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Abstract

Bone regeneration using bioactive molecules and biocompatible materials is growing steadily with
the advent of the new findings in cellular signaling. Bone Morphogenetic Protein (BMP)-9 is a
considerably recent discovery from the BMP family that delivers numerous benefits in
osteogenesis. The Smad cellular signaling pathway triggered by BMPs is often inhibited by
Noggin. However, BMP-9 is resistant to Noggin, thus, facilitating a more robust cellular
differentiation of osteoprogenitor cells into preosteoblasts and osteoblasts. This review
encompasses a general understanding of the Smad signaling pathway activated by the BMP-9
ligand molecule with its specific receptors. The robust osteogenic cellular differentiation cue
provided by BMP-9 has been reviewed from a bone regeneration perspective with several in vitro
as well as /n vivo studies reporting promising results for future research. The effect of the
biomaterial, chosen in such studies as the scaffold or carrier matrix, on the activity of BMP-9 and
subsequent bone regeneration has been highlighted in this review. The non-viral delivery technique
for BMP-9 induced bone regeneration is a safer alternative to its viral counterpart. The recent
advances in non-viral BMP-9 delivery have also highlighted the efficacy of the protein molecule at
a low dosage. This opens a new horizon as a more efficient and safer alternative to BMP-2, which
was prevalent among clinical trials; however, BMP-2 applications have reported its downsides
during bone defect healing such as cystic bone formation.
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1. Introduction

One of the key tissue systems inside our body, the skeletal system, is crafted synchronously
from bones. The bones inside our body comprise of a major portion as minerals and the
remaining component of non-mineral organic matrix. The bone performs a myriad of critical
functions inside the body that range from providing the body with the needed structural
integrity, facilitation of locomotor abilities, protection of vital organs, an integument for
bone marrow that facilitates blood cell synthesis, and as a sump for storing essential
minerals such as phosphorous and calcium in the body [1-5]. Five primary kinds of cells
formulate the bone tissue: pre-osteoblasts, osteoblasts, osteoclasts, osteocytes, and bone-
lining cells. A constant phenomenon of bone absorption and redeposition, known as
remodeling, occurs within the body that is facilitated by these cells as a response to new
stress. The remodeling process is triggered with the resorption of the existing bone by
osteoclasts, followed by new bone deposition by osteoblasts; there is a brief reversible
transition phase between the resorption and redeposition. The osteocytes play a crucial role
in facilitating this remodeling process with their mechano-transduction property. The bone-
lining cells cover the existing bone that needs to be excluded in that current remodeling
trigger. [6-12].

The remodeling of bone is a constant process, however, critical-sized bone defects caused
usually by trauma are difficult to heal by the natural body processes and require the use of
auxiliary bone regeneration techniques. Functional bone grafting has seen a spike in its
demand across the globe due to the increasing cases of bone disorders. About 15 million
patients with bone-related disorders spend approximately $45 billion annually worldwide.
The United States alone sees an approximate expenditure of $2.5 billion from around 1.6
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million patients annually. These patients include osteoporotic defects of the bone as well as
trauma-related fractures [13-15]. Autografting, which uses the bone tissue harvested from
the patient, is a common technique for the treatment of bone defects. The induction of
osteogenesis by the cells already present within the autograft facilitates the formation of new
bone in the defect site. Such a technique facilitates bone formation as it provides a porous
three-dimensional scaffold structure that promotes angiogenesis as well as differentiation of
stem cells. Allografting is another technique that utilizes extracted bone tissue from a donor
or cadaver. Allografting also provides essential cues such as bone morphogenetic proteins
(BMPs) that facilitate the differentiation of stem cells to osteoprogenitor cells [16].
However, several limitations such as immunogenicity, inadequate blood supply, pain,
infection, donor site morbidity, scarring, bleeding, and inadequate supply of grafts, etc. pose
a hindrance to autografting and allografting methods [17-26].

In order to overcome the limitations posed by the current standard practices of bone healing,
the use of BMPs is regarded as a favorable method for aiding in the regeneration process of
bone in critical-sized bone defects. BMPs hail from the transforming growth factor-beta
(TGF-B) superfamily and play a critical role in the formation of osteoprogenitor cells from
mesenchymal stem cells (MSCs). In the later 201" century BMPs were first discovered
serendipitously by an orthopaedic surgeon, Dr. Marshall Urist, as BMPs were found to have
induced bone formation in muscle tissue [27-33]. Apart from osteogenesis, BMPs also aid in
several other processes such as hepatocyte proliferation, adipogenesis, angiogenesis etc.
[34-37]. In Bone Tissue Engineering (BTE), adequate bone defect healing relies on the
interaction of the progenitor cells with their respective differentiation cues, viz. BMPs that
are optimally delivered via the use of specifically chosen biomaterial-based scaffold/delivery
systems [38-42]. Several members from the BMP family, such as BMP-2, BMP-7, and
BMP-9, have delivered promising results during bone healing, however, only BMP-9
amongst them possesses the property to resist inhibition of the Smad cellular signaling
pathway induced by Noggin [43-52]. Thus, out of the fourteen (14) BMPs known, BMP-9
was reported as one of the few BMPs as very promising for the derivation of osteoprogenitor
cells from stem cells through differentiation [53]. Several /n vitroand in vivo studies using
BMP-9 have proved its efficacy towards osteogenesis, as well as its resistance to Noggin
[54-57]. BMP-9 induces osteogenesis through a series of signaling pathway cascades that
mediate crosstalk with other intrinsic signaling pathways such as hairy/enhancer-of-split
related with YRPW motif protein 1 (Hey1), cysteine rich with epidermal growth factor
(EGF) like domain 2 (Creld2), Janus kinase (JAK)-signal transducer and activator of
transcription (STAT) pathway, insulin-like growth factor 1 (IGF-1), protein kinase A (PKA)/
cyclic adenosine monophosphate - response element binding protein (CREB) signaling, etc.
[57-63]. This review is drafted around the use of BMP-9 for its property of osteogenic
induction, cell differentiation, and subsequent bone formation. A case by case basis of
review as it pertains to bone regeneration and the use of BMP-9, in both non-viral and viral
vector-based delivery systems has been discussed, along with the effect of the biomaterial on
the osteogenic differentiation of stem cells, if any, and the overall bone regeneration process.
The choice of the biomaterial is a quintessential parameter in facilitating adequate bone
defect healing, and hence this review tries to highlight the intrinsic effect of the biomaterial
in synergy with BMP-9. This review also encompasses the general interaction and signaling
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mechanism of BMP-9 in the osteogenesis signaling pathways. The current literature has a
limited number of resources incorporating the consolidated review of various recent studies
related to BMP-9 and its role in regenerative medicine. A review article dedicated solely to
the application of BMP-9 in recent times for bone tissue regeneration would be beneficial,
especially with an added focus on the biomaterial used for incorporating BMP-9. Therefore,
this review has been designed primarily to address the impact of BMP-9 mediated
osteogenic differentiation and subsequent bone regeneration on the specific field of bone
tissue regeneration.

2. Cellular Signaling and Interaction of BMP-9

Mechanism of Smad Pathway and Resistance to Noggin

BMP-9 communicates within the cellular signaling mechanism through certain specific as
well as non-specific cellular signaling pathways. The activation of the intracellular mediator
Smad is the key target of the BMP-9 signaling cascade. The signaling cascade for BMP-9
gets triggered when the BMP ligand binds with the heterodimer of type | and type 1l BMP
receptor (BMPR). The binding of the ligand to its receptor triggers the phosphorylation of
Smad 1 or its homologues Smad 5 or Smad 8 within the cytoplasm that further forms a
heterodimer with cytoplasmic Smad 4 and translocate to the nucleus to activate the target
genes, as shown in Figure 1 (1) [37, 64-66]. The Smad 4 complex with Smad 1/5/8 is a key
component of this signaling cascade that facilitates the nuclear translocation of the Smad
complex, which is evident from Figure 1 (I1); the study incorporated recombinant
adenoviruses expressing siRNA targeted Smad 4 (si-Smad 4) as Smad 4 knockdown, with
adenoviruses expressing only green fluorescence protein or red fluorescence protein as a
negative control (NC), and uninfected cells as Blank. During this process of triggering the
Smad signaling pathway, type | TGF-B receptors, such as anaplastic lymphoma kinase
(ALK) 1 and ALK 2, facilitate Smad activation along with BMP; whereas dominant negative
type 1l TGF-p receptors, such as dominant negative BMP receptor type 11 (DN-BMPRII),
dominant negative activin receptor type Il (DN-ActRII), and dominant negative activin
receptor type 11B (DN-ACtRIIB), have been reported to be inhibitors of the Smad activation
sequence, thus downregulating the activity of BMP; thereby exhibiting the significant
functionality of both types of receptors in the osteogenic differentiation of stem cells using
BMP-9. Moreover, the mitogen activated protein kinase (MAPK) p38 has a significant
influence over the phosphorylation of Smad, which in turn upregulates the BMP activity.
However, this sequence of Smad phosphorylation is downregulated or inhibited by
extracellular signal-regulated kinases (ERK) 1/2 [67-73].

