhsa.2010.08.031
https://doi.org/10.1016/j.joms.2007.11.021
https://doi.org/10.1126/sciadv.aay1240
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhu et al.

Hissnauer, T. N., Stiel, N., Babin, K., Rupprecht, M., Hoffmann, M., Rueger, J. M.,
et al. (2017). Bone Morphogenetic Protein-2 for the Treatment of
Congenital Pseudarthrosis of the Tibia or Persistent Tibial Nonunion
in Children and Adolescents: A Retrospective Study with a Minimum 2-
year Follow-Up. J. Mater. Sci. Mater. Med. 28 (4), 8. d0i:10.1007/s10856-
017-5868-9

Hu, Y., Cai, K,, Luo, Z., Zhang, Y., Li, L., Lai, M,, et al. (2012). Regulation of the
Differentiation of Mesenchymal Stem Cells In Vitro and Osteogenesis In Vivo
by Microenvironmental Modification of Titanium alloy Surfaces. Biomaterials
33 (13), 3515-3528. doi:10.1016/j.biomaterials.2012.01.040

Hu, Y., Zhao, Q.-W., Wang, Z.-C,, Fang, Q.-Q., Zhu, H., Hong, D.-S,, et al. (2021).
Co-transfection with BMP2 and FGF2 via Chitosan Nanoparticles Potentiates
Osteogenesis in Human Adipose-Derived Stromal Cells In Vitro. J. Int. Med.
Res. 49 (3), 030006052199767. doi:10.1177/0300060521997679

Huang, B, Wu, Z,, Ding, S., Yuan, Y., and Liu, C. (2018). Localization and
Promotion of Recombinant Human Bone Morphogenetic Protein-2
Bioactivity Chondroitin ~ Sulfate-
Functionalized Calcium Phosphate Cement Scaffolds. Acta Biomater. 71,
184-199. doi:10.1016/j.actbio.2018.01.004

Injamuri, S., Rahaman, M. N., Shen, Y., and Huang, Y. W. (2020). Relaxin
Enhances Bone Regeneration with BMP-2-loaded Hydroxyapatite
Microspheres. . Biomed. Mater. Res. 108 (5), 1231-1242. doi:10.1002/jbm.a.
36897

Ishack, S., Mediero, A., Wilder, T., Ricci, J. L., and Cronstein, B. N. (2017). Bone
Regeneration in Critical Bone Defects Using Three-Dimensionally Printed p-
tricalcium Phosphate/hydroxyapatite Scaffolds Is Enhanced by Coating
Scaffolds with Either Dipyridamole or BMP-2. J. Biomed. Mater. Res. 105
(2), 366-375. doi:10.1002/jbm.b.33561

Jain, E., Chinzei, N., Blanco, A., Case, N., Sandell, L.J., Sell, S., et al. (2019). Platelet-
Rich Plasma Released from Polyethylene Glycol Hydrogels Exerts Beneficial
Effects on Human Chondrocytes. J. Orthop. Res. 37 (11), 2401-2410. doi:10.
1002/jor.24404

Jang, Y., Jung, H., Nam, Y., Rim, Y. A., Kim, ., Jeong, S. H,, et al. (2016). Centrifugal
Gravity-Induced BMP4 Induces Chondrogenic Differentiation of Adipose-
Derived Stem Cells via SOX9 Upregulation. Stem Cel Res Ther 7, 10. doi:10.
1186/s13287-016-0445-6

Jensen, O. T., Cottam, J., Ringeman, J., and Adams, M. (2012). Trans-Sinus Dental
Implants, Bone Morphogenetic Protein 2, and Immediate Function for All-On-
4 Treatment of Severe Maxillary Atrophy. J. Oral Maxillofac. Surg. 70 (1),
141-148. doi:10.1016/j.joms.2011.03.045

Jin, R., Moreira Teixeira, L. S., Krouwels, A., Dijkstra, P. J., van Blitterswijk, C. A.,
Karperien, M., et al. (2010). Synthesis and Characterization of Hyaluronic Acid-
Poly(ethylene Glycol) Hydrogels via Michael Addition: An Injectable
Biomaterial for Cartilage Repair. Acta Biomater. 6 (6), 1968-1977. doi:10.
1016/j.actbio.2009.12.024

Jones, A. L., Bucholz, R. W., Bosse, M. ]., Mirza, S. K., Lyon, T. R., Webb, L. X, et al.
(2006). Recombinant Human BMP-2 and Allograft Compared with
Autogenous Bone Graft for Reconstruction of Diaphyseal Tibial Fractures
with Cortical Defects. J. Bone Jt. Surg. 88 (7), 1431-1441. doi:10.2106/jbjs.E.
00381

Kaneko, H., Arakawa, T., Mano, H., Kaneda, T., Ogasawara, A., Nakagawa, M.,
et al. (2000). Direct Stimulation of Osteoclastic Bone Resorption by Bone
Morphogenetic Protein (BMP)-2 and Expression of BMP Receptors in Mature
Osteoclasts. Bone 27 (4), 479-486. doi:10.1016/s8756-3282(00)00358-6

Kayabasi, G. K., Tigli Aydin, R. S., and Giimigderelioglu, M. (2013). In
Vitrochondrogenesis by BMP6 Gene Therapy. J. Biomed. Mater. Res. 101A
(5), 1353-1361. doi:10.1002/jbm.a.34430

Kempen, D. H. R, Lu, L., Heijink, A., Hefferan, T. E., Creemers, L. B., Maran, A.,
et al. (2009). Effect of Local Sequential VEGF and BMP-2 Delivery on Ectopic
and Orthotopic Bone Regeneration. Biomaterials 30 (14), 2816-2825. doi:10.
1016/j.biomaterials.2009.01.031

Kim, S.-S., Sun Park, M., Jeon, O., Yong Choi, C., and Kim, B.-S. (2006).
Poly(lactide-co-glycolide)/hydroxyapatite Composite Scaffolds for Bone
Tissue Engineering. Biomaterials 27 (8), 1399-1409. doi:10.1016/j.
biomaterials.2005.08.016

Kim, Y., Kang, B.-J., Kim, W., Yun, H.-s., and Kweon, O.-k. (2018). Evaluation of
Mesenchymal Stem Cell Sheets Overexpressing BMP-7 in Canine Critical-Sized
Bone Defects. Int. J. Mol. Sci. 19 (7), 2073. doi:10.3390/ijms19072073

on Extracellular Matrix Mimetic

Application of BMP in Orthopaedics

Klosterhoff, B. S., Vantucci, C. E., Kaiser, J., Ong, K. G., Wood, L. B., Weiss, J. A.,
et al. (2022). Effects of Osteogenic Ambulatory Mechanical Stimulation on
Early Stages of BMP-2 Mediated Bone Repair. Connect. Tissue Res. 63, 16-27.
doi:10.1080/03008207.2021.1897582

Ko, E, Yang, K, Shin, J, and Cho, S.-W. (2013). Polydopamine-Assisted
Osteoinductive Peptide Immobilization of Polymer Scaffolds for Enhanced
Bone Regeneration by Human Adipose-Derived Stem Cells. Biomacromolecules
14 (9), 3202-3213. doi:10.1021/bm4008343

Koenig, B. B., Cook, J. S., Wolsing, D. H., Ting, J., Tiesman, J. P., Correa, P. E,, et al.
(1994). Characterization and Cloning of a Receptor for BMP-2 and BMP-4
from NIH 3T3 Cells. Mol. Cel Biol. 14 (9), 5961-5974. doi:10.1128/mcb.14.9.
5961

