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Introduction

Healing of bone fractures describes a remarkable process in that
the injured tissue heals without scar formation, thus typically resulting
in a complete regeneration of the bone’s anatomy and function [1].
Long bone fractures are reported to occur in the western world at
an incidence rate of 300-400 cases per 100,000 individuals per year
[2,3] and heal in most cases without surgical intervention within 20
weeks [4]. The needs for a progressive union of bone fractures have
been identified and defined as a so-called diamond shaped concept
comprising the parameters: adequate cellular environment, sufficient
growth factors, bone matrix and mechanical stability. Patients lacking
one of these parameters might develop complications during the
healing process, which subsequently can result in a delayed or even
non-union of the fracture [5]. The incidence of non-union fractures
has been reported to range from 4-10% [4,6]. Non-union fractures are
associated to reductions in the patient’s general life quality but also to
concomitant inconveniences and costs due to prolonged hospitalization
and secondary interventions. It is therefore of great interest to develop
new therapeutic concepts that positively affect bone healing.

In the past, the main focus for a regenerative stimulation of non-
union fractures was laid on the use of autograft, allograft, and xenograft
bone. Of these, autografts were considered as golden standard as these
are osteogenic, osteoconductive, and osteoinductive [7-9]. However,
the use of autografts is limited due to the given volume quantities
and due to donor site morbidities which are frequently observed and
typically accompanied by chronic pain [10]. Other major complications
which occurred upon extraction of autograft bone are vascular injuries,
deep infections, or neurologic injuries at the donor site [11].

Another regenerative approach which recently gained attention as
alternative to autograft bone in clinical settings is the use of platelet-rich
plasma (PRP). This method in principle utilizes intrinsic growth factors
of platelet concentrates in order to stimulate and accelerate a healing
response [12]. However, despite the efficacy of PRP in in vitro and in
vivo scenarios, its use and delivery in terms of bone regeneration have
yet not been optimized. A significant drawback of such preparations
is that optimal doses for administration as well as the identity of the
active substances within the concentrates are largely unknown [13].

Extensive studies focusing on the underlying molecular mechanisms
of fracture repair identified some specific factors to be involved in the
healing process like parathyroid hormone (PTH), hypoxia-inducible
factor la (HIF-1a), factors modulating the Wnt signaling pathway,
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and bone morphogenetic proteins (BMPs) [14]. The use of defined
compounds like such growth factors allows more precise treatment of
bone fractures and are financially advantageous since high amounts of
these factors can be prepared in appropriate recombinant expression
systems [15]. Here, the most ppromising growth factor candidates are
bone morphogenetic proteins (BMPs), which were originally identified
by their capabilities to induce the formation of bone when implanted
at ectopic sites [16,17].

BMPs belong to the large TGF beta superfamily of secreted growth
factors which play an important role in early embryonal development
but are also crucial for the maintenance and regeneration of tissues
and organs in the adult organism [18-20]. The existence of BMPs in all
vertebrates as well as non-vertebrate animals highlights the importance
of these factors for a multitude of biological processes, which recently
gave rise to the suggestion to rename the term "bone morphogenetic
protein” into "body morphogenetic protein" [21]. This renaming would
also eliminate the misinterpretation that all BMPs are truly osteogenic.
BMPs which indeed induce bone formation can be, based on sequence
homology and receptor usage, divided into three subgroups, the BMP-
2, -4; the BMP-5, -6, -7; and the BMP-9, -10 subgroup, respectively
[22,23]. Other proteins which are, based on a historical context, also
called BMPs are either not osteogenic or their precise function has
yet not been fully elucidated. For instance, BMP-1 (also known as
Mammalian tolloid protein (mTLD) or Procollagen C-proteinase
(PCP)) represents a metalloprotease and does not share structural
similarities with other TGF-B superfamily members [24]. Further
examples are provided by BMP-3, BMP-13 (also known as GDF-6) and
BMP-14 (also known as GDF-5) which function, at least partially, as BMP
antagonists/inhibitors rather than being agonistic on their own [25-27].