A known antagonist of BMPs, Noggin, is a glycoprotein that was initially identified as a part
of the Spermann organizer and induces the formation of neural tissue; Noggin has a
molecular mass of around 64 kDa [74-77]. The mechanism of inhibition of the BMP
signaling pathway by Noggin is reported to occur by binding to the ligand domains in type |
and Il BMPR, thereby blocking all binding sites for incoming BMP ligands [78]. However,
studies have shown that Noggin does not affect the osteogenic function of BMP-9, unlike
some other BMPs such as BMP 2/4/5/6/7 [75, 79]. It has been reported that BMP-9
stimulated cell lines had shown a high ALP activity as compared to BMP 2/4/6/7 stimulated
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cells [45]. The advantages of BMP-9 over BMP-2 as evident from notable studies have been
summarized in Table 1. As shown in Figure 2 (IA — d), the nuclear translocation of Smad
1/5/8 was facilitated in the presence of BMP-9 in comparison BMP-2; thus, displaying
resistance of BMP-9 to the inhibitory action triggered by Noggin in comparison to BMP 2
Figure 2 (IA - b). The resistance of BMP-9 to Noggin inhibition was also reported for the
expression of Smad 6 and Smad 7, as shown in Figure 2 (1B). Moreover, BMP-9 stimulated
muscle precursor cell line C2C12 or Mouse Embryonic Fibroblasts (MEF) displayed
formation of larger ectopic bone, as compared to BMP 2/4/6/7 that showed smaller or
negligible ectopic bone formation, as shown in Figure 2 (11A); this also highlights the
significant inhibitory function of Noggin on the other BMPs except BMP-9. Hematoxylin
and Eosin (H&E) staining results showed that BMP-9 was able to induce the bone formation
in both cell lines, C2C12 - Figure 2 (11B) and MEFs - Figure 2 (11C), in the absence and
presence of Noggin as shown in Figure 2 (Il — a vs. d). However, a noticeable reduction in
the bone matrix was assessed through trichrome staining for bone formation with the
presence of Noggin Figure 2 (11C —a vs. d). Further, immunohistochemical staining using
antibodies against osteopontin (OPN) and osteocalcin (OCN) proved that those late
osteogenic markers were also resistant towards the inhibitory effect of Noggin [45].

2.2. Mediators that Influence BMP-9 Induced Osteogenesis

One of the key transcription factors activated by the BMP-9/SMAD signaling pathway is
runt-related (RUNX2). RUNX2 is widely known for its quintessential functionality during
bone formation from several studies [83-87]. The RUNX proteins have denoted the crosstalk
of microRNAs (miRNAs) during osteogenesis. miRNAs are RNAS, approximately 22
nucleotides long, that are not involved in coding and their function is to act as down-
regulators of post-transcriptional activity by the degradation of target mMRNA,; this has been
assessed as a key event in the bone formation process [88]. Another study using bone
marrow MSCs (BMMSCs) and miRNA-21 displayed enhanced osteogenic differentiation of
the BMMSCs with miRNA-21 upregulation [89]. Whereas, miRNA-21 knockout samples
showed reduced osteogenesis of the BMMSC:s; this proved the significant effect that
miRNA-21 has on the osteogenic differentiation pathway. Smad 7, which is known for its
inhibitory effect on the BMP signaling pathway by regulating the intensity of the
phosphorylated SMAD 1/5/8/ signaling cascade, is reported to be a target for the miRNA-21
[89, 90]. miRNA-21 inhibits the translation of Smad 7 by targeting the 3’-UTR of Smad 7
mRNA. Knocking down of miRNA-21 expressed an increase in Smad 7 which further
influences phosphorylation of Smad 1/5/8. Excessive Smad 7 reduces RUNX2 expression
which results in poor osteogenic differentiation of the stem cells and therefore lower bone
growth. These results have been confirmed using histology of regenerated bone as shown in
Figure 3 in an in vivo experiment comparing wild-type mice with MiR-21 knockouts [89].
Also, other studies have reported that a few other members of the RUNX family, namely
RUNX1 and RUNXS3 are also key players in the BMP-9 induced osteogenic differentiation
of stem cells [91, 92].

Inhibitors of differentiation (1ds) helix-loop-helix (HLH) factors are another set of proteins
that are expressed ubiquitously and are affected by BMP-9 induced osteogenic signaling. Ids
were initially discovered as inhibitors of basic HLH (bHLH) transcription factors coupling
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with muscle-specific gene expressions. The cytosine (C), adenine (A), nucleotide (N),
guanine (G), and thymine (T) containing CANNTG promoter element region is the target for
the transcription of genes by bHLH dimerization. As inhibitors, 1ds bind with the bHLH
which in turn prevents the DNA binding and subsequent gene transcription [93-101]. It is
known that Id genes 1/2/3 are upregulated by BMP-9 stimulated stem cells. It was also
found that the knockdown of 1d genes had a significant effect on the osteogenic
differentiation induced by BMP-9. These Ids are expressed at the onset of cell stimulation by
BMPs only rather than at the terminal phase of the cell differentiation process.
Overexpression of these Ids has been reported as a cause for reduced formation of
osteoblasts and enhanced proliferation rate of cells. These Id genes have been also reported
to be dependent on the Smad 4 signaling pathway [55, 102].

The Hairy/Enhancer of split-related proteins (HERP) belongs to the family of bHLH
proteins that are part of the BMP-9 signaling pathway. The Notch signaling pathway that
decides the fate of a cell also directly triggers HERP and the primary function of HERP is to
act as a repressor of transcriptional activity [32, 103-105]. Hey?2 protein, from the HERP
family, shows a spatio-temporal pattern for expression and has been discovered during the
embryonic development stages of the craniofacial area, the heart, somite, and the nervous
system [106, 107]. A study on pluripotent MSCs using BMP-9 induced cell differentiation
methodology showed a significant upregulation of Hey1 expression at the onset of the cell
differentiation process in MSCs [57]. Hey1 was also reported in the same study as the direct
target of the Smad signaling pathway activated by the BMP-9 signaling cascade. It has also
been reported that in the absence of Hey1l, the cell differentiation regime of the pluripotent
MSCs take a chondrogenic route, whereas, the presence of Hey1 enhances the bone matrix
mineralization during BMP-9 induced cell differentiation and bone development. Also, there
exists a synergy between RUNX2 and Hey1 during BMP-9 induced osteogenic
differentiation, wherein the absence of Hey 1 resulted in a significant reduction of RUNX2
expression. This suggests that RUNX2 may be a downstream element of the signaling
cascade followed by Hey1, and both play a key role in osteogenic differentiation of MSCs
[57].

Connective tissue growth factor (CTGF), is a member of the cysteine-rich multi-modular
protein family known as CCN; CCN acronym has been derived from its first three
discovered members of the protein family comprising of cysteine-rich angiogenic protein 61
(CYR61), connective tissue growth factor (CTGF), and nephroblastoma overexpressed
(NOV). CTGF also plays a key role in the BMP-9 induced signaling pathway along with the
development of bone, scar formation or fibrosis, tumorigenesis, embryogenesis, and
chondrocyte maturation [103, 108-114]. It is known that skeletal dysmorphism is evident
during the absence of CGTF with site-specific aberrations in the formation of bone [112,
115, 116]. The literature states that osteoblast formation from stem cells is regulated jointly
by the BMPs and the Wnt signaling pathway [56]. At the onset of BMP-9 induction, the
upregulation of CTGF was reported through microarray data. However, the upregulation was
diminished to the basal level around day 7. Through gene knockdown studies, the crucial
role of CTGF in BMP-9 induced osteogenic differentiation; although the Wnt3A induced
differentiation was unhindered. Constitutive expression of CTGF reported inhibition of both
BMP-9 as well as Wnt3A osteogenic differentiation. Moreover, the recruitment of MSCs
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and cell migration were enhanced with the exogenous expression of CTGF. The upregulation
of CTGF by BMP-9 and Wnt3A at the early cell differentiation stages is balanced with its
downregulation when adequate preosteoblasts differentiation potential is achieved. The
findings signify the presence of tight regulation in the expression of CTGF during
osteogenic differentiation from MSCs [56].