Kolambkar, Y. M., Dupont, K. M., Boerckel, J. D., Huebsch, N., Mooney, D. J.,
Hutmacher, D. W,, et al. (2011). An Alginate-Based Hybrid System for Growth
Factor Delivery in the Functional Repair of Large Bone Defects. Biomaterials 32
(1), 65-74. doi:10.1016/j.biomaterials.2010.08.074

Kong, D., Shi, Y., Gao, Y., Fu, M., Kong, S., and Lin, G. (2020). Preparation of BMP-
2 Loaded MPEG-PCL Microspheres and Evaluation of Their Bone Repair
Properties. Biomed. Pharmacother. 130, 110516. doi:10.1016/j.biopha.2020.
110516

Koons, G. L., Kontoyiannis, P. D., Diba, M., Chim, L. K., Scott, D. W., and Mikos,
A. G. (2021). Effect of 3D Printing Temperature on Bioactivity of Bone
Morphogenetic Protein-2 Released from Polymeric Constructs. Ann.
Biomed. Eng. 49 (9), 2114-2125. doi:10.1007/s10439-021-02736-9

Kostenuik, P., and Mirza, F. M. (2017). Fracture Healing Physiology and the Quest
for Therapies for Delayed Healing and Nonunion. J. Orthop. Res. 35 (2),
213-223. doi:10.1002/jor.23460

Krishnan, V., Ma, Y. L., Moseley, ]. M., Geiser, A. G., Friant, S., and Frolik, C. A.
(2001). Bone Anabolic Effects of Sonic/Indian Hedgehog Are Mediated by
BMP-2/4-dependent Pathways in the Neonatal Rat Metatarsal Model.
Endocrinology 142 (2), 940-947. doi:10.1210/end0.142.2.7922

Kusuyama, J., Seong, C., Nakamura, T., Ohnishi, T., Amir, M. S., Shima, K, et al.
(2019). BMP9 Prevents Induction of Osteopontin in JNK-Inactivated
Osteoblasts via Heyl-Id4 Interaction. Int. J. Biochem. Cel Biol. 116, 105614.
doi:10.1016/j.biocel.2019.105614

Lamplot, J. D., Angeline, M., Angeles, J., Beederman, M., Wagner, E., Rastegar, F.,
et al. (2014). Distinct Effects of Platelet-Rich Plasma and BMP13 on Rotator
Cuff Tendon Injury Healing in a Rat Model. Am. J. Sports Med. 42 (12),
2877-2887. doi:10.1177/0363546514547171

Larochette, N., El-Hafci, H., Potier, E., Setterblad, N., Bensidhoum, M., Petite, H.,
et al. (2020). Osteogenic-differentiated Mesenchymal Stem Cell-Secreted
Extracellular Matrix as a Bone Morphogenetic Protein-2 Delivery System
for Ectopic Bone Formation. Acta Biomater. 116, 186-200. doi:10.1016/j.
actbio.2020.09.003

Laurencin, C., Attawia, M. A., Ly, L. Q., Borden, M. D., Lu, H. H., Gorum, W. J.,
et al. (2001). Poly(lactide-co-glycolide)/hydroxyapatite Delivery of BMP-2-
Producing Cells: a Regional Gene Therapy Approach to Bone Regeneration.
Biomaterials 22 (11), 1271-1277. doi:10.1016/s0142-9612(00)00279-9

Lavery, K., Swain, P., Falb, D., and Alaoui-Ismaili, M. H. (2008). BMP-2/4 and
BMP-6/7 Differentially Utilize Cell Surface Receptors to Induce Osteoblastic
Differentiation of Human Bone Marrow-Derived Mesenchymal Stem Cells.
J. Biol. Chem. 283 (30), 20948-20958. doi:10.1074/jbc.M800850200

Lee, D., Wufuer, M., Kim, I, Choi, T. H., Kim, B. J., Jung, H. G, et al. (2021).
Sequential Dual-Drug Delivery of BMP-2 and Alendronate from
Hydroxyapatite-Collagen Scaffolds for Enhanced Bone Regeneration. Sci.
Rep. 11 (1), 746. doi:10.1038/s41598-020-80608-3

Lee, E.-U,, Lim, H.-C., Hong, J.-Y., Lee, J.-S., Jung, U.-W., and Choi, S.-H. (2016).
Bone Regenerative Efficacy of Biphasic Calcium Phosphate Collagen Composite
as a Carrier of thBMP-2. Clin. Oral Impl. Res. 27 (11), €91-e99. doi:10.1111/clr.
12568

Lee, M.-H., Kwon, T.-G., Park, H.-S., Wozney, J. M., and Ryoo, H.-M. (2003).
BMP-2-induced Osterix Expression Is Mediated by DIx5 but Is Independent of
Runx2. Biochem. Biophysical Res. Commun. 309 (3), 689-694. doi:10.1016/j.
bbrc.2003.08.058

Li, A, Li, J., Zhang, Z., Li, Z., Chi, H,, Song, C,, et al. (2021). Nanohydroxyapatite/
polyamide 66 Crosslinked with QK and BMP-2-Derived Peptide Prevented
Femur Nonunion in Rats. J. Mater. Chem. B 9 (9), 2249-2265. d0i:10.1039/
d0tb02554b

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

22

March 2022 | Volume 10 | Article 810880


https://doi.org/10.1007/s10856-017-5868-9
https://doi.org/10.1007/s10856-017-5868-9
https://doi.org/10.1016/j.biomaterials.2012.01.040
https://doi.org/10.1177/0300060521997679
https://doi.org/10.1016/j.actbio.2018.01.004
https://doi.org/10.1002/jbm.a.36897
https://doi.org/10.1002/jbm.a.36897
https://doi.org/10.1002/jbm.b.33561
https://doi.org/10.1002/jor.24404
https://doi.org/10.1002/jor.24404
https://doi.org/10.1186/s13287-016-0445-6
https://doi.org/10.1186/s13287-016-0445-6
https://doi.org/10.1016/j.joms.2011.03.045
https://doi.org/10.1016/j.actbio.2009.12.024
https://doi.org/10.1016/j.actbio.2009.12.024
https://doi.org/10.2106/jbjs.E.00381
https://doi.org/10.2106/jbjs.E.00381
https://doi.org/10.1016/s8756-3282(00)00358-6
https://doi.org/10.1002/jbm.a.34430
https://doi.org/10.1016/j.biomaterials.2009.01.031
https://doi.org/10.1016/j.biomaterials.2009.01.031
https://doi.org/10.1016/j.biomaterials.2005.08.016
https://doi.org/10.1016/j.biomaterials.2005.08.016
https://doi.org/10.3390/ijms19072073
https://doi.org/10.1080/03008207.2021.1897582
https://doi.org/10.1021/bm4008343
https://doi.org/10.1128/mcb.14.9.5961
https://doi.org/10.1128/mcb.14.9.5961
https://doi.org/10.1016/j.biomaterials.2010.08.074
https://doi.org/10.1016/j.biopha.2020.110516
https://doi.org/10.1016/j.biopha.2020.110516
https://doi.org/10.1007/s10439-021-02736-9
https://doi.org/10.1002/jor.23460
https://doi.org/10.1210/endo.142.2.7922
https://doi.org/10.1016/j.biocel.2019.105614
https://doi.org/10.1177/0363546514547171
https://doi.org/10.1016/j.actbio.2020.09.003
https://doi.org/10.1016/j.actbio.2020.09.003
https://doi.org/10.1016/s0142-9612(00)00279-9
https://doi.org/10.1074/jbc.M800850200
https://doi.org/10.1038/s41598-020-80608-3
https://doi.org/10.1111/clr.12568
https://doi.org/10.1111/clr.12568
https://doi.org/10.1016/j.bbrc.2003.08.058
https://doi.org/10.1016/j.bbrc.2003.08.058
https://doi.org/10.1039/d0tb02554b
https://doi.org/10.1039/d0tb02554b
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhu et al.