Signal transduction by TGF-p superfamily members is typically
initiated by binding to two types of serine/threonine kinase receptor
chains termed type I and type II [28-30]. Upon complex formation,
the constitutively active type II receptor activates the type I receptor
which subsequently leads to an activation of the so-called canonical
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SMAD signalling pathway [31,32]. Disregarding cross-talks with other
connected signalling cascades (like e.g. the MAP-Kinase signalling
pathway) only two different SMAD pathways, the so-called SMAD-
2/-3 or the SMAD-1/-5/-8 pathway, are established. Which of the
two canonical pathways finally gets activated solely depends on the
individual type I receptor (the particular signalling receptor) being
present in the signalling active ligand-receptor complex. Thus, within
this superfamily a strong signal convergence starting from a manifold
of ligands and ending principally in the activation of only two
different SMAD signalling pathways is established which appears even
more limited as far as osteogenic BMPs are concerned [33]. Despite
differences in the preferential receptor usage observed for the particular
osteogenic ligands, signalling occurs in all cases via the SMAD-1/-5/-8
pathway. For BMP-2 and -4 -10, signalling is mediated by the type I
receptors (BMPR-IA or IB) whereas the BMP-5/-6/-7 subgroup utilizes
ActR-I (Alk2) for signalling (for review, see Katagiri et al. [34]). For
BMP-9 high affinity binding to ALK1 has been reported but signalling
can also occur via ActR-I [35]. The obvious discrepancy between the
number of ligands (more than 20 BMP members have been identified in
mammals to date) and the limited amount of receptors raises important
questions especially how these proteins can share so many different
cellular functions and furthermore how those can act as morphogens
during embryogenesis. Different temporal and/or spatial expression
patterns might best explain this issue but since double knock-outs
of ligand genes often lead to more severe phenotypes than observed
for the individual single knock-outs the existence of at least partial
compensation must be taken into consideration. It therefore seems
plausible that cellular signalling is modulated massively at several
cellular levels (for review see Nickel et al. [33]). Extracellularly so-
called modulator proteins (e.g. Noggin, Chordin, etc.) can bind to the
ligand thereby preventing its interaction with the receptors as shown
for Noggin [36] or Follistatin [37]. Thus, ablation of the interaction of
the osteogenic factors to Noggin also indirectly increases the osteogenic
potential of the particular ligand [38].

Aside from these modulators, the biological activity of BMP-2 or
-7 is also regulated by their capability to bind to components of the
extracellular matrix (ECM) such as heparin or heparan sulfates [39,40].
In vivo, the ECM seems to function as reservoir by adsorbing the
ligands from the three-dimensionality of the interstitial liquid thereby
increasing the ligands concentration on the cell surface. The matrix
serves as a store allowing a slow release of the ligand over prolonged
periods of time. Hence modulating the binding strength of the growth
factors to the ECM could result in altered bioactivities which indeed has
already been observed in vitro and in vivo [41].

Taken together, the different aforementioned parameters which
concertedly define the particular ligand’s osteogenic potential have
been addressed in several pre-clinical and clinical trials. They generally
aimed to produce osteogenic formulations allowing the application
of the growth factor to defect sites. For that purpose, they use
systems which concomitantly control the factor’s release to achieve
sufficient high local concentrations over the period of time needed
to heal the defect.

This review sheds light into the design of the different systems
to deliver BMP-2 for in vivo applications. As outlined above, the
control over the growth factor’s bioactivity and spatial-temporal
presence is obviously crucial for bone healing but seems extremely
difficult to achieve.

Growth factors like BMP-2 can principally be brought to injured
site in two different ways. At first, DNA that encodes for the particular

J Trans! Sci, 2017 doi: 10.15761/]TS.1000195

growth factor can be delivered either in form of a suitable expression
plasmid or integrated into a viral particle or the genetic information is
already introduced into an acceptor cell s genome in order to express
the particular growth factor at the site of action. As second method,
the gene product, i.e. the recombinant expressed growth factor itself or
peptide mimicking its specific bioactivity, is applied ectopically to the
injured site. For an overview, see Figure 1.

Gene therapy offers a multitude of different applications ranging
from cancer to various infectious diseases, cardiovascular or other
monogenic disorders. Due to its generic potential, over 1800 clinical
trials involving gene therapy were conducted by 2012 [42]. Also
in bone regeneration the potential of gene delivery is still under
investigation. Principally, as mentioned before the genetic information
can be delivered by a vector to the injured site where cells will take
it up and start protein expression, or by the delivery of cells that are
already transfected with an appropriate vector ex vivo which, after
implantation, will express the protein at the site of injury.