3. Role of BMP-9 in Bone Tissue Regeneration

3.1. Non-viral Vector Delivery

Non-viral vectors for the delivery of BMPs have been used considerably over the past
twenty years or so. Polymeric materials, mostly cationic, peptides, calcium phosphate,
lipids, several inorganic biocompatible nanomaterials have been reported as some of the
common types of biomaterial for the delivery of genetic information into the target cell
[117]. The positive charge on cationic polymers facilitate the formation of polyplexes with
the negatively charged DNA molecules; polyplexes are transferred to the target cells to
activate specific signaling pathways required for differentiation [118]. Although, the non-
viral vector delivery method poses a disadvantage in the form of low gene transfer efficiency
to target cells, the non-viral delivery of BMP-9 stands as a safer alternative to its viral
counterpart for orthopaedic applications [119]. Non-viral delivery methods prevent
inflammation of surrounding host tissue and/or site morbidity, as compared to the viral
delivery techniques [120]. The inclusion of viral vectors into the genome poses risks related
to mutagenesis and oncogenesis [121].

Several non-viral delivery methods have been utilized in recent literature, as summarized in
Table 2. The peptides derived from BMPs have been used as a low-cost alternative that
mimics recombinant BMPs (rhBMPs) in the past [122, 123]. A unique non-viral BMP-9
delivery method was construed using peptide derived from recombinant BMP-9 (pBMP-9)
to induce osteogenic differentiation in murine preosteoblasts /n vitro [124]. Further studies
were conducted using a scaffold-based delivery method using chitosan and collagen
separately. During in vitro BMP-9 release, high performance liquid chromatography (HPLC)
revealed that after 10 days of incubation around 45% of the pBMP-9 was released from the
chitosan delivery system compared to 75% release of the pBMP-9 from its collagen
counterpart; however, both the delivery methods released around 15% each pBMP-9 after 6
h of incubation. This observation may be attributed to the electrostatic attraction between the
pBMP-9 and the chitosan/collagen polymer system. Moreover, the possible degradation of
the collagen scaffold with time due to attack by metalloproteinases may account for the
faster release of pBMP-9 from collagen over the chitosan delivery model. Thus, it should be
noted that the transport mechanism or release profile of the pBMP-9 from the polymeric
carrier may be dependent on the choice of polymer with regards to its pH, physical structure
that also includes the crosslinking strength and isoelectric point. Also, further insight on the
scaffold morphology, such as surface roughness or hydrophilicity, or zeta potential, maybe
studied for more robust tuning of the release kinetics of the pBMP-9 from natural polymeric
constructs. /n vivo studies on mouse quadricep muscle displayed that only the chitosan
delivery system with rhBMP-9 as well as pBMP-9 managed to induce ectopic bone
formation within day 24; the calcification/muscle ratio of the BMP-9/chitosan delivery
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system was 2.1 to 11.4 times that of the chitosan only control. The ectopic bone formation
may have been aided by the inflammatory response triggered by chitosan over collagen; as
inflammatory cell actions facilitate bone regeneration [125, 126]. However, a wide mouse-
to-mouse variation was reported for the ectopic bone calcification volume. The muscle
samples treated with BMP-9 and the chitosan delivery system were analyzed with H&E
staining or von Kossa or toluidine blue. It revealed mineralization of both the control
rhBMP-9 as well as pBMP-9 samples; concentric circular structures with mineral deposition
was reported for the pBMP-9 samples. Immunolabeling studies conducted with antibodies
directed against Desmin confirmed that the delivery system with BMP-9 and chitosan
invoked disruption of the muscle tissue for the formation of cartilaginous tissue. The
pBMP-9/chitosan delivery system treated samples revealed a lamellar bone structure which
was surrounded by muscle cells that have been degenerated [126]. However, the optimal
dosage of pBMP-9 for bone defect healing is yet to be studied; it may be taken into
consideration that the lamellar structure of the ectopic bone formation hints at a newly
formed bone that conforms closely with the natural bone. Also, it may be hypothesized that
with the existence of a host bone, in the case of a bone defect, the cellular actions leading to
new bone formation may be more robust for the pPBMP-9 in comparison to the ectopic bone
formation in muscles. Another novel study incorporating lipid nanoparticles (LNPs) using
histidine modified octadecylamine and pBMP-9 revealed enhanced osteogenic
differentiation /n vitro as well as in vivo bone growth in osteoporosis induced
ovariectomized (OVX) rat model [127]. The LNPs were characterized and reported to have
an approximate size of 100 nm, and they also exhibited stability in a 2% sodium chloride
solution. The LNPs also displayed stability in DNase | as well as serum. PEGlylation of the
LNPs may be attributed to the stability of the nanoparticles in serum as well as electrolytes;
this improves the residence time of the LNPs in blood,; also, the possible hydrogen bonding
occurring between the ionizable lipid and the pBMP carrier may induce increased LNP
stability too. This facilitates the intravenous administration of pPBMP-9 via the LNPs, as the
bone marrow MSCs are otherwise hard to reach and transfect [127, 128]. Moreover, the
LNPs also showed negligible cytotoxicity /n vitro, using C2C12 cells. The transfection
studies carried out with pBMP-9 using von Kossa staining for calcium deposition indicated
the osteogenic differentiation potential of the BMP-9 on C2C12 cells, as compared to the
naked pDNA transfected cells that showed negative staining. The LNP transfected C2C12
cells were reported to have shown osteoblastic morphology when they reached confluence,
as compared to naked pBMP-9 transfected cells. This also displays the influence of the
delivery system, LNPs in this case for the transfection potential. Moreover, the transfection
efficiency of the LNPs may be attributed to the enhanced endosomal escape that might
facilitate improved cellular signaling. In this regard, it may be noted that the amount of
PEGIylation plays a crucial role in the endosomal acidification as well as significantly
reduce the pBMP-9 uptake by the liver at PEG concentrations less than 2.5 mol%. As shown
in Figure 4, high-resolution X-ray radiograph results revealed that in an /» vivo environment
the radiopacity of the femoral and lumbar vertebral bones increased with the LNPs as
compared to the control group. Moreover, the hip bone region, especially in the epiphysis
and metaphysis regions, displayed trabecular bone growth, as evident from enhanced
radiopacity in those regions in the OV X rats. The cortical bone thickness was also reported
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to have been increased with a reduction in endosteal diameter for the LNPs, as shown in
Figure 4 [127].