Li, C,, Vepari, C,, Jin, H.-J., Kim, H. J., and Kaplan, D. L. (2006). Electrospun Silk-
BMP-2 Scaffolds for Bone Tissue Engineering. Biomaterials 27 (16), 3115-3124.
doi:10.1016/j.biomaterials.2006.01.022

Li, L., Jiang, Y., Lin, H., Shen, H., Sohn, J., Alexander, P. G,, et al. (2019). Muscle
Injury Promotes Heterotopic Ossification by Stimulating Local Bone
Morphogenetic  Protein-7 Production. J. Orthopaedic Translation 18,
142-153. doi:10.1016/j.j0t.2019.06.001

Li, S, Li, X, Hou, W., Nune, K. C,, Misra, R. D. K., Correa-Rodriguez, V. L., et al.
(2018). Fabrication of Open-Cellular (Porous) Titanium alloy Implants:
Osseointegration, Vascularization and Preliminary Human Trials. Sci. China
Mater. 61 (4), 525-536. doi:10.1007/s40843-017-9063-6

Li, Y., Liu, Y., Bai, H,, Li, R,, Shang, J., Zhu, Z,, et al. (2021a). Sustained Release of
VEGF to Promote Angiogenesis and Osteointegration of Three-Dimensional
Printed Biomimetic Titanium Alloy Implants. Front. Bioeng. Biotechnol. 9,
757767. doi:10.3389/fbioe.2021.757767

Li, Y., Liu, Y., and Guo, Q. (2021b). Silk Fibroin Hydrogel Scaffolds Incorporated
with Chitosan Nanoparticles Repair Articular Cartilage Defects by Regulating
TGE-B1 and BMP-2. Arthritis Res. Ther. 23 (1), 50. do0i:10.1186/s13075-020-
02382-x

Li, Y, Liu, Y, Li, R, Bai, H,, Zhu, Z, Zhu, L, et al. (2021c). Collagen-based
Biomaterials for Bone Tissue Engineering. Mater. Des. 210, 110049. doi:10.
1016/j.matdes.2021.110049

Lieberman, J. R, Le, L. Q., Wu, L., Finerman, G. A. M,, Berk, A., Witte, O. N,, et al.
(1998). Regional Gene Therapy with a BMP-2-Producing Murine Stromal Cell
Line Induces Heterotopic and Orthotopic Bone Formation in Rodents.
J. Orthop. Res. 16 (3), 330-339. doi:10.1002/jor.1100160309

Liu, F., Ventura, F., Doody, J., and Massagué, J. (1995). Human Type II Receptor
for Bone Morphogenic Proteins (BMPs): Extension of the Two-Kinase Receptor
Model to the BMPs. Mol. Cel Biol. 15 (7), 3479-3486. doi:10.1128/mcb.15.7.
3479

Liu, K, Meng, C-X,, Lv, Z.-Y., Zhang, Y.-J, Li, J., Li, K-Y,, et al. (2020).
Enhancement of BMP-2 and VEGF Carried by Mineralized Collagen for
Mandibular Bone Regeneration. Regenerative Biomater. 7 (4), 435-440.
doi:10.1093/rb/rbaa022

Liu, Y., Degroot, K., and Hunziker, E. (2005). BMP-2 Liberated from Biomimetic
Implant Coatings Induces and Sustains Direct Ossification in an Ectopic Rat
Model. Bone 36 (5), 745-757. doi:10.1016/j.bone.2005.02.005

Liu, Y., Enggist, L., Kuffer, A. F., Buser, D., and Hunziker, E. B. (2007). The
Influence of BMP-2 and its Mode of Delivery on the Osteoconductivity of
Implant Surfaces during the Early Phase of Osseointegration. Biomaterials 28
(16), 2677-2686. doi:10.1016/j.biomaterials.2007.02.003

Long, F,, Shi, H.,, Li, P., Guo, S., Ma, Y., Wei, S., et al. (2021). A SMOC2 Variant
Inhibits BMP Signaling by Competitively Binding to BMPRIB and
Causes Growth Plate Defects. Bone 142, 115686. doi:10.1016/j.bone.
2020.115686

Luu, H. H, Song, W.-X,, Luo, X., Manning, D., Luo, J., Deng, Z.-L., et al. (2007).
Distinct Roles of Bone Morphogenetic Proteins in Osteogenic
Differentiation of Mesenchymal Stem Cells. J. Orthop. Res. 25 (5),
665-677. doi:10.1002/jor.20359

Meisel, H. J., Schnéring, M., Hohaus, C., Minkus, Y., Beier, A., Ganey, T., et al.
(2008). Posterior Lumbar Interbody Fusion Using thBMP-2. Eur. Spine . 17
(12), 1735-1744. doi:10.1007/s00586-008-0799-2

Meng, C., Su, W,, Liu, M,, Yao, S, Ding, Q., Yu, K,, et al. (2021). Controlled
Delivery of Bone Morphogenic Protein-2-Related Peptide from Mineralised
Extracellular Matrix-Based Scaffold Induces Bone Regeneration. Mater. Sci.
Eng. C 126, 112182. doi:10.1016/j.msec.2021.112182

Miyazawa, K., Shinozaki, M., Hara, T., Furuya, T., and Miyazono, K. (2002). Two
Major Smad Pathways in TGF-{ Superfamily Signalling. Genes To Cells 7 (12),
1191-1204. doi:10.1046/j.1365-2443.2002.00599.x

Miiller, S., Lindemann, S., and Gigout, A. (2019). Effects of Sprifermin, IGF1, IGF2,
BMP7, or CNP on Bovine Chondrocytes in Monolayer and 3D Culture.
J. Orthop. Res. 38, 653-662. doi:10.1002/jor.24491

Nam, J. W, Khureltogtokh, S., Choi, H. M., Lee, A. R, Park, Y. B., and Kim, H. J.
(2017). Randomised Controlled Clinical Trial of Augmentation of the Alveolar
ridge Using Recombinant Human Bone Morphogenetic Protein 2 with
Hydroxyapatite and Bovine-Derived Xenografts: Comparison of Changes in
Volume. Br. J. Oral Maxillofac. Surg. 55 (8), 822-829. doi:10.1016/j.bjoms.2017.
07.017

Application of BMP in Orthopaedics

Nie, H., and Wang, C.-H. (2007). Fabrication and Characterization of PLGA/HAp
Composite Scaffolds for Delivery of BMP-2 Plasmid DNA. J. Controlled Release
120 (1-2), 111-121. doi:10.1016/j.jconrel.2007.03.018

Nishimura, R., Kato, Y., Chen, D., Harris, S. E., Mundy, G. R,, and Yoneda, T.
(1998). Smad5 and DPC4 Are Key Molecules in Mediating BMP-2-Induced
Osteoblastic Differentiation of the Pluripotent Mesenchymal Precursor Cell
Line C2C12. J. Biol. Chem. 273 (4), 1872-1879. doi:10.1074/jbc.273.4.1872

Nosho, S., Tosa, 1., Ono, M., Hara, E. S., Ishibashi, K., Mikai, A., et al. (2020).
Distinct Osteogenic Potentials of BMP-2 and FGF-2 in Extramedullary and
Medullary Microenvironments. Int. J. Mol Sci. 21 (21), 7967. doi:10.3390/
ijms21217967