In the following, both techniques are discussed in detail comparing
the feasibility and drawbacks of each technique in scope of bone
regeneration by application of the best investigated osteogenic factor,
BMP-2, as well as potential ways to further improve each technique.

BMP-2 delivery using BMP-2 encoding cDNAs

General aspects of various DNA delivery methods

The choice of the growth factor to be expressed is very important
since the single gene to be delivered, here that of BMP-2, must initiate
an apparently high complex process resulting finally in the full
restoration of the bone defect. For more complicated cases (e.g. where
alarge defect area needs to be repaired) gene delivery of a combinations
of BMP-2 along with factors of other growth factor families (e.g.
VEGF) [43] or combinations of BMP-2 and transcription factors
(e.g. BMP-2 and Runx2) seems advantageous [44]. Co-expression
of BMP-2 and transcriptional factors being specific for bone tissue
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Figure 1. Main principles for growth factor delivery

(A) cDNA encoding for the desired growth factor is introduced into the cells e.g. via
plasmids or viral vectors and is translated and secreted at the site of injury. (B) The protein
is deposited at the site of injury in a form of depot e.g. in form of functionalized scaffolds.
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such as Runx2 might provide more efficient bone regeneration since
it regulates expression of other osteogenic factors that drive e.g. the
osteogenic differentiation of mesenchymal stem cells [45]. However,
the osteogenic gene to be delivered is not the only parameter to
be considered. Also the choice of the vector or the matrix that will
determine the transfection efficiency of the gene and the residence time
is equally important. A major concern of gene therapy is the stable
and controllable overexpression of the delivered gene. In order to
prevent extreme expression levels, which in terms of BMP-2 delivery
might result in unwanted off-target effects, constructs with inducible
promoters - such as tetracycline-sensitive promoters (TetON) - might
be favorable [46].

In general, the vectors that are used for gene therapy can be
subdivided into two classes: viral and non-viral vectors. The use of
viral and non-viral vectors for tissue engineering has been reviewed
elsewhere [47-49] but advantages and disadvantages of the particular
expression systems are important to note. Viral vectors - as the name
suggests - are derived from viruses (i.e. adenovirus; lentivirus) and
have higher transfection efficiencies than non-viral vectors. However,
due to safety concerns, the use of viral vectors in clinics is still under
debate. Safety concerns address immunogenicity of particular viruses
which indeed differ amongst different virus types. The adenovirus,
which was one of the first used vector systems for gene delivery, may
induce inflammatory or antigenic responses due to expressed viral hull
proteins [50], whereas adeno-associated viruses (AAV) are considered
to be safer since viral proteins are not expressed in the receiver cell
(for review, see Buning et al. [51]). On the other hand, retroviruses
or lentiviruses might induce insertional mutagenesis which limits their
general potential for gene therapy. The use of adenovirus or AAV in
bone regeneration at this stage seems more feasible since it poses less
risks and it provides transient expression for several weeks matching
the time frame for bone defect to heal [47].

Due to the mentioned safety concerns, a promising alternative
relies on the use of liposomes that act as a vehicle for non-viral vectors
(plasmids) and might reach adequate efficacy with coincident lower
risks compared to viral vectors. Besides safety, liposomes are easy to
prepare and their use is not constrained by the size of the used DNA
[52]. Both, viral or non-viral vectors can be applied to the injury site
either directly or embedded within a matrix/scaffold.

Delivery of BMP-2 encoding genes by direct injection of viral
or non-viral vectors or by application of DNA-functionalized
matrices

Different DNA delivery methods have been investigated in vivo
using different animal models. In rodents, the injection of adenovirus
carrying the BMP-2 gene resulted in successful delivery and as a result
of BMP-2 over-expression improved osteogenesis in the defect area
could be observed [53]. However, in other animal studies the same
adenoviral system failed [54]. In these cases, a high level of BMP-2
expression was observed within the first week after implantation which
strongly decreased in the following weeks. Inflammatory cells were
found in the defect area which showed an immune response against
BMP-2 and/or the adenoviral vehicle which might explain the observed
retardation of osteogenesis [54]. This study revealed the importance
of larger animal studies before conducting clinical trials which is also
recommended by FDA guidelines [55].