Collagen, which is a widely used biomaterial for bone tissue regeneration, has also been
reported as an excellent non-viral carrier for BMP-9. A study using a nanohydroxyapatite
(nHA)/collagen | (Col1)/multi-walled carbon nanotube (MWCNT) 3D scaffold system
loaded with rhBMP-9 has reported very promising results both /n vitroand in vivo with
BMMSCs; the scaffold system has been denoted as nHACM, where nHA —
nanohydroxyapatite, C — collagen I, and M - multi-walled carbon nanotube [129]. The
incorporation of nanofillers, such as nHA and MWCNT, may be noted as enhancers of
physical as well as biological properties of scaffolds. Nanofillers induce enhanced
mechanical properties such as compressive strength and stiffness to the scaffolds; moreover,
these nanofillers are often present in the native bone extracellular matrix (ECM) and they
sometimes act as seed crystals for biomineralization, as in the case of nHA. The 3D
scaffolds were prepared using lyophilization technique, with 1% wt. MWCNT, 2% (w/v)
Col1 that was added with nHA in the ratio of 3:7 (w/w). Cells were observed to have a
random attachment profile across the scaffold, as shown in Figure 5 (I). The adequate 3D
structure of the composite scaffold with the interconnected porous network may be
attributed to the optimal cellular attachment. Moreover, the porous structure of the scaffold
also facilitates adequate nutrient transport that enhances the cellular proliferation and growth
of filopodia or cytoskeletal extensions. However, it should also be kept in mind that the
release of the loaded rhBMP-9 needs to be tuned with the scaffold structure by manipulating
its physical and chemical attributes of the chosen biomaterial, crosslinking, pH, etc. The /n
vitro evaluation of the BMP-9 loaded 3D scaffolds using BMMSCs reported significantly
higher ALP activity for the sample groups treated with nHACM and nHACM + rhBMP-9, as
compared to the control groups. Moreover, Quantitative polymerase chain reaction (QPCR)
results displayed OCN, OPN, AND Collal gene expression enhancement with the nHACM
+ BMP-9 sample group, as compared to the nHACM only group, as shown in Figure 5 (I1);
thus, highlighting the efficacy of BMP-9 in the late osteogenic marker expression and a
viable advantage in osteogenic differentiation /in vitro. However, it may be highlighted that
the utilization of a composite 3D scaffold with Coll and MWCNT may be attributed more
towards the enhanced osteogenic marker expression than just the mere presence of BMP-9 in
the osteogenic environment. Thus, the choice of composite scaffold fabrication material is
quintessential in obtaining adequate bone regeneration. /n7 vivo studies, using Sprague-
Dawley rats, on 8 mm critical-sized cranial defects exhibited the intricate advantage of using
BMP-9 with the 3D scaffold system. The Hounsfield Unit (HU) data revealed the highest
number for the n(HACM + BMP-9 group with BMMSCs. Micro Computed Tomography
(Micro-CT) data also highlighted the advantage of the BMP-9 loaded scaffold group over
the other sample groups in terms of a larger area of new bone formation, as shown in Figure
5 (I11). Further, the histology data, as shown in Figure 5 (1) confirmed these findings on the
efficacy of the BMP-9 loaded scaffold system in terms of new bone development as
compared to the other sample groups. The presence of BMMSCs along with the BMP-9
loaded composite scaffold may be attributed to the complete closure of the /n7 vivo bone
defects; the cellular traffic in the vicinity of the bone defect may be the driving potential in
this case. Thus, it can be inferred that the optimal bone defect implant may be designed with
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stem cell incorporation with the BMP-9 loaded scaffold [129]. Another collagen-based 3D
scaffold, nHA/Col-BMP-9/gelatin microsphere (GM), was prepared through a combined
fabrication method of mixing, crosslinking, and freeze-drying [130]. GMs were prepared by
crosslinking process using glutaraldehyde and Type A gelatin; BMP-9 was encapsulated into
the GMs using an emulsion-solvent diffusion technique [130, 131]. These BMP-9 loaded
GMs were gently added to the nHA/Col polymer blend, followed by freeze-drying. The use
of collagen and nHA may be attributed to their excellent biocompatibility and facilitation in
mimicking native bone (ECM). nHA particles also may be a suitable target for borne
forming cells during mineralization. /n vitro release study of the BMP-9 loaded GMs, using
ELISA, reported an initial burst release for day 1, followed by a more sustained release
profile up to day 13 when it flattened out; the plateau suggested the constant release of
BMP-9 from the GMs up to day 21 with a total release amount reaching 95.59 + 2.82%
cumulatively. Cell attachment, using rat BMMSCs, after 6 h of incubation has been reported
to be significantly higher for the BMP-9 loaded scaffolds, as compared to its counterparts
without BMP-9; however, it has been noted that the scaffolds with BMP-9 went through
more freeze drying cycles than the BMP-9 controls thereby providing more opportunity for
enhanced porous structure. Also, the overall increase in cell attachment with the scaffold
containing groups, compared to the control, suggests that the surface roughness due to the
presence of nHA on the scaffold surface is a core scaffold design aspect. Moreover, ALP
activity on day 7 and 10 have been reported to be significantly higher for the BMP-9 loaded
scaffolds. These findings confirm the efficacy of the BMP-9 loaded scaffold in terms of cell
attachment as well as osteogenic differentiation. /n7 vivo biocompatibility studies verified the
safety and nontoxicity of the scaffolds, as listed in Table 2. The degradation products of the
scaffold did not cause any observable tissue irritation, which further infers biocompatibility
of the scaffold biomaterial [130]. A guided bone regeneration (GBR) study using rhBMP-9
with deproteinized bovine bone mineral (BO) and collagen barrier membrane (BG)
separately in a rabbit GBR model reported increased bone growth in the defects [132]. The
new bone formation in rabbit calvarial defects induced by rhBMP-9 using both the delivery
systems (BO and BG) were assessed to be comparable and significantly enhanced in
comparison to the control groups without rhBMP-9, as inferred from the Micro-CT data.
Histological evaluation of the tissue samples confirmed these findings, however, it also
revealed that a higher new bone formation was observed around the BO group surrounding
the center of the defect area including the BO group that did not have rhBMP-9;
angiogenesis was observed only around the BG sites that contained rhBMP-9 along.
Histomorphometry evaluation of the tissue samples confirmed the new bone formation
potential of both rhBMP-9 containing sample groups. It also revealed the importance of
collagen in the rhBMP-9 induced bone formation as more horizontal bone defect closure,
higher levels of bone marrow region, and smaller regions of soft/connective tissue were
observed for the BG groups containing rhBMP-9. This observation may be explained as the
superior adsorption potential of collagen membrane, as compared to BO which is crafted
from bioceramic material, that also accounts for a more sustained release of the BMP-9;
thus, adequate quantity of BMP-9 was exposed to the incoming bone forming cells over a
considerable longer period of time with the application of collagen based scaffold [132].
Similar results have been reported in several studies with the use of rhBMP-9 and collagen
that highlight the enhanced BMP-9 adsorption potential of collagen and subsequent
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advantage of rhBMP-9 in osteogenesis. Overall, it should be noted that the presence of
collagen serves to facilitate an adequate uptake of the BMP-9 along with a sustained release
profile; this is an major added advantage of using collagen based scaffolds along with the
biomimicry of collagen rich native bone ECM [133-138].

In a study focused on an injectable gel scaffold-based delivery system for rhBMP-9, a
thermoresponsive polymer blended gel system with embedded chitosan microparticles was
used to study the bone regeneration effect [139]. The study incorporated a blend of
methylcellulose and alginate polymers to fabricate the thermosensitive gel system and then
loaded with chitosan microparticles that have been coated with rhBMP-9. The incorporation
of chitosan microparticles may be inferred as a carrier for the rhBMP-9 along with a
possible inflammatory response in the bone defect site that aids in bone defect healing by
increasing cellular traffic. The polymeric gel system of methylcellulose and alginate creates
a hydrogel-based network for housing the BMP-9 coated chitosan microparticles; the
thermosensitive property of methylcellulose being harnessed at physiological temperatures
along with crosslinked alginate for initiation of partial gelling during scaffold delivery. The
burst release mechanism of the coated rhBMP-9 on the microparticles was regulated by the
gel system which was deemed to act as a reservoir for the BMP-9. The release study data,
using enzyme-linked immunosorbent assay (ELISA), reported that only 20% of the coated
rhBMP-9 was released from the gel scaffold within 24 h, thus, exhibiting a sustained release
profile, as shown in Figure 6 (I — A and B). /n vitro studies on 2D culture using human
MSCs (hMSCs) exhibited an increased ALP activity in the presence of rhBMP-9, as
compared to the control group without BMP-9, Figure 6 (I C). The expression of ALP, Coll,
and OCN has also been reported, by using RT-PCR, to have been upregulated at day 7 with
the addition of BMP9, Figure 6 (I — D, E, and F). Thus, osteogenic differentiation of the
hMSCs was evident from the ALP activity, as well as the other gene expression
upregulation, with the BMP-9 mediation. The mineralization induced by the osteogenic
differentiation of the hMSCs were evaluated using Alizarin Red staining on day 14 revealed
a more uniform and denser mineral deposition on the sample group with rhBMP-9, as
compared to the control group without BMP-9. This observation may be attributed solely to
the presence of BMP-9 in combination with the biocompatible hydrogel scaffold. Moreover,
the presence of chitosan may be deemed to have played a crucial part in this osteogenic
differentiation and biomineralization phase along with BMP-9, however, the microparticles
alone with the gel scaffold provided no intrinsic benefit towards mineralization. Bioactivity
analysis of the BMP-9 on the coated microparticles reported that the hMSCs attached and
proliferated more with the microparticles coated with rhBMP-9, as compared to the control
group without BMP-9 at day 3 and 7, thus, highlighting the role of BMP-9 as a cellular cue
for attachment and proliferation. Ectopic bone formation at the subcutaneous site was
reported to be significantly higher at 4 weeks for the sample groups containing rhBMP-9
with a woven bone-like structure, as compared to the control group without rhBMP-9; the
mineral content of the ectopically formed bone was significantly higher for the sample group
with rhBMP-9 loaded, as evident from DEXA analysis. Moreover, the presence of rat MSCs
along with the BMP-9 loaded gel scaffold did not infer any significant difference to the bone
formation profile without cells, but a rigorous bone structure was observed with MSCs
present along with the scaffold. Thus, it may be noted that in an ectopic bone formation
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model, the presence of stem cells along with the BMP-9 loaded scaffold may cause to
accelerate the disruption of muscle tissue and enhance subsequent ossification; however, in
the case of bone defects, the presence of cells along with the scaffold may not be very
significant. /n vivo studies on critical-sized rat cranial defects confirmed the efficacy of the
rhBMP-9 loaded scaffold system, as compared to the control group. Micro-CT data revealed
that at 12 weeks post-surgery, the cranial defects were filled up completely for the rhBMP-9
loaded sample group, as shown in Figure 6 (I1 — A). The bone volume study results also
reported a higher outcome with the rhBMP-9 loaded sample groups, Figure 6 (11 — B).
Further histology analysis confirmed that the sample group with rhBMP-9 completely closed
the cranial defect at 12 weeks, as compared to fibrous connective tissue formation exhibited
by the gel only sample group without rhBMP-9 and VEGF. Furthermore, the presence of
osteoblasts, osteocytes, and osteoid in the vicinity of the healing bone defect infers the
significance of BMP-9 in attracting bone cells along with new bone formation [139].