Park, J.-H., Kim, J.-W., and Kim, S.-J. (2017). Does the Addition of Bone
Morphogenetic Protein 2 to Platelet-Rich Fibrin Improve Healing after
Treatment for Medication-Related Osteonecrosis of the Jaw? J. Oral
Maxillofac. Surg. 75 (6), 1176-1184. doi:10.1016/j.joms.2016.12.005

Pelled, G., Sheyn, D., Tawackoli, W, Jun, D. S., Koh, Y., Su, S., et al. (2016). BMP6-
Engineered MSCs Induce Vertebral Bone Repair in a Pig Model: A Pilot Study.
Stem Cell Int. 2016, 1-8. doi:10.1155/2016/6530624

Peng, H., Usas, A., Olshanski, A., Ho, A. M., Gearhart, B., Cooper, G. M., et al.
(2005). VEGF Improves, whereas sFItl Inhibits, BMP2-Induced Bone
Formation and Bone Healing through Modulation of Angiogenesis. J. Bone
Miner Res. 20 (11), 2017-2027. doi:10.1359/jbmr.050708

Peng, H., Wright, V., Usas, A., Gearhart, B., Shen, H.-C., Cummins, J., et al. (2002).
Synergistic Enhancement of Bone Formation and Healing by Stem Cell-
Expressed VEGF and Bone Morphogenetic Protein-4. J. Clin. Invest. 110
(6), 751-759. doi:10.1172/jcil5153

Pera, M. F., Andrade, J., Houssami, S., Reubinoff, B., Trounson, A., Stanley, E. G.,
et al. (2004). Regulation of Human Embryonic Stem Cell Differentiation by
BMP-2 and its Antagonist Noggin. J. Cel Sci. 117 (7), 1269-1280. doi:10.1242/
jcs.00970

Percival, C. J., and Richtsmeier, J. T. (2013). Angiogenesis and Intramembranous
Osteogenesis. Dev. Dyn. 242 (8), 909-922. doi:10.1002/dvdy.23992

Pini, J., Giuliano, S., Matonti, J., Gannoun, L., Simkin, D., Rouleau, M., et al. (2018).
Osteogenic and Chondrogenic Master Genes Expression Is Dependent on the
Kir2.1 Potassium Channel through the Bone Morphogenetic Protein Pathway.
J. Bone Miner Res. 33 (10), 1826-1841. doi:10.1002/jbmr.3474

Poynton, A. R., and Lane, J. M. (2002). Safety Profile for the Clinical Use of Bone
Morphogenetic Proteins in the Spine. Spine 27 (16), S40-S48. d0i:10.1097/
00007632-200208151-00010

Quade, M., Vater, C,, Schlootz, S., Bolte, J., Langanke, R., Bretschneider, H., et al.
(2020). Strontium Enhances BMP-2 Mediated Bone Regeneration in a Femoral
Murine Bone Defect Model. J. Biomed. Mater. Res. 108 (1), 174-182. doi:10.
1002/jbm.b.34376

Rajabnejad keleshteri, A., Moztarzadeh, F., Farokhi, M., Mehrizi, A. A., Basiri, H.,
and Mohseni, S. S. (2021). Preparation of Microfluidic-Based Pectin
Microparticles Loaded Carbon Dots Conjugated with BMP-2 Embedded in
Gelatin-Elastin-Hyaluronic Acid Hydrogel Scaffold for Bone Tissue
Engineering Application. Int. J. Biol. Macromolecules 184, 29-41. doi:10.
1016/j.ijbiomac.2021.05.148

Rawadi, G., Vayssiére, B., Dunn, F., Baron, R., and Roman-Roman, S. (2003). BMP-
2 Controls Alkaline Phosphatase Expression and Osteoblast Mineralization by a
Wnt Autocrine Loop. J. Bone Miner Res. 18 (10), 1842-1853. doi:10.1359/jbmr.
2003.18.10.1842

Ren, X., Weisgerber, D. W, Bischoff, D., Lewis, M. S., Reid, R. R., He, T.-C,, et al.
(2016). Nanoparticulate Mineralized Collagen Scaffolds and BMP-9 Induce a
Long-Term Bone Cartilage Construct in Human Mesenchymal Stem Cells. Adv.
Healthc. Mater. 5 (14), 1821-1830. doi:10.1002/adhm.201600187

Rickard, D. J., Sullivan, T. A., Shenker, B. J., Leboy, P. S., and Kazhdan, I. (1994).
Induction of Rapid Osteoblast Differentiation in Rat Bone Marrow Stromal Cell
Cultures by Dexamethasone and BMP-2. Develop. Biol. 161 (1), 218-228.
do0i:10.1006/dbi0.1994.1022

Rihn, J. A, Patel, R,, Makda, J., Hong, J., Anderson, D. G., Vaccaro, A. R,, et al.
(2009). Complications Associated with Single-Level Transforaminal Lumbar
Interbody Fusion. Spine J. 9 (8), 623-629. doi:10.1016/j.spinee.2009.04.004

Ruvinov, E., Tavor Re’em, T., Witte, F., and Cohen, S. (2019). Articular Cartilage
Regeneration Using Acellular Bioactive Affinity-Binding Alginate Hydrogel: A
6-month Study in a Mini-Pig Model of Osteochondral Defects. J. Orthopaedic
Translation 16, 40-52. doi:10.1016/j.jot.2018.08.003

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

23

March 2022 | Volume 10 | Article 810880


https://doi.org/10.1016/j.biomaterials.2006.01.022
https://doi.org/10.1016/j.jot.2019.06.001
https://doi.org/10.1007/s40843-017-9063-6
https://doi.org/10.3389/fbioe.2021.757767
https://doi.org/10.1186/s13075-020-02382-x
https://doi.org/10.1186/s13075-020-02382-x
https://doi.org/10.1016/j.matdes.2021.110049
https://doi.org/10.1016/j.matdes.2021.110049
https://doi.org/10.1002/jor.1100160309
https://doi.org/10.1128/mcb.15.7.3479
https://doi.org/10.1128/mcb.15.7.3479
https://doi.org/10.1093/rb/rbaa022
https://doi.org/10.1016/j.bone.2005.02.005
https://doi.org/10.1016/j.biomaterials.2007.02.003
https://doi.org/10.1016/j.bone.2020.115686
https://doi.org/10.1016/j.bone.2020.115686
https://doi.org/10.1002/jor.20359
https://doi.org/10.1007/s00586-008-0799-2
https://doi.org/10.1016/j.msec.2021.112182
https://doi.org/10.1046/j.1365-2443.2002.00599.x
https://doi.org/10.1002/jor.24491
https://doi.org/10.1016/j.bjoms.2017.07.017
https://doi.org/10.1016/j.bjoms.2017.07.017
https://doi.org/10.1016/j.jconrel.2007.03.018
https://doi.org/10.1074/jbc.273.4.1872
https://doi.org/10.3390/ijms21217967
https://doi.org/10.3390/ijms21217967
https://doi.org/10.1016/j.joms.2016.12.005
https://doi.org/10.1155/2016/6530624
https://doi.org/10.1359/jbmr.050708
https://doi.org/10.1172/jci15153
https://doi.org/10.1242/jcs.00970
https://doi.org/10.1242/jcs.00970
https://doi.org/10.1002/dvdy.23992
https://doi.org/10.1002/jbmr.3474
https://doi.org/10.1097/00007632-200208151-00010
https://doi.org/10.1097/00007632-200208151-00010
https://doi.org/10.1002/jbm.b.34376
https://doi.org/10.1002/jbm.b.34376
https://doi.org/10.1016/j.ijbiomac.2021.05.148
https://doi.org/10.1016/j.ijbiomac.2021.05.148
https://doi.org/10.1359/jbmr.2003.18.10.1842
https://doi.org/10.1359/jbmr.2003.18.10.1842
https://doi.org/10.1002/adhm.201600187
https://doi.org/10.1006/dbio.1994.1022
https://doi.org/10.1016/j.spinee.2009.04.004
https://doi.org/10.1016/j.jot.2018.08.003
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhu et al.