In order to improve the efficacy of the applied vehicles, they might
be shielded from the recipient’s immune system using so-called stealth
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(PEGylated) liposomes. Another method to increase the transfection
efficiency of the vehicle relies on the use of cell penetrating peptides
(CPPs) [56]. Also targeted delivery of the vehicles specifically to
bone tissue would result in a homing of the transgene to the defect
site. A very interesting new idea for efficient gene delivery is based
on "designer” histones serving as targeting molecules thus aiming to
improve the osteogenic capacity of growth factors [57]. Taken together,
more sophisticated designs of vectors (e.g. with stealth liposomes,
CPPs, inducible systems or targeting molecules) hold more potential
if used in direct gene delivery approaches. But, the development
of suitable delivery systems is not easy since the individual design
strongly depends on the application itself and the clinical outcome of
such a complex design is hard to predict. Different ways to improve
gene delivery systems in general are detailed elsewhere [58] but one
important improvement to be noted relies on the encapsulation of the
vector within a biomaterial or functionalizing the material’s surface
with DNA encoding for the desired protein [58]. Those matrices are
called "gene-activated" matrices (GAMs) and their applications have
been extensively tested either in a form of hydrogels [59] or implant
coatings [60]. In one example, BMP-2 encoding cDNA was embedded
within alginate hydrogels which serves as a potent transfection agent
and as a good scaffold material at the same time [61]. Advantages
of such matrices are the long shelf-life of the material (possibility of
freeze-drying), and ability to function as a defect filler [49].

For the regeneration of more complex tissue structures like the
bone-cartilage interface, scaffolds comprising two layers were designed,
one of which consisted of a "chondrogenic plasmid" (TGF-p1)-
functionalized chitosan-gelatin and the other an "osteogenic plasmid"
(BMP-2)-functionalized hydroxyapatite/chitosan-gelatin [62].
Mesenchymal stem cells were also seeded in each layer of the gene
activated matrix. Detailed analyses of this system revealed that the used
stem cells differentiate towards chondrocytic or osteoblastic lineages
depending on the layer they were positioned. Furthermore, a successful
regeneration of an osteochondral defect could be achieved using this
construct in a rabbit knee model.

The different natural or synthetic scaffold materials being used
for bone regeneration are not in scope of this review article. However,
since the scaffold also actively takes part in the regeneration process, the
characteristics of each biomaterial should be considered, compared and
selected for a specific application. Among different natural polymers,
insoluble collagen-based bone matrices (ICBM) have been widely used
which is based on the fact that that bone organic matrix principally
consists of collagen (90%) [63]. The drawback of this matrix relies on
remnants of immunogenic molecules that might challenge the host’s
immune system. Other natural matrices which are represented by in
situ gelling systems like alginates or peptide nanofibers are injectable,
thus allowing easy filling of the defect area. Although a matrix is
important to fill the defect area and localize cells and growth factors
at the site, it does not always result in better healing process which
depends strongly on the chosen scaffold. For instance, in a study where
either untreated or adenoviral transduced cells expressing BMP-2 were
injected either directly or embedded within alginates into a bone defect
in nude rats, the alginate scaffold clearly impeded BMP-2 induced bone
formation [64]. This study nicely demonstrates that parameters like the
choice of the cells to be introduced or the selected scaffold material
only seem to fine-tune the outcome of the individual experiment but
the initial trigger of this complex process is provided by the applied
osteogenic growth factor.
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Gene delivery by cells ex vivo transfected with BMP-2
encoding cDNAs