In vitro studies on bone grafts with rhBMP-9 loading exhibits its potential efficacy in bone
grafting techniques using demineralized freeze-dried bone allografts (DFDBASs) and
biphasic calcium phosphate (BCP) [140]. The adsorption and release profile of rhBMP-9 is
more efficient in BCP than DFDBA. As listed in Table 2, the surface roughness and presence
of nano topographies on the BCP particles may be attributed for the enhanced adsorption of
rhBMP-9. Moreover, the rough surface of the BCP particles, as compared to the smooth
DFDBA surface, may also enhance the cell attachment and subsequent proliferation. The
ALP staining assay data highlighted the 7 fold increase in ALP activity with the rhBMP-9
loaded DFDBAS; however, real time-PCR data showed that all DFDBA samples were
reported to have shown a downregulation of RUNX2 at day 3 post-seeding. Interestingly, the
BCP samples loaded with rhBMP-9 showed a 50 fold increase in ALP activity at day 7 post-
seeding, as compared to the control samples. Alizarin red staining results confirmed the
osteogenic advantage of rhBMP-9 on both the graft material (DFDBA and BCP) as
compared to their control counterparts. The enhancement in osteogenic differentiation with
the presence of BCP and rhBMP-9 may be inferred as a result of the superior adsorption of
the BMP-9 onto BCP. Since, the conformation of the adsorbed protein also plays a
significant role in its release profile, hence comparison of the BCP over DFDBA in terms of
protein adsorption may be noted [140]. Another similar study with rhBMP loaded onto
porcine collagen membranes have also been reported to have an advantage in terms of osteo-
promotive function [141]. The three dimensional structure of the collagen membrane
facilitates cell attachment and subsequent proliferation. Furthermore, the additional benefit
of coupling BMP-9 with the membrane was revealed through real time-PCR studies as
RUNX2 was not influenced by rhBMP-9 loaded collagen membranes, however, ALP and
BSP expressions were reported to have been upregulated at day 3 and day 14 respectively.
Alizarin red staining again confirmed the increased staining with rhBMP-9 samples as
compared to the counterparts in comparison [141].

Fibrin sealants are also known for their use as adhesive tools for bone grafts and coagulants.
In an /n vitro study involving fibrin sealant and rhBMP-9 reported a sustained release of the
BMP over 10 days, with around 40% of the original amount of rhBMP-9 remaining after
that in the scaffold [142]. The BMP adsorption potential of fibrin sealant may be highlighted
through this result that indicates the localized release of BMP-9 over a sustained period,;
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both maximum adsorption of the BMP, as well as its slow release locally at the defect site,
are quintessential factors for regulating osteogenesis. Hence, while using bone marrow
derived stromal cell line (ST2) cells, the osteogenic differentiation potential was reported to
have been enhanced with the use of rhBMP-9 loaded fibrin sealant scaffold. Moreover, the
ALP activity results displayed a 3 fold increase with the incorporation of rhBMP-9 with the
fibrin sealant. Also, from RT-PCR results the ALP mRNA and OCN expressions at day 3
post-seeding have been reported to have displayed a 2 and 6 fold increase respectively for
the scaffolds containing rhBMP-9; on day 14 post-seeding, BSP and OCN expressions were
upregulated by 8 and 5 folds respectively. These results, including the Alizarin red staining
enhancement with rhBMP-9 containing scaffolds, confirmed the efficacy of the rhBMP-9 in
conjunction with fibrin sealant which may be used more extensively in bone tissue
regeneration studies equally [142].

Hyaluronic acid (HA) in conjunction with rhBMP-9 has also been studied /in vitro with an
aim directed towards potential bone defect healing [143]. The hyaluronic acid, crosslinked
with butanediol diglycidyl ether, was incorporated with rhBMP-9 and the release kinetics
showed a burst release of around 30% in 24 h, followed by a sustained release for the next
10 days. At the end of the release period, around 35% of the original amount of rhBMP-9
added to the scaffold was reported to have been left unreleased from the scaffold. Hence, it
may be noted that crosslinked HA scaffolds were adequate in providing a suitable matrix for
holding the growth factor. Moreover, the sustained release profile of the BMP may be
inferred as the reason for the superior osteogenic differentiation potential of the BMP loaded
HA scaffold. Seven days post-seeding, the HA scaffolds containing rhBMP-9 showed
increased ALP staining and enhanced expressions of Coll and ALP using RT-PCR. The late
osteogenic marker OCN was reported with enhanced expression at day 14 for the rhBMP-9
containing HA scaffolds, as compared to the control group; 4 fold increase for rhBMP-9 +
HA as compared to a 2 fold increase for HA only. Alizarin red staining also reported a 4 fold
increase in staining with the addition of rhBMP-9 to the HA scaffolds. These results are
evidence of the superior osteogenic potential induced by rhBMP-9 on the HA scaffolds.
Moreover, HA alone has also been reported to facilitate adequate osteogenic differentiation
as listed in Table 2 [143].

In addition to the regular non-viral methods of introducing BMP-9 to the target site, such as
adsorption and encapsulation in bulk polymer matrix or microsphere, other novel techniques
have also been formulated for BMP-9 delivery. Such a procedure involves using a
sonoporation technique involving naked DNA encoding /n vivo of rhBMP9 [144]. The in
vivo study was designed to analyze the ectopic bone formation through direct injection of
rhBMP-9 encapsulated inside a perfluoro propane-filled albumin microbubble/microsphere.
The microbubble method incorporates the collapse of the bubble with the application of
ultrasound, and subsequent release of its contents in microjets that are more effective in cell
permeability [144, 145]. The study also used electroporation as a comparison to the
hypothesized sonoporation technique. The ectopic bone volume data revealed that the
electroporation and sonoporation techniques achieved 3.12+0.8 mm3 and 0.9+0.17 mm?3
respectively for the rhBMP-9 induced samples. Moreover, the bone volume density of
sonoporation and electroporation were reported as 0.7+£0.09 and 0.27+0.02 respectively;
bone mineral density with respect to hydroxyapatite was found to be 793.51+68.44 mg HA
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per cmS and 604.47+14.28 mg HA per cm3 for sonoporation and electroporation
respectively. Micro-CT-and histology studies displayed that only rhBMP-9 delivered sample
groups exhibited formation of the ectopic bone in the muscle tissue during both
sonoporation as well as electroporation methods. Representative images are shown in Figure
7 [144]. Another study incorporated with human BMP-9 (hBMP9) transfected human MSCs
(hMSCs) using nucleofection through a novel electro-permeabilization technique [146]. This
technique reported cell viability of 53.6+2.5% with 68.2+4.1% average efficiency in gene
delivery for the enhanced green fluorescent protein (EGFP) nucleofected hMSCs. A
significant enhancement in calcium deposition was observed from the hBMP-9 nucleofected
hMSCs, as compared to the control EGFP nucleofected ones. The transgene expressions also
have been reported to have lasted longer than 14 days, and it diminished to a very low
amount at around day 21 post-nucleofection; however, it was studied only with hBMP-2
nucleofected samples. /n7 vivo studies with hBMP-9 nucleofected hMSCs revealed ectopic
bone formation at 4 weeks in the distal part of the thigh muscle in a nonobese diabetic/
severe combined immunodeficiency (NOD/SCID) mouse model. The ectopic boney mass
revealed mature bone tissue comprising of trabecular bone and bone marrow [146].