Sang, Y., Zang, W,, Yan, Y., Liu, Y., Fu, Q, Wang, K,, et al. (2014). Study of
Differential Effects of TGF-beta3/BMP2 on Chondrogenesis in MSC Cells by
Gene Microarray Data Analysis. Mol. Cel Biochem 385 (1-2), 191-198. doi:10.
1007/s11010-013-1827-z

Sayama, C., Hadley, C., Monaco, G. N., Sen, A., Brayton, A., Bricefio, V., et al.
(2015). The Efficacy of Routine Use of Recombinant Human Bone
Morphogenetic Protein-2 in Occipitocervical and Atlantoaxial Fusions of
the Pediatric Spine: a Minimum of 12 Months® Follow-Up with Computed
Tomography. J. Neurosurg. Pediatr. 16 (1), 14-20. doi:10.3171/2015.2.
Peds14533

Seo, B.-B., Koh, J.-T., and Song, S.-C. (2017). Tuning Physical Properties and BMP-
2 Release Rates of Injectable Hydrogel Systems for an Optimal Bone
Regeneration Effect. Biomaterials 122, 91-104. doi:10.1016/j.biomaterials.
2017.01.016

Seo, J.-p., Tsuzuki, N., Haneda, S., Yamada, K., Furuoka, H., Tabata, Y., et al.
(2014). Osteoinductivity of Gelatin/p-Tricalcium Phosphate Sponges Loaded
with Different Concentrations of Mesenchymal Stem Cells and Bone
Morphogenetic Protein-2 in an Equine Bone Defect Model. Vet. Res.
Commun. 38 (1), 73-80. doi:10.1007/s11259-013-9587-5

Shen, X, Zhang, Y., Gu, Y., Xu, Y,, Liu, Y., Li, B, et al. (2016). Sequential and
Sustained Release of SDF-1 and BMP-2 from Silk Fibroin-Nanohydroxyapatite
Scaffold for the Enhancement of Bone Regeneration. Biomaterials 106,
205-216. doi:10.1016/j.biomaterials.2016.08.023

Shu, B., Zhang, M., Xie, R., Wang, M., Jin, H., Hou, W,, et al. (2011). BMP2, but Not
BMP4, Is Crucial for Chondrocyte Proliferation and Maturation during
Endochondral Bone Development. J. Cel Sci. 124 (20), 3428-3440. doi:10.
1242/jcs.083659

Shum, L., Wang, X,, Kane, A. A,, and Nuckolls, G. H. (2003). BMP4 Promotes
Chondrocyte Proliferation and Hypertrophy in the Endochondral Cranial Base.
Int. ]. Dev. Biol. 47 (6), 423-431. http://www.ijdb.ehu.es/web/paper.php?doi=
14598792

Singh, K., Nandyala, S. V., Marquez-Lara, A., Cha, T. D., Khan, S. N, Fineberg, S. .,
et al. (2013). Clinical Sequelae after rhBMP-2 Use in a Minimally Invasive
Transforaminal Lumbar Interbody Fusion. Spine J. 13 (9), 1118-1125. doi:10.
1016/j.spinee.2013.07.028

Singh, R., Bleibleh, S., Kanakaris, N. K., and Giannoudis, P. V. (2016). Upper Limb
Non-unions Treated with BMP-7: Efficacy and Clinical Results. Injury 47,
$33-S539. do0i:10.1016/s0020-1383(16)30837-3

Snelling, S. J. B., Hulley, P. A., and Loughlin, J. (2010). BMP5 Activates Multiple
Signaling Pathways and Promotes Chondrogenic Differentiation in the ATDC5
Growth Plate Model. Growth Factors 28 (4), 268-279. doi:10.3109/
08977191003752296

Sojo, K, Sawaki, Y., Hattori H., Mizutani, H, and Ueda, M. (2005).
Immunohistochemical Study of Vascular Endothelial Growth Factor (VEGF)
and Bone Morphogenetic Protein-2, -4 (BMP-2, -4) on Lengthened Rat Femurs.
J. Craniomacxillofac. Surg. 33 (4), 238-245. doi:10.1016/j.jcms.2005.02.004

Song, Y., Ju, Y., Morita, Y., Xu, B., and Song, G. (2014). Surface Functionalization of
Nanoporous Alumina with Bone Morphogenetic Protein 2 for Inducing
Osteogenic Differentiation of Mesenchymal Stem Cells. Mater. Sci. Eng. C
37, 120-126. doi:10.1016/j.msec.2014.01.004

Stiel, N., Stuecker, R., Kunkel, P., Ridderbusch, K., Hagemann, C., Breyer, S., et al.
(2018). Treatment of Pediatric Spinal Deformity with Use of Recombinant
Human Bone Morphogenetic Protein-2. J. Mater. Sci. Mater. Med. 29 (7), 6.
doi:10.1007/s10856-018-6104-y

Strong, A. L., Spreadborough, P. J., Dey, D., Yang, P., Li, S., Lee, A, et al. (2021).
BMP Ligand Trap ALK3-Fc Attenuates Osteogenesis and Heterotopic
Ossification in Blast-Related Lower Extremity Trauma. Stem Cell Develop.
30 (2), 91-105. doi:10.1089/s¢d.2020.0162

Subbiah, R., Cheng, A., Ruehle, M. A., Hettiaratchi, M. H., Bertassoni, L. E., and
Guldberg, R. E. (2020). Effects of Controlled Dual Growth Factor Delivery on
Bone Regeneration Following Composite Bone-Muscle Injury. Acta Biomater.
114, 63-75. doi:10.1016/j.actbio.2020.07.026

Sul, Y.-T., Johansson, C. B., Petronis, S., Krozer, A., Jeong, Y., Wennerberg, A., et al.
(2002). Characteristics of the Surface Oxides on Turned and Electrochemically
Oxidized Pure Titanium Implants up to Dielectric Breakdown:. Biomaterials 23
(2), 491-501. doi:10.1016/50142-9612(01)00131-4

Suttapreyasri, S., Koontongkaew, S., Phongdara, A., and Leggat, U. (2006).
Expression of Bone Morphogenetic Proteins in normal Human

Application of BMP in Orthopaedics

Intramembranous and Endochondral Bones. Int. J. Oral Maxillofac. Surg. 35
(5), 444-452. doi:10.1016/j.iom.2006.01.021

Taghavi, M., Parham, A., and Raji, A. (2020). The Combination of TGF-B3 and
BMP-6 Synergistically Promotes the Chondrogenic Differentiation of Equine
Bone Marrow-Derived Mesenchymal Stem Cells. Int. J. Pept. Res. Ther. 26 (2),
727-735. doi:10.1007/s10989-019-09880-w

Tan, K. H,, Chua, C. K,, Leong, K. F,, Cheah, C. M., Cheang, P., Abu Bakar, M. S.,
et al. (2003). Scaffold Development Using Selective Laser Sintering of
Polyetheretherketone-Hydroxyapatite Biocomposite Blends. Biomaterials 24
(18), 3115-3123. doi:10.1016/s0142-9612(03)00131-5