Cell mediated gene therapy is another approach in which cells are
transfected ex vivo with the cDNA encoding for the desired growth
factor and are subsequently administered to the injury site for tissue
regeneration. The disadvantages of cell based gene therapy compared to
acellular approaches are related to costs and also the necessity to obtain
sufficient amounts of suitable autologous cell material. Furthermore,
the procedure is more difficult to perform than the before mentioned
acellular approaches, it is more time-consuming due to the necessity
to expand the autologous cells. Additionally, the work has to be done
according to the guidelines of Good Manufacturing Practice (GMP).
However, there are also noteworthy advantages, since the delivered
cells themselves might actively participate in the regeneration process.
Due to complications associated with allogenic cell sources, the use of
autologous cells is the gold standard in the clinics so far [65]. But, there
is also a drawback of this technique. An additional treatment or surgery
is required in order to obtain these cells being often accompanied by a
significant tissue morbidity at the site of explantation [66]. The current
practices and studies in bone and cartilage regeneration generally
involve mesenchymal stem cells (MSCs) derived either from bone
marrow or other sources. Owen and co-workers already showed in
the late 1980s that bone marrow derived stem cells (BMDSCs) can be
differentiated towards different cell types including bone [67]. More
recently, an alternative, powerful method was established to re-program
non-stem cells to so-called "induced pluripotent stem cells" (IPSCs).
Here, somatic cells (e.g. adipocytes which can be obtained easily by
liposuction) are dedifferentiated to so-called induced pluripotent stem
cells (iPSCs) which subsequently are again differentiated to MSCs [68].
This new method is not yet in clinical use, but first clinical trials using
IPSCs for macular degeneration have been initiated in Japan [69].
In one of the early clinical studies addressing the treatment of bone
disorders, the transplantation of allogenic MSCs has been investigated
in children with osteogenesis imperfecta. In this study, the allogenic
BDMSCs were shown to improve the velocity of bone growth in five
of the six patients [70] which led to several follow-ups in the field of
bone regeneration. Recently, a clinical trial has investigated the effect
of BMDSCs for craniofacial bone regeneration. Here, accelerated
alveolar bone regeneration could be observed in a jawbone defect
thereby eliminating the need for secondary bone grafting [71].
While usage of BDMSCs progresses in clinical trials aiming for bone
regeneration, pre-clinical studies already involve MSC-based gene
delivery. In one of these pre-clinical studies, bone marrow derived cells
were co-transfected with cDNAs encoding for BMP-2 and vascular
endothelial growth factor-165 (VEGF-165) in order to induce bone
regeneration by means of BMP-2 mediated osteogenesis and VEGF
mediated angiogenesis [72]. The cohort expressing both growth factors
simultaneously was found to be better in terms of the formation and
deposition of newly formed bone compared to the cohorts expressing
only one of the two growth factors in rabbit orbital defect model [72].
The delivery of VEGF in combination with the osteogenic BMP-2
induces neo- vascularization of the newly formed bone tissue thus
enabling superior supply of nutrients [73].

Harvesting bone marrow is not an easy procedure since it often
causes post-operational pain. Therefore, alternative stem-cell sources,
such as adipose tissue, have been intensively investigated. In a study
employing BMP-2 transfected adipose stem cells, their potential for
bone regeneration was clearly demonstrated. When rats were treated
with the transfected stem cells being embedded into alginate gels,
complete bone healing was observed in a cranial defect model [74].
Thus, due to the easy of collection adipose tissue derived stem cells are
preferred over BMDSC:s at least for this application.

J Trans! Sci, 2017 doi: 10.15761/]TS.1000195

However, most of the clinical trials utilizing MSCs for bone
regeneration were not successful. Meijer et al. [65] stated possible
reasons and identified important parameters as the number of cells
with osteogenic capacity, the bio-compatibility of the used scaffolds,
the presence of osteogenic factors, and vascular supply. Furthermore,
it was also reported that results of pre-clinical trials in most cases
could not serve as layout for the clinical studies since differences in
e.g. the regeneration time of rodents and humans produced different
experimental outcomes [65].

In MSC mediated gene delivery, one of the critical issues is the
localization of the modified cells, and consequently the localization
of the expressed protein. However, when MSCs were injected, it was
observed that the injected cells do not easily home to bone and 98% of
the injected MSCs are lost through liver and spleen [75]. To overcome this
problem, the cells might be transfected to co-express an osteogenic growth
factor like BMP-2 along with bone-homing proteins e.g. CD49d [76].

Delivery of recombinant BMP-2
General aspects

Growth factors which can be delivered to the site of injury might
recruit endogenous stem cells to the site of action which upon exposure
to the ligand undergo differentiation, thus inducing bone healing in
situ. An FDA approved product, INFUSE® Bone Graft, which contains
BMP-2 being adsorbed to a collagen sponge has been clinically used in
spinal cord injuries. However, some adverse events such as infections,
severe swelling, heterotopic ossification or urogenital problems
have been observed after surgery [77-79] which are discussed to be
related to the supraphysiological amounts of the growth factor being
administered. This leads to the hypothesis that these adverse events
might be eliminated by reducing the delivered growth factor amount
to a suitable yet clinically relevant dose. Therefore, the development
of a delivery system that provides a sustained release of the protein at
sufficient concentrations is a challenge of high priority. An overview
on the various BMP-2 delivery strategies is depicted in Figure 2. These
strategies will be discussed in more detail in the next sections.
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Figure 2. Delivery strategies for recombinant expressed BMP-2 or BMP-2 variants
The cartoons illustrate the different immobilization strategies as indicated (A) BMP-2
can be adsorbed to solid surfaces or incapsulated into e.g. hydrogels (B). Higher coupling
specificities can be achieved by affinity interactions e.g using biotinylated BMP-2 being
coupled to strepavidin coated matrices (C). Covalent coupling can be achieved non site-
directed to structures being activated e.g. by NHS esters (D) or site-directed via click
chemistry (E).
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Non-covalent binding strategies