3.2. Viral Vector Delivery

Growth factors, such as BMPs, are delivered to the stem cells by transfecting with viruses.
Some of the commonly used viruses for viral delivery systems include adenoviruses, adeno-
associated viruses, retroviruses, and lentiviruses. Adenovirus vectors are more commonly
reported as have been used to carry plasmids that facilitate the encoding of BMPs [148]
[149]. A combination of the viral vector and biomaterial, known as gene activated matrix
(GAM), has also been reported for bone tissue regeneration studies. The BMP-plasmid viral
vectors are loaded into the biomaterial, such as chitosan, calcium phosphate, collagen, etc.,
which may be implanted into the bone defect site [150]. The advantages of viral vector
delivery of growth factors, such as BMPs, include local expression of the BMP at the defect
site. Also, the viral vector delivery method opens up the chances for the synthesis of the
BMP intra-cellularly, thereby leading to the activation of therapeutic signaling cascades in
cell signaling. The viral vector delivery method for BMPs also transfers a nascent form of
the protein that is free of contamination from antigenic molecules. Moreover, regulation of
transgene expression may be controlled with the viral vector delivery technique along with
an extended length of time for expression of BMPs [151].

A biodegradable scaffold-based delivery route was inducted using poly(polyethyleneglycol
citrate-co-N-isopropylacrlamide) (PPCN), synthesized by sequential polycondensation and
radical polymerization, and blended with gelatin (PPCNG). PPCN shows a lower critical
solution temperature of 26 °C, and it forms a gel at 30 °C. Thus, the thermosensitivity of
gelling for the scaffold system is adequate at physiological temperature. Moreover, the
addition of gelatin to PPCN adds several benefits, such as neovascularization, uniform cell
distribution, etc., to the bone regeneration process, as listed in Table 3. BMP-9 stimulated
MSCs using adenoviral vector gene therapy were applied for the repair of the bone defect
[152]. The study reported that the incorporation of gelatin resulted in increased adhesion and
survival of cells within the gel scaffold. BMP-9 was used to induce differentiation of
immortalized mouse embryonic fibroblasts (iIMEFs). /n vitro study results highlighted the
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significant advantage in terms of cell adhesion, proliferation, survival as well as increased
transgene expression in the 3D culture. Also, /n vivo study using PPCNG results showed that
BMP-9 stimulated iMEFs underwent osteogenic differentiation. Ectopic bone formation in
an /n vivo mouse model in the form of trabecular bone-like structures with vascularization
has been reported. Histological results revealed that the PPCNG scaffold with iMEFs
exhibited enhanced vascularization among the formed bone-like structures, as compared to
the control group; the VEGF staining for PPCNG group was higher than the control group.
The neovascularization potential of the PPCNG scaffold may be attributed to the gelatin
component. Moreover, the degradation of the PPCN thermoresponsive polymer becomes
significant at 3 weeks with complete resorption at around 4 — 5 weeks [152]. Another similar
study using thermoresponsive PPCNG and murine-derived calvarial mesenchymal
progenitor cells (iCALSs), that was transduced by Adenoviral BMP-9 (Ad-BMP-9), reported
adequate osseointegration and mature bone formation [153]. Using Micro-CT, /n vivo
calvarial critical-size defects treated with PPCNG scaffold seeded with iCALs and infected
with Ad-BMP-9 displayed a significantly higher defect gap closure, as compared to the
control group in the absence of Ad-BMP-9. Histology data of the calvarial defects confirmed
the same scenario in BMP-9 mediated new bone formation [153]. Also, studies using
iMADs infected with Ad-BMP-9 and PPCNG have reported adequate healing of critical-
sized calvarial bone defects [154]. The PPCNG scaffolds mixed with Ad-BMP-9 infected
iMADs were injected into the bone defects. At 12 weeks, Micro-CT and histological
analysis revealed that BMP-9 mediated defect healing was significantly higher than the
control groups; approximately 27% of the bone defect was healed by the scaffold group
containing BMP-9, as compared to approximately 10% for the control group without
BMP-9. Thus, the osteogenesis potential of the PPCNG scaffold is enhanced by the
incorporation of Ad-BMP-9 infected iMADs [154]. These studies highlighted the benefit of
using PPCN as an injectable thermoresponsive polymer. Moreover, the addition of gelatin in
varying quantities can be noted as a beneficial modification to the PPCN polymer network
which further aids in the bone regeneration process, especially in the promotion of
angiogenesis during bone defect healing.

Another study using the adenoviral route for delivery of BMP-9 incorporated seeding with
gelatin-derived graphene and silicate nanosheets Laponite (GL) porous scaffolds and powder
separately [155]. As listed in Table 3, there is an enhancement of the thermal stability of
gelatin with complexation with Laponite nanosheets. Moreover, the addition of graphene
sheets may be attributed as a step to promote osteogenic differentiation. Further, it may be
discussed that the presence of graphene sheets also provides a rough and adequately stiff
structure with nano topographies, which are essential for cell attachment as well as
proliferation. This was evident from representative images that showed elongated
morphology on the attached iMEF and iMAD cells. Also, the ALP activity was found to be
enhanced with the iIMEFs infected with Ad-BMP-9, whereas lower ALP activity was
observed while using immortalized mouse adipose-derived cells (iMADSs). This finding may
be attributed to the fact that iMADs are already differentiated more than iMEFs, thus,
BMP-9 induce osteogenic differentiation reduces ALP activity which is an early osteogenic
marker; negative ALP activity was seen in the case of GL powder without Ad-BMP-9.
Alizarin red staining also displayed an enhancement of mineralization with both cell lines,
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iMEFs and iMADs, that have been infected with Ad-BMP-9; no such staining was observed
in the absence of Ad-BMP-9. /n vivo studies revealed ectopic bone formation in the form of
a trabecular bone structure for the BMP-9 transduced iMEFs with GL powder, as shown in
Figure 8 (I — A(a), B(a, b, and c)); although other BMP-9 induced sample groups without
GL powder also resulted in a robust bone formation, Figure 8 (I — A(b)) [155].

Coralline hydroxyapatite (CHA) is a material which is usually synthesized by the technique
of hydrothermic conversion of sea coral hydroxyapatite to calcium carbonate exoskeletons.
CHA scaffolds seeded with rat dental follicle stem cells (rDFCs) and transfected with Ad-
BMP-9 has exhibited increased ALP staining, as compared to the control group with no
BMP-9 transfection [156]. The highly porous structure of CHA scaffolds, as listed in Table
3, may be noted as a huge benefit in cell attachment, proliferation, and subsequent
osteogenic differentiation. RT-PCR data revealed that the ALP mRNA was upregulated on
days 5 and 7; Osx expression was also enhanced on day 5, 7, and 9. The late osteogenic
marker OPN showed on day 7 and day 9. Alizarin red staining at day 14 also confirmed the
efficacy of the BMP-9 transfected rDFCs seeded scaffold. /77 vivo studies, as shown in
Figure 8 (11), with rat alveolar bone defects displayed significantly higher new bone
formation with vascularization with the BMP-9 transduced cell-scaffold implant group, as
compared to all other groups without BMP-9 mediation, at 6 weeks post-implantation. The
presence of rDFCs in the scaffold may be explained as a reason to activate adjacent host
osteoblasts around the bone defect. Thus, the synergistic osteogenic activity of rDFCs and
CHA was significantly highlighted, in addition to the mediation governed by BMP-9. The
bone volume Figure 8 (11 - E), area of new bone formation Figure 8 (11 — D), and new bone
volume over total bone volume ratio Figure 8 (I1 — F) have been reported as significantly
higher for the BMP-9 infected rDFCs containing CHA scaffold group; numerous new bone
structure was seen around the CHA scaffolds BMP-9 infected rDFCs Figure 8 (11 — B(h)), in
comparison to more of fibrous connective tissue formation around the CHA scaffolds Figure
8 (Il - B(e, f, and g)). These results proved the significant importance BMP-9 holds in a
viral vector mediated 3D scaffold system [156]. Another similar study using rDFCs
transfected by Ad-BMP-9 in a Matrigel scaffold promotes osteogenic differentiation as well
as ectopic bone formation [157]. Matrigel is derived from basement membrane proteins
from Engelbreth-Holm-Swarm tumors. Matrigel provides a 3D structure that provides an
adequate extracellular matrix for bone regeneration. Moreover, the presence of angiogenic
factors in Matrigel should be noted as an additional cue for promoting adequate
vascularization during bone defect healing. The rDFCs that were infected with Ad-BMP-9
showed upregulation of osteogenic markers DIx5, OPN, Osx, and Runx2 on days 3 and 5.
DIx5, Osx, and Runx2 were reported to have been elevated on day 3 which started
decreasing gradually till day 5. OPN expression started increasing from day 3 to day 5 with
BMP-9 transfection. Further, the rDFCs in Matrigel exhibited spheroid growth at day 7;
spheroids are aggregates formed by progenitor/stem cells which deliver the therapeutic
advantage of considerably higher resistance to apoptosis and act as a positive factor in the
enhancement of differentiation potential and pluripotency marker gene upregulation. These
results showing enhanced cell activity and osteogenic differentiation may be noted as the
display of biocompatibility of Matrigel. Also, alizarin red staining analysis revealed the
calcium deposition enhancement due to BMP-9 mediation, as compared to the control
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groups without BMP-9. /n vivo studies on ectopic bone formation at 6 weeks with
subcutaneous injection in athymic nude mice. Micro-CT analysis of the harvested tissues
revealed increased bone volume and surface with the BMP-9 transduced rDFCs with
Matrigel scaffold. Immunohistochemical staining experiments exhibited the presence of
osteoid matrix in the harvested tissues. These results confirm the enhanced osteogenic
differentiation potential of the BMP-9 transduced rDFCs with Matrigel. Histology analysis
of the tissues revealed thicker trabecular bone structures that were found uniformly in the
bone mass, compared to the peripheral trabecular bone in the BMP-9 transduced sample
group without Matrigel. Trichrome staining confirmed the H&E staining results that Ad-
BMP-9 transfected rDFCs with Matrigel induced more mature bone formation at 6 weeks
compared with the BMP-9 mediated group without Matrigel. These results are sufficient
confirmation to endorse Matrigel as a beneficial scaffold material for bone defect healing,
preferably with BMP-9 mediated stem cell osteogenic differentiation [157].