Taniguchi, N., Fujibayashi, S., Takemoto, M., Sasaki, K., Otsuki, B., Nakamura, T.,
et al. (2016). Effect of Pore Size on Bone Ingrowth into Porous Titanium
Implants Fabricated by Additive Manufacturing: An In Vivo experiment.
Mater. Sci. Eng. C 59, 690-701. doi:10.1016/j.msec.2015.10.069

Tao, B,, Deng, Y., Song, L., Ma, W., Qian, Y., Lin, C,, et al. (2019). BMP2-loaded
Titania Nanotubes Coating with pH-Responsive Multilayers for Bacterial
Infections Inhibition and Osteogenic Activity Improvement. Colloids Surf. B:
Biointerfaces 177, 242-252. doi:10.1016/j.colsurfb.2019.02.014

Teng, F.-Y,, Tai, L-C,, Ho, M.-L., Wang, J.-W., Weng, L. W., Wang, Y. J,, et al.
(2019). Controlled Release of BMP-2 from Titanium with Electrodeposition
Modification Enhancing Critical Size Bone Formation. Mater. Sci. Eng. C 105,
109879. doi:10.1016/j.msec.2019.109879

Teotia, A. K., Raina, D. B, Singh, C,, Sinha, N., Isaksson, H., Té4gil, M., et al. (2017).
Nano-Hydroxyapatite Bone Substitute Functionalized with Bone Active
Molecules for Enhanced Cranial Bone Regeneration. ACS Appl. Mater. Inter.
9 (8), 6816-6828. doi:10.1021/acsami.6b14782

Toprak, O., Topuz, B., Monsef, Y. A., Oto, G., Orhan, K., and Karakegili, A. (2021).
BMP-6 Carrying Metal Organic Framework-Embedded in Bioresorbable
Electrospun Fibers for Enhanced Bone Regeneration. Mater. Sci. Eng. C 120,
111738. doi:10.1016/j.msec.2020.111738

Toth, J. M., Wang, M., Estes, B. T, Scifert, J. L., Seim, H. B., and Turner, A. S.
(2006). Polyetheretherketone as a Biomaterial for Spinal Applications.
Biomaterials 27 (3), 324-334. doi:10.1016/j.biomaterials.2005.07.011

Tsuji, K., Bandyopadhyay, A., Harfe, B. D., Cox, K., Kakar, S., Gerstenfeld, L., et al.
(2006). BMP2 Activity, Although Dispensable for Bone Formation, Is Required
for the Initiation of Fracture Healing. Nat. Genet. 38 (12), 1424-1429. doi:10.
1038/ngl1916

Urist, M. R. (1965). Bone: Formation by Autoinduction. Science 150 (3698),
893-899. doi:10.1126/science.150.3698.893

Vaidya, R,, Sethi, A., Bartol, S., Jacobson, M., Coe, C., and Craig, J. G. (2008).
Complications in the Use of rhBMP-2 in PEEK Cages for Interbody Spinal
Fusions. J. Spinal Disord. Tech. 21 (8), 557-562. do0i:10.1097/BSD.
0b013e31815¢a897

van Caam, A., Blaney Davidson, E., Garcia de Vinuesa, A., van Geffen, E., van den
Berg, W., Goumans, M.-]., et al. (2015). The High Affinity ALK1-Ligand BMP9
Induces a Hypertrophy-like State in Chondrocytes that Is Antagonized by
TGEB1. Osteoarthritis and Cartilage 23 (6), 985-995. doi:10.1016/j.joca.2015.
02.007

Vantucci, C. E., Krishan, L., Cheng, A., Prather, A., Roy, K., and Guldberg, R. E.
(2021). BMP-2 Delivery Strategy Modulates Local Bone Regeneration and
Systemic Immune Responses to Complex Extremity Trauma. Biomater. Sci.
9 (5), 1668-1682. doi:10.1039/d0bm01728k

von Riiden, C., Morgenstern, M., Hierholzer, C., Hackl, S., Gradinger, F. L.,
Woltmann, A., et al. (2016). The Missing Effect of Human Recombinant
Bone Morphogenetic Proteins BMP-2 and BMP-7 in Surgical Treatment of
Aseptic Forearm Nonunion. Injury 47 (4), 919-924. d0i:10.1016/j.injury.2015.
11.038

von Wilmowsky, C., Vairaktaris, E., Pohle, D., Rechtenwald, T., Lutz, R., Miinstedt,
H., et al. (2008). Effects of Bioactive Glass and B-TCP Containing Three-
Dimensional Laser Sintered Polyetheretherketone Composites on Osteoblastsin
Vitro. J. Biomed. Mater. Res. 87A (4), 896-902. doi:10.1002/jbm.a.31822

Wang, D,, Jiang, X,, Lu, A., Tu, M., Huang, W., and Huang, P. (2018). BMP14
Induces Tenogenic Differentiation of Bone Marrow Mesenchymal Stem Cells In
Vitro. Exp. Ther. Med. 16 (2), 1165-1174. doi:10.3892/etm.2018.6293

Wang, H,, Hu, Y., He, F,, Li, L., Li, P.-P., Deng, Y., et al. (2019). All-trans Retinoic
Acid and COX-2 Cross-Talk to Regulate BMP9-Induced Osteogenic
Differentiation via Wnt/p-Catenin in Mesenchymal Stem Cells. Biomed.
Pharmacother. 118, 109279. doi:10.1016/j.biopha.2019.109279

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

24

March 2022 | Volume 10 | Article 810880


https://doi.org/10.1007/s11010-013-1827-z
https://doi.org/10.1007/s11010-013-1827-z
https://doi.org/10.3171/2015.2.Peds14533
https://doi.org/10.3171/2015.2.Peds14533
https://doi.org/10.1016/j.biomaterials.2017.01.016
https://doi.org/10.1016/j.biomaterials.2017.01.016
https://doi.org/10.1007/s11259-013-9587-5
https://doi.org/10.1016/j.biomaterials.2016.08.023
https://doi.org/10.1242/jcs.083659
https://doi.org/10.1242/jcs.083659
http://www.ijdb.ehu.es/web/paper.php?doi=14598792
http://www.ijdb.ehu.es/web/paper.php?doi=14598792
https://doi.org/10.1016/j.spinee.2013.07.028
https://doi.org/10.1016/j.spinee.2013.07.028
https://doi.org/10.1016/s0020-1383(16)30837-3
https://doi.org/10.3109/08977191003752296
https://doi.org/10.3109/08977191003752296
https://doi.org/10.1016/j.jcms.2005.02.004
https://doi.org/10.1016/j.msec.2014.01.004
https://doi.org/10.1007/s10856-018-6104-y
https://doi.org/10.1089/scd.2020.0162
https://doi.org/10.1016/j.actbio.2020.07.026
https://doi.org/10.1016/s0142-9612(01)00131-4
https://doi.org/10.1016/j.ijom.2006.01.021
https://doi.org/10.1007/s10989-019-09880-w
https://doi.org/10.1016/s0142-9612(03)00131-5
https://doi.org/10.1016/j.msec.2015.10.069
https://doi.org/10.1016/j.colsurfb.2019.02.014
https://doi.org/10.1016/j.msec.2019.109879
https://doi.org/10.1021/acsami.6b14782
https://doi.org/10.1016/j.msec.2020.111738
https://doi.org/10.1016/j.biomaterials.2005.07.011
https://doi.org/10.1038/ng1916
https://doi.org/10.1038/ng1916
https://doi.org/10.1126/science.150.3698.893
https://doi.org/10.1097/BSD.0b013e31815ea897
https://doi.org/10.1097/BSD.0b013e31815ea897
https://doi.org/10.1016/j.joca.2015.02.007
https://doi.org/10.1016/j.joca.2015.02.007
https://doi.org/10.1039/d0bm01728k
https://doi.org/10.1016/j.injury.2015.11.038
https://doi.org/10.1016/j.injury.2015.11.038
https://doi.org/10.1002/jbm.a.31822
https://doi.org/10.3892/etm.2018.6293
https://doi.org/10.1016/j.biopha.2019.109279
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhu et al.