Delivery of encapsulated or adsorbed BMP-2: In vivo, growth
factors interact with receptors present on the cell surface in a non-
covalent manner. The signalling molecule, such as BMP-2, is in most
cases soluble (i.e. not membrane bound) and thus can diffuse or be
actively transported to responsive cells. Therefore, many research
laboratories emphasized on non-covalent binding strategies which
utilized growth factors being adsorbed to or encapsulated in a broad
variety of suitable scaffold materials.

Natural polymers such as collagen have several advantages.
For example, they have endogenous enzyme cleavage sites and the
degradation time of the material follows the endogenous remodelling
time of collagenous tissues. Collagen sponges represent the earliest and
best studied materials used for BMP-2 delivery. A disadvantage of this
material relies on so-called early burst effects which are often observed
upon administration [80]. In order to obtain a sustained release of
the protein and decreasing this initial burst release phenomenon,
genipin-crosslinked gelatin microparticles have been designed. Gelatin
microparticles showed lower burst releases compared to poly(lactic-
co-glycolic acid) (PLGA) microparticles in vitro. A composite
scaffold of these gelatin microparticles embedded in poly(propylene
fumarate) (PPF) showed a sustained release of BMP-2 in vivo in
a subcutaneous mouse model. This study also demonstrated that
microspheres encapsulated within a scaffold provide a better control
of growth factor release compared to the scaffold alone [81]. In order
to produce fully synthetic biodegradable materials, mimics of natural
polymers such as collagen have been designed. In one of these studies,
matrix metalloproteinase (MMP) cleavage sites and RGD (Arg-
Gly-Asp) moieties were introduced into polyethylene glycol (PEG)
polymers. Here, the release of BMP-2 was shown to be induced by
MMP-2 mediated degradation in vitro. The effect of these hydrogels
containing 5 pug of BMP-2 on bone healing was studied using critical-
sized calvarial defect model in rats. The MMP-sensitive, BMP-2-loaded
hydrogel induced formation of new bone comparable to BMP-2 loaded
collagen sponges (Helistat”) [82]. Another more complex material
which was also studied in the context of bone regeneration, is a MMP
cleavable PEG hydrogel functionalized with an a2p1 integrin-specific
peptide (GFOGER; single letter amino acid code, O = hydroxyprolin).
This material was shown to be effective for bone-healing in a mouse
critical size defect model even in the absence of BMP-2 but doping
the hydrogel with low BMP-2 doses (0.03 pg) resulted in higher bone
formation capabilities and complete bridging of bone gaps after 8 weeks
[83]. Hybrid nanofiber mesh/alginate delivery systems containing
RGD (Arg-Gly-Asp) have been compared to collagen sponges for
BMP-2 release [84]. Bone formation at 8 weeks post-surgery was
significantly increased in the nanofiber mesh/alginate group compared
to the collagen sponges at the same dose (1.0 ug rhBMP-2). In order to
obtain 3D scaffolds with defined and reconstructable structures, Lee et
al. [85] created polymeric 3D scaffolds by solid free-form fabrication
(SFF) technology, computer-aided design (CAD) and computer-aided
manufacturing (CAM) techniques. BMP-2 loaded microspheres were
encapsulated within these microstereolithography-produced scaffolds
and after 7 days BMP-2 started to be released linearly. When the
performance of the construct was studied in a rat cranial bone defect
model, around 75% bone formation was observed after 11 weeks [85].

The detailed description of the results, using different combinations
of BMP-2 and materials as mentioned before, led to the assumption
that the material type has a major impact on the success of bone
regenerative approaches. These material related effects become obvious
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by comparing e.g. brushite and PLGA controlled release systems loaded
with the same doses of BMP-2. PLGA appeared significantly more
osteogenic than brushite which is attributed to the slow resorption rate
of brushite [86]. As a consequence, BMP-2 is not released in sufficiently
high concentrations which might indicate the requirement of an at least
minimal burst release. On the other hand, the hard brushite material
might also impede the migration of invading cells which are essential
for the process of bone regeneration.