4. Conclusion

The regeneration of bone tissue in a defect model is governed by a multitude of factors. The
osteogenic differentiation potential of the scaffold environment at the defect site is one of the
key parameters governing the bone regeneration process. In this regard, BMP-9 mediated
osteogenic differentiation has shown to be beneficial over scenarios without BMP-9
mediation. Also, the inclusion of a 3D scaffold system has shown to be advantageous for
bone regeneration, especially in the non-viral delivery of BMP-9. As stated in the literature,
the scaffold properties such as porosity, mechanical stiffness, roughness, etc., are also key
factors in regulating cell attachment and proliferation. These physical cues offered by 3D
constructs along with adequate BMP-9 mediation enhances the bone-forming potential of
the scaffold system. Moreover, the thermoresponsive nature of the scaffold system renders
the injectability of the scaffold at room temperature with subsequent gelation at
physiological temperature. The Smad pathway that regulates the BMP-9 signaling cascade is
not affected by Noggin. This holds one of the major advantages over most of the other
BMPs known. The Noggin resistance of BMP-9 allows the BMP-9 mediated signaling
pathway to intrinsically facilitate the osteogenic differentiation of various stem cells that
render the bone formation process. It was also evident from some of the studies that the
critical-sized calvarial defects in rats were reported to have been efficiently closed in the
presence of rhBMP-9 in a non-viral delivery model. The non-viral delivery system for
BMP-9 again is a breakthrough that has reported BMP-9 mediated adequate new bone
formation at a low dosage in several recent studies. Efficacy of application of low dosage of
BMP-9 hints that the optimization of the release kinetics of the BMP over a localized defect
area is one of the key parameters for governing BMP-9 mediated bone regeneration; often
higher dosage of BMP incorporation may be required when there is a potential for loss in
BMP mediated osteogenic differentiation efficiency due to lower BMP uptake and/or a faster
release of the BMP from the carrier. Future studies may venture into various biopolymer
composites, along with nanofiller incorporation, that provides adequate physical cues as well
as extensive BMP-9 adsorption and sustained release over time. Injectable porous scaffold
systems with sustained release design for rhBMP-9 show potential for adequate new bone
formation in both /n vitro and in vivo conditions.
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Highlights
. BMP-9 plays a major role in osteogenic differentiation of stem cells.
. Crucial advantage of BMP-9 over other BMPs is its resistance to noggin
inhibition.
. Synergism of biomaterial matrix and BMP-9 plays role in optimal delivery.
. Non-viral vector delivery of BMP-9 is safer than its viral vector counterpart.
. BMP-9 at low dosage using non-viral polymeric vector displays promising
results.
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Figure 1.

(/) Schematic representation of a stem cell with the Smad signaling pathway activated by the
binding of the BMP-9 ligand with the specific BMP-9 receptor. Smad 4 plays a critical role
in nuclear translocation of the Smad complex that binds to its DNA promoter element to
express the target gene. (//) Smads (1/5/8 as well as 4) are a quintessential component of the
BMP-9 osteogenic differentiation cell signaling cascade. The cells used in this case were
C3H10T1/2 mesenchymal stem cells: (A) Smad 4 knockdown (si-Smad4) was confirmed
using Western Blot (B-actin used as a loading control); (B) C3H10T1/2 mesenchymal stem
cells were transfected with Adenoviral-si-Smad 4 first and then exposed to BMP-9

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bharadwaz and Jayasuriya Page 29

conditioned medium. Immunochemistry staining after 4 h of BMP-9 exposure shows Smad
1/5/8 nuclear translocation (x40 magnification); (C) ALP activity detection at day 5 and day
7 after BMP-9 stimulation (after Smad 4 knockdown was carried out). * p value < 0.05 vs
Negative Control (NC). Data collected from triplicates (mean £ SD); (D) Biomineralization,
or calcium deposition after day 21 post-BMP-9 stimulation and Smad 4 knockdown (x100
magnification). Figure 1. (//) reprinted from [73] from BMB Reports; Open Access License
(http://www.bmbreports.org/).
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Figure 2.
(/) BMP-9 triggered Smad signaling pathway is resistant to Noggin in Mesenchymal Stem

Cells (MSCs). (A) Noggin inhibition of Smad activation in BMP 2. Adenoviral (Ad)
expressing Noggin (Ad-Noggin) or Ad-Red Fluorescent Protein (RFP) were exposed to the
C2C12 cells; cells were cultured overnight in Fetal Bovine Serum (1%) overnight. Three
different media were categorized as cmBMP2 (a, b), cmBMP9 (c, d), and cmGFP (Green
Fluorescent Protein) (e, f) in which the infected cells were treated for 2 h.
Immunofluorescence staining using anti-Smad 1/5/8 antibody (from Santa Cruz
Biotechnology); Negative control used for the experiment was either control IgG or absence

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bharadwaz and Jayasuriya Page 32

of primary antibody staining. (B) Smad 6/7, induced by the BMP-9 signaling cascade, is
expressed in the presence of Noggin; proves the resistance of BMP-9 towards Noggin
inhibition. Sub confluent C2C12 cells were used for this experiment; these cells were
infected with Ad-BMP 2/9 and Ad-Noggin or Ad-RFP for 30 h. Reverse transcription-
polymerase chain reaction (RT-PCR) analysis using mouse Smad 6 and Smad 7 primers was
done on the isolated total RNA from the infected cells. Normalization control used was
GAPDH with triplicates done for all assays. Noggin vs. RFP expression (Smad 5 and Smad
7) ** p value < 0.01, # p value < 0.05. (//) Noggin resistance is displayed by BMP-9 during
ectopic bone formation. (A). Ectopic bone masses formed with two different cell lines,
C2C12 and mouse embryonic fibroblasts (MEFs), infected with the Ad-BMP-9 and then
injected subcutaneously injected into athymic mice with and without Noggin. These samples
were from 4 weeks post-injection. (B) Histological evaluation of the samples harvested from
Ad-BMP-9 infected C2C12 cell injection site; (a) H& E staining, (b) Trichrome staining,
and (c) Alcian blue staining. (C) Histological evaluation of the samples harvested from Ad-
BMP-9 infected MEFs cell injection site; (a) H& E staining, (b) Trichrome staining, and (c)
Alcian blue staining. X200 magnification. BM — Bone matrix; CM — chondroid or cartilage
matrix. Figures 2. (/) and (//) reprinted from [45] with permission from John Wiley and
Sons. Copyright © 2013 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.
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Figure 3.
Inadequate bone formation was observed with MiR-21 deficiency in Calvarial bone defects.