Wang, J., Zhang, H., Zhang, W., Huang, E., Wang, N., Wu, N, et al. (2014). Bone
Morphogenetic ~ Protein-9  Effectively =~ Induces = Osteo/Odontoblastic
Differentiation of the Reversibly Immortalized Stem Cells of Dental Apical
Papilla. Stem Cell Develop. 23 (12), 1405-1416. doi:10.1089/scd.2013.0580

Wang, L., Xu, W., Chen, Y., and Wang, J. (2019). Alveolar Bone Repair of Rhesus
Monkeys by Using BMP-2 Gene and Mesenchymal Stem Cells Loaded Three-
Dimensional Printed Bioglass Scaffold. Sci. Rep. 9 (1), 18175. doi:10.1038/
541598-019-54551-x

Wang, N, Liu, W., Tan, T., Dong, C.-Q,, Lin, D.-Y., Zhao, J,, et al. (2017). Notch
Signaling Negatively Regulates BMP9-Induced Osteogenic Differentiation of
Mesenchymal Progenitor Cells by Inhibiting JunB Expression. Oncotarget 8
(65), 109661-109674. doi:10.18632/oncotarget.22763

Wang, Q.-W., Chen, Z.-L., and Piao, Y.-J. (2005). Mesenchymal Stem Cells
Differentiate into Tenocytes by Bone Morphogenetic Protein (BMP) 12
Gene Transfer. J. Biosci. Bioeng. 100 (4), 418-422. doi:10.1263/jbb.100.418

Wang, T., Nimkingratana, P., Smith, C. A., Cheng, A., Hardingham, T. E., and
Kimber, S. J. (2019). Enhanced Chondrogenesis from Human Embryonic Stem
Cells. Stem Cel Res. 39, 101497. doi:10.1016/j.scr.2019.101497

Wang, X., Huang, J., Huang, F., Zong, J.-C,, Tang, X, Liu, Y., et al. (2017). Bone
Morphogenetic Protein 9 Stimulates Callus Formation in Osteoporotic Rats during
Fracture Healing. Mol. Med. Rep. 15 (5), 2537-2545. doi:10.3892/mmr.2017.6302

Wu, J.,, Li, L, Fu, C, Yang, E, Jiao, Z., Shi, X,, et al. (2018). Micro-porous
Polyetheretherketone Implants Decorated with BMP-2 via Phosphorylated
Gelatin  Coating for Enhancing Cell Adhesion and Osteogenic
Differentiation. Colloids Surf. B: Biointerfaces 169, 233-241. doi:10.1016/j.
colsurfb.2018.05.027

Wu, J,, Liu, Y., Cao, Q., Yu, T., Zhang, J., Liu, Q., et al. (2020). Growth Factors
Enhanced Angiogenesis and Osteogenesis on Polydopamine Coated Titanium Surface
for Bone Regeneration. Mater. Des. 196, 109162. doi:10.1016/j.matdes.2020.109162

Wu, M,, Chen, G., and Li, Y.-P. (2016). TGE-p and BMP Signaling in Osteoblast,
Skeletal Development, and Bone Formation, Homeostasis and Disease. Bone
Res. 4, 16009. doi:10.1038/boneres.2016.9

Wu, S, Xiao, Z., Song, J., Li, M., and Li, W. (2018). Evaluation of BMP-2 Enhances
the Osteoblast Differentiation of Human Amnion Mesenchymal Stem Cells
Seeded on Nano-Hydroxyapatite/Collagen/Poly(L-Lactide). Int. J. Mol. Sci. 19
(8), 2171. doi:10.3390/ijms19082171

Wu, W,, Geng, P., Li, G., Zhao, D., Zhang, H., and Zhao, J. (2015). Influence of
Layer Thickness and Raster Angle on the Mechanical Properties of 3D-Printed
PEEK and a Comparative Mechanical Study between PEEK and ABS. Materials
8 (9), 5834-5846. doi:10.3390/ma8095271

Xu, K, Sun, Y., Kh Al-ani, M., Wang, C.,, Sha, Y., Sung, K. P., et al. (2018).
Synergistic Promoting Effects of Bone Morphogenetic Protein 12/connective
Tissue Growth Factor on Functional Differentiation of Tendon Derived Stem
Cells and Patellar Tendon Window Defect Regeneration. J. Biomech. 66,
95-102. doi:10.1016/j.jbiomech.2017.11.004

Xu, Y., Peng, J., Richards, G., Lu, S., and Eglin, D. (2019). Optimization of
Electrospray  Fabrication of Stem Cell-Embedded Alginate-Gelatin
Microspheres and Their Assembly in 3D-Printed Poly(e-Caprolactone)
Scaffold for Cartilage Tissue Engineering. J. Orthopaedic Translation 18,
128-141. doi:10.1016/j.,j0t.2019.05.003

Yamamoto, N., Akiyama, S., Katagiri, T., Namiki, M., Kurokawa, T., and Suda, T.
(1997). Smadl and Smad5 Act Downstream of Intracellular Signalings of BMP-
2 that Inhibits Myogenic Differentiation and Induces Osteoblast Differentiation
in C2C12 Myoblasts. Biochem. biophysical Res. Commun. 238 (2), 574-580.
doi:10.1006/bbrc.1997.7325

Yan, X,, Zhou, Z., Guo, L., Zeng, Z., Guo, Z., Shao, Q. et al. (2018). BMP7-
overexpressing Bone Marrow-derived Mesenchymal Stem Cells (BMSCs) Are
More Effective Than Wild-type BMSCs in Healing Fractures. Exp. Ther. Med.
16 (2), 1381-1388. doi:10.3892/etm.2018.6339

Yang, J., Kitami, M., Pan, H., Nakamura, M. T., Zhang, H., Liu, F,, et al. (2021).
Augmented BMP Signaling Commits Cranial Neural Crest Cells to a
Chondrogenic Fate by Suppressing Autophagic p-catenin Degradation. Sci.
Signal. 14 (665), 18. doi:10.1126/scisignal.aaz9368

Ye, F.,, Xu, H., Yin, H., Zhao, X,, Li, D., Zhu, Q, et al. (2019). The Role of BMP6 in
the Proliferation and Differentiation of Chicken Cartilage Cells. Plos One 14 (7),
€0204384. doi:10.1371/journal.pone.0204384

Application of BMP in Orthopaedics

Yokouchi, Y., Sakiyama, J., Kameda, T., Iba, H., Suzuki, A., Ueno, N,, et al. (1996).
BMP-2/-4 Mediate Programmed Cell Death in Chicken Limb Buds.
Development (Cambridge, England) 122 (12), 3725-3734. doi:10.1242/dev.
122.12.3725

Yu, L., Dawson, L. A., Yan, M., Zimmel, K., Lin, Y.-L., Dolan, C. P, et al. (2019).
BMP9 Stimulates Joint Regeneration at Digit Amputation Wounds in Mice.
Nat. Commun. 10, 9. doi:10.1038/s41467-018-08278-4

Yu, Y. Y, Liey, S., Lu, C,, and Colnot, C. (2010). Bone Morphogenetic Protein 2
Stimulates Endochondral Ossification by Regulating Periosteal Cell Fate during
Bone Repair. Bone 47 (1), 65-73. doi:10.1016/j.bone.2010.03.012

Zhang, L., Luo, Q., Shu, Y., Zeng, Z., Huang, B., Feng, Y., et al. (2019).
Transcriptomic Landscape Regulated by the 14 Types of Bone
Morphogenetic ~ Proteins (BMPs) in Lineage Commitment and
Differentiation of Mesenchymal Stem Cells (MSCs). Genes Dis. 6 (3),
258-275. doi:10.1016/j.gendis.2019.03.008

Zhang, T., Wei, Q., Fan, D., Liu, X,, Li, W., Song, C., et al. (2020). Improved
Osseointegration with rhBMP-2 Intraoperatively Loaded in a Specifically
Designed 3D-Printed Porous Ti6Al4V Vertebral Implant. Biomater. Sci. 8
(5), 1279-1289. doi:10.1039/c9bm01655d

Zhang, W.-Z., Lan, T, Nie, C.-H., Guan, N.-N,, and Gao, Z.-X. (2018).
Characterization and Spatiotemporal Expression Analysis of Nine Bone
Morphogenetic  Protein Family Genes during Intermuscular Bone
Development in blunt Snout Bream. Gene 642, 116-124. doi:10.1016/j.gene.
2017.11.027

Zhang, W., Yuan, Z., Meng, X., Zhang, J., Long, T., Yaochao, Z., et al. (2020).
Preclinical Evaluation of a Mini-Arthroplasty Implant Based
Polyetheretherketone and Ti6AI4V for Treatment of a Focal Osteochondral
Defect in the Femoral Head of the Hip. Biomed. Mater. 15 (5), 055027. doi:10.
1088/1748-605X/ab998a

Zhang, X., Lou, Q., Wang, L., Min, S, Zhao, M., and Quan, C. (2019).
Immobilization of BMP-2-Derived Peptides on 3D-Printed Porous Scaffolds
for Enhanced Osteogenesis. Biomed. Mater. 15 (1), 015002. doi:10.1088/1748-
605X/ab4c78

Zhao, C,, Jiang, W., Zhou, N,, Liao, J., Yang, M., Hu, N, et al. (2017). Sox9
Augments BMP2-Induced Chondrogenic Differentiation by Downregulating
Smad7 in Mesenchymal Stem Cells (MSCs). Genes Dis. 4 (4), 229-239. doi:10.
1016/j.gendis.2017.10.004

Zhao, X., Han, Y., Li, J., Cai, B, Gao, H., Feng, W., et al. (2017). BMP-2
Immobilized PLGA/hydroxyapatite Fibrous Scaffold via Polydopamine
Stimulates Osteoblast Growth. Mater. Sci. Eng. C 78, 658-666. doi:10.1016/j.
msec.2017.03.186

Zhong, J., Guo, B, Xie, ., Deng, S., Fu, N, Lin, S, et al. (2016). Crosstalk between
Adipose-Derived Stem Cells and Chondrocytes: when Growth Factors Matter.
Bone Res. 4, 10. doi:10.1038/boneres.2015.36

Zhu, Z., Li, X,, Li, Y., Zhu, L., Zhu, C,, Che, Z, et al. (2021). Three-dimensionally
Printed Porous Biomimetic Composite for Sustained Release of Recombinant
Human Bone Morphogenetic Protein 9 to Promote Osteointegration. Mater.
Des. 208, 109882. doi:10.1016/j.matdes.2021.109882

on

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhu, Liu, Wang, Zhu, Li, Zhu, Che, Liu, Liu and Huang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

25

March 2022 | Volume 10 | Article 810880


https://doi.org/10.1089/scd.2013.0580
https://doi.org/10.1038/s41598-019-54551-x
https://doi.org/10.1038/s41598-019-54551-x
https://doi.org/10.18632/oncotarget.22763
https://doi.org/10.1263/jbb.100.418
https://doi.org/10.1016/j.scr.2019.101497
https://doi.org/10.3892/mmr.2017.6302
https://doi.org/10.1016/j.colsurfb.2018.05.027
https://doi.org/10.1016/j.colsurfb.2018.05.027
https://doi.org/10.1016/j.matdes.2020.109162
https://doi.org/10.1038/boneres.2016.9
https://doi.org/10.3390/ijms19082171
https://doi.org/10.3390/ma8095271
https://doi.org/10.1016/j.jbiomech.2017.11.004
https://doi.org/10.1016/j.jot.2019.05.003
https://doi.org/10.1006/bbrc.1997.7325
https://doi.org/10.3892/etm.2018.6339
https://doi.org/10.1126/scisignal.aaz9368
https://doi.org/10.1371/journal.pone.0204384
https://doi.org/10.1242/dev.122.12.3725
https://doi.org/10.1242/dev.122.12.3725
https://doi.org/10.1038/s41467-018-08278-4
https://doi.org/10.1016/j.bone.2010.03.012
https://doi.org/10.1016/j.gendis.2019.03.008
https://doi.org/10.1039/c9bm01655d
https://doi.org/10.1016/j.gene.2017.11.027
https://doi.org/10.1016/j.gene.2017.11.027
https://doi.org/10.1088/1748-605X/ab998a
https://doi.org/10.1088/1748-605X/ab998a
https://doi.org/10.1088/1748-605X/ab4c78
https://doi.org/10.1088/1748-605X/ab4c78
https://doi.org/10.1016/j.gendis.2017.10.004
https://doi.org/10.1016/j.gendis.2017.10.004
https://doi.org/10.1016/j.msec.2017.03.186
https://doi.org/10.1016/j.msec.2017.03.186
https://doi.org/10.1038/boneres.2015.36
https://doi.org/10.1016/j.matdes.2021.109882
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Application of BMP in Bone Tissue Engineering
	1 Introduction
	2 Advanced Research Progress on the Biological Function of BMPs in the Field of Orthopaedics
	2.1 Cartilage Formation
	2.2 Bone Formation
	2.3 Tendon/Ligament Healing
	2.4 Blood Vessel Formation
	2.5 BMP Derived Peptide
	2.6 BMPs With Other Active Substances

	3 Applications of BMPs in Bone Tissue Engineering
	3.1 BMPs Combined With Scaffolds
	3.1.1 Loading and Releasing BMPs From Scaffolds
	3.1.2 Connecting the Bone Defect Site and Promoting Bone Formation
	3.1.3 Supporting the Growth of New Blood Vessels

	3.2 Loading Strategies of BMPs
	3.2.1 Nanoparticle/Microsphere
	3.2.2 Hydrogel
	3.2.3 Chemical Modification

	3.3 Structural Characteristics of BMP- Loaded Scaffolds
	3.3.1 Porous Structure
	3.3.2 Coating

	3.4 Loading of BMPs in Different Biomaterials
	3.4.1 Metals Based Composite Scaffolding System
	3.4.2 Inorganic Salts Based Composite Scaffolding System
	3.4.3 Hydrogels Based Composite Scaffolding System
	3.4.4 Synthetic Polymers Based Composite Scaffolding System


	4 Clinical Applications of BMPs
	4.1 Open or Nonunion Fractures
	4.2 Vertebral Fusion
	4.3 Maxillofacial Bone Enhancement

	5 Current Limitations and Future Perspectives
	6 Conclusion
	Author Contributions
	Funding
	References