Delivery of BMP-2 utilizing affinity interactions: One of the
strategies for protein immobilization relies on affinity interactions of
specifically tagged proteins with appropriately functionalized surfaces.
Unlike covalent coupling, affinity interactions are weaker, with the
strength depending on the particular interaction partners. In most
cases, the interaction can be affected e.g. by changing pH values, the
temperature of the solution, or by using a competitive ligand. In vivo,
these parameters can certainly only be altered to a limited extent.
However, there are profound advantages of such approaches relying
on a high specificity of the interaction, a mainly uniform orientation
of both interacting partners, mild coupling conditions and a broad
availability of various commercially available affinity tag systems.
Reversibility of affinity interactions may be advantageous when the
controlled release of the growth factor is crucial, for instance if the
ligand has to be internalized from the effector cell to gain full signaling
capabilities.

Nevertheless, there are also some limitations that one needs to
consider when choosing the affinity-tag coupling strategy, such as
laborious protein engineering, overall cost of affinity ligands, the
possibility of changing the proteins properties, an unpredictable
release of the immobilized growth factor or limited possibilities for tag
positioning. Usually affinity tags are placed on either N- or C-terminus
of a protein to minimize changes in its biological activity. Though,
positioning of an affinity tag at either the N- or C-terminus of the
protein sequence may be in some cases detrimental for its trafficking
and folding.

Common affinity immobilization approaches can be performed via
a vast number of different molecular fusion tags, such as small charge-
based (poly-arginine or poly-histidine-) affinity tags, epitope tags based
on the interaction with antibodies (hemaglutinin (HA), Myc, FLAG™,
V5 epitope), protein fusion tags (Protein A, Small Ubiquitin-related
MOdifier (SUMO), glutathione S-transferase (GST), maltose binding
protein (MBP), calmodulin binding protein (CBP), certain protein
domains (cellulose binding domain, chitin binding domain), biotinylation
(based on strong biotin-avidin affinity), and many others [87-90].

As already mentioned, BMP immobilization has been broadly
exploited in terms of physical adsorption, encapsulation and non-
specific covalent immobilization. Nevertheless, addition of fusion
tags was in context of BMPs employed mostly for protein purification
(histag [91], maltose binding protein [92]), or detection and enrichment
purposes [93, 94], and only in a few cases designed to enable a more
permanent immobilization on scaffolds. Insertion of any kind of tag
within the mature part of thr BMP sequence is strongly restricted
to the N-terminus, which is caused by the buried architecture of its
C-terminal end. Because of the specific domain arrangement of BMP
proteins comprising a pro- and a mature-domain, insertion of any tag
used in an eukaryotic heterologous expression system is thus strongly
restricted to the N-terminal end of the mature part as well which might
impose hindrance in the intracellular protein trafficking and proper
processing of the mature peptide.
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BMP-2 immobilization via His-tags: One of the best explored
affinity tags used in protein science is a strain of 6 histidines,
demonstrating a high affinity towards bivalent metal ions. An
application for BMP-2 immobilization via an introduced his-tag was
reported by Zhao et al. [95]. BMP-2 was expressed as fusion protein
with 6 histidines (his6-tag) fused to the N-terminal end of the mature
part of human BMP-2. 10 ug of the tagged BMP-2 protein was loaded
onto a demineralized bone matrix (DBM) which was covalently
decorated with pentahistidin antibodies (so-called MAbs-DBM).
The antibodies were used to enhance the loading capacity of the
demineralized scaffold. These scaffolds were subsequently tested in cell
based assays for osteogenic differentiation using C2C12 cells and also
in vivo for inducing ectopic bone formation in male Sprague-Dawley
rats. The results clearly showed that his-tag immobilized BMP-2 was
able to induce alkaline phophatase (ALP) activity in C2C12 cells in a
dose dependent manner independent of whether it was adsorbed to
the undecorated demineralized scaffold or bound to the pentahistidin
antibody decorated scaffold. However, his-tag-BMP-2 bound to MAbs-
DBM induced higher ALP signals at the same BMP-2 dose. In vivo,
after two weeks of implantation his-tag-BMP-2/DBM and His-BMP-2/
MAbs-DBM both induced formation of ectopic bone in proximity to
the scaffolds which could not be observed in case of unloaded scaffolds.
Moreover his-tag-BMP-2/MAbs-DBM revealed thicker layers of bone
tissue and higher levels of calcification [95].

BMP-2 immobilization via bi-functional peptide linkers:
Hamilton and co-workers have recently established a phage display
procedure for the isolation of short bi-functional collagen and BMP-2
binding peptides [96]. For this purpose, they employed a biotinylated
BMP-2 (linked by conventional N-Hydroxysuccinimid(NHS)-coupling
techniques), which was then immobilized to a streptavidin-coated 96-
well microplate. Ten different phage display libraries, designed with
a central specific amino acid core motif were screened for peptides
that bind to BMP-2. The identified BMP-2-binding peptides were
then individually combined with a collagen-binding peptide sequence
(generated in previous work [97]) by a flexible linker. Such bifunctional
peptides were mixed with BMP-2 supplied with an injectable collagen
gel. The osteogenic properties of the construct (200 ul of collagen gel
containing 2 mg of BMP-2) were investigated in vivo. Two weeks after
surgery approximately 25% of the implant was covered with new bone
in the peptide-containing group, whereas no bone formation was
observed in the control group (without the bi-functional peptide).
Further analyses revealed that binding of the BMP-2-binding peptides
to BMP-2 was not affected by the presence of human plasma since
plasma components theoretically could interact and thus compete for
the binding of the peptide to BMP-2 [96].

BMP-2 immobilization via interaction with heparin/chitosan:
Heparin, also known as a heparan sulphate is a highly sulfated
glycosaminoglycan, carrying a strong negative surface charge. It is
stored mainly in mast cells of the immune system and appears in the
extracellular matrix of eukaryotic cells where it interacts with multiple
growth factors and serves as an antibacterial and hydrating factor for
the cellular matrix [98]. Owing to its strong affinity towards BMP-2,
a number of BMP immobilization approaches using heparin/heparin-
binding-site interaction emerged in the recent years.

In a paper by Kim et al. [99] titanium dental implants were
covalently covered with heparin by using classical EDC/NHS-mediated
coupling chemistry. The work focused on the development of a dental
implant with antibacterial properties and enhanced osteogenic
function. The BMP-2 binding to the heparin-grafted titanium discs
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was accomplished by immersing it in a BMP-2 solution (10 or 50 ng/
mL) for 24 h at ambient temperature. In vitro tests showed reduced
inflammatory potential as analyzed in a murine macrophage cell
line, a sustained release of BMP-2 from the heparin-titanium discs
and stimulated osteoblast function which was further proven by
significantly higher ALP activities and calcium contents in cells grown
on BMP-2 (50 ng)-immobilized titanium surfaces. Similar approaches
to functionalize titanium surfaces were performed by Lee et al. and
reported in 2012 [100].

Also recently, a similar approach for BMP-2 immobilization on
polycaprolactone fibers was published in which their potential to
induce osteogenic differentiation of periodontal ligament cells was
studied [101]. The polycaprolactone fiber surface was functionalized
with heparin-dopamine and further coated with BMP-2. The
publication reports sustained BMP-2 release profiles over 28 days with
no evident cytotoxicity against periodontal ligament cells (PDLCs).
Fibers with immobilized BMP-2 significantly induced osteogenic
differentiation with a significant increase in ALP activity, calcium
deposition and mRNA expression levels of osteocalcin and osteopontin
compared to the unmodified PCL fibers [101]. A subsequent in vivo
study demonstrated that the implanted BMP-2/Hep-DOPA/PCL/
PLGA scaffolds implanted into rat femur defects induced more bone
formation compared to that of BMP-2/Hep/PCL/PLGA- and PCL/
PLGA scaffolds [102]. Similarly, BMP-2 has also been immobilized
onto calcium coated chitosan scaffolds [103]. These in vivo studies
were performed in New Zealand male rabbits. Defects of 4 mm in
diameter were drilled into tibiae maesetae of both legs and the scaffolds
were implanted into the deficient area. The osteogenic potential of the
scaffold was analysed 3 weeks after implantation. The results showed
that BMP-2 remained active in the chitosan scaffolds and its release
kinetic was dependent on the presence of calcium