(A) Calvarial bone defects (4 mm by 4 mm each) for wild-type (WT) and MiR-21 knockout
(miR-21-KO) mice with respect to zero time and 2 months. (B) After 2 months of surgery,
the MiR-21 knockout samples showed a significantly smaller amount of bone formation in
those calvarial defects; the comparison was done at a p value < 0.01. (C) Histology analysis
displayed significant bone healing in WT in comparison to knockout mice; B — host bone,
NB — new bone. (D) At a p value < 0.05, the comparison between the two groups exhibited a
significant difference in defect length; an increase in the defect length infers a slower new
bone formation for closing the defect. All data are shown as means = SD; * p value < 0.05
and ** p value < 0.01; all experiments done with triplicates. Figure 3 reprinted from [89]
with permission from Elsevier. Copyright © 2017 Elsevier Inc.
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Figure 4.
OVX rat model with induced osteoporosis response to /17 vivo activity of the LNP delivery

system. (A) X-ray radiographs showing (a) sham control rat, (b) OVX rat as vehicle control,
(c) OVX rat with BMP-9 containing LNP, and (d) OV X rat with BMP-9 peptide containing
LNP. (B) Left and right femur bone quantitative data for cortical thickness among separate
groups. (C) Endosteal diameter quantitative analysis results for left and right femur bones
among separate groups. * p value < 0.05 and ** p value < 0.01 in comparison with vehicle
control group; # p value < 0.05 and ## p value < 0.01 in comparison with vehicle control
group; ns — not statistically significant difference. Figure 4 reprinted from [127] with
permission from Elsevier. Copyright © 2019 Elsevier B.V.
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Figure 5.
(/) Bone marrow mesenchymal stem cells (BMMSCs) seeded on the nHACM/BMP-9

scaffolds; BMP-9 has been denoted as B9. Electron microscopy micrograph for cell
attachment after 72 h of incubation. A randomized distribution pattern is observed for the
cell on the BMP-9 containing scaffold. Scale = 10 um. (//) Osteogenic differentiation
upregulation is facilitated by BMP-9 containing scaffolds. (a) ALP activity reports
significant enhancement with BMP-9 (denoted as B9) presence on the scaffolds after 4 days
of culture with BMMSCs, as compared to controls cell only and scaffold without BMP-9;
Days 7 and 10 show further significant enhancement in ALP activity. (b) qPCR evaluation of
MRNA expressions that are a quintessential part of osteogenic differentiation — Collal,
OCN, and OPN while culturing BMMSCs on scaffolds. BMP-9 (denoted as B9) containing
scaffold group significantly showed the highest expression of these osteogenic marker genes.
(/1)) Radiographs from /n vivo samples after 12 weeks of bone healing post-surgery. (a)
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Micro-CT images showing significantly larger bone formation area for the BMP-9 (denoted
as B9) containing nHACM scaffold group, as compared to the control BMMSCs and
scaffold only (nHACM + BMMSCs); red circles mark the site of the original bone defect.
(b) Significantly higher bone proportion formation was observed with BMP-9 (denoted as
B9) containing nHACM scaffold group. (/V) Histology analysis of 12-week old samples
post-surgery. (@) New bone formation observed in scaffold containing groups, as compared
to the control group. Remaining fragments of biodegradation of nHACM were also seen. (b)
Bone volume quantification for the new bone formation process revealed significantly higher
bone defect healing for the scaffold containing groups, and the BMP-9 (denoted as B9) +
nHACM group significantly as the highest bone repair potential under those experimental
conditions. The control group was reported to be filled with connective tissue. All data
represented as Means + SD; experiments were done in triplicates; * p value < 0.05, ** p
value < 0.01, and *** p value < 0.001. Figure 5. (/), (/)), (//)), and (/V) reprinted (adapted)
from [129]. Open Access Permission from Hindawi (https://www.hindawi.com/). Copyright
© 2019 Ran Zhang et al.
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Figure 6.
(/) Osteogenic differentiation of hMSCs. (A) Cumulative release profile of BMP-9 from the

BMP-9 coated microparticles; initial burst release evident. (B) Sustained release scenario for
BMP-9 while the gel acts as a reservoir of initial burst release of BMP-9 from
microparticles. VEGF added to the gel blend also follows a sustained release profile,
however, at a faster rate than BMP-9. (C) ALP activity of hMSCs seeded with gel scaffold
with or without BMP-9 presence (B — BMP-9, V — VEGF, MPs — Microparticles, Gel — Gel
blend only). (D, E, F) RT-PCR quantification of osteogenic markers (number of folds
change). The red dotted line represents the reference level of MPs + Gel as control. (//)
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Calvarial bone defect (of size 3.5 mm in diameter) healing in a rat model. (A) Micro-CT
images of bone healing in the bone defects.3D reconstruction of bone defect sites at 6 weeks
and 12 weeks. (B) Quantitative analysis for bone volume in the defect site. * p value < 0.05
and ** p value < 0.001. Figure 6. (/) and (//) reprinted (adapted) with permission from [139].
Modifications: Changed numbering scheme to the uppercase alphabet in Figure 6. (/) and
(7). Copyright © 2019 American Chemical Society.
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Figure 7.
(/) Recombinant BMP-9 induced ectopic bone formation using the sonoporation or

electroporation method. Micro-CT images in high resolution for the detection of ectopic
bone formation in thigh muscles of the mouse model using (a) sonoporation and (b)
electroporation; 3D representation of the ectopic bone formation induced /n vivo. 2D image
of representative ectopic bone formation showed an enlarged format on the left of (a).
Ectopic bone formation quantitative analysis of bone volume (c), volume density of the
formed bone (d), and mineral density of the ectopic bone segment (e). Standard error bars
shown for n=9. (//) Histology evaluation of the ectopic bone formation induced by rhBMP-9
in the /n vivo mouse model. After 6 weeks post-sonoporation (a and b) H&E staining results
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and (c and d) Masson trichrome staining data; BF — bone formation, BM — bone marrow, M
— skeletal muscle; osteocytes are identified with the yellow arrows. Figure 7. (/) and (//) -
Reprinted by permission from Springer Nature: Gene Therapy [144], D. Sheyn, N.
Kimelman-Bleich, G. Pelled, Y. Zilberman, D. Gazit, Z. Gazit, Ultrasound-based nonviral
gene delivery induces bone formation in vivo. Copyright © 2007, Springer Nature.
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Figure 8.
(/) Ectopic bone formation induced by BMP-9 containing GL powder. (A) Micro-CT images

of the ectopic bone formation. (a) 3D reconstruction of the harvested ectopic bone samples
with iMEFs infected with BMP-9 and BMP-9 + GL powder. Ad-GFP control infected
iMEFs and iMEFs + GL powder group was reported to have no significant ectopic bone
formation induced. (b) Quantification of mean bone volume of the sample groups using
Amira data visualization and processing program. (B) Histology analysis of extracted
ectopic bone masses; (a and b) H & E staining. (c) Trabecular bone area formation
quantification using ImageJ image processing program. GL — GL powder, MP — mineralized
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bone matrix, MSCs — stem cells left undifferentiated. ** p value <0.05 in comparison with
BMP-9 only group. Figure 8. (/) reprinted (adapted) with permission from [155]. Copyright
© 2017, American Chemical Society. (//) In vivo analysis of new bone formation. (A)
Ectopic bone formation analysis using H & E staining. (B) Alveolar bone defect
implantation surgical procedure (a, b, ¢, and d). H & E staining showing new bone formation
from the alveolar bone defects (e, f, g, h); Scale =5 um; CHA — Coralline hydroxyapatite
scaffold, NB — new bone, red arrow denotes macrophages, black arrow denotes blood
vessels. (C) Micro-CT and 3D reconstructed representative images of the alveolar defects
with new bone formation for each experiment group. (D) New bone formation comparison
by area. (E) Comparison of new bone volume. (F) Ratio of new bone formation bone volume
(BV) over total bone volume (TV): BV/TV. * p value < 0.05, ** p value < 0.01, *** p value
< 0.001 in comparison to the blank group, # p value < 0.05, ## p value < 0.01, ### p value <
0.001 in comparison to the CHA group, ++ p value < 0.01, +++ p value < 0.001 compared
with rDFCs/CHA group. Modifications: Added alphabetical numbering in 8 (//B). Figure 8.
(7)) - Reprinted from [156] by permission from Springer Nature (Open Access): Copyright
© 2017, Springer Nature.
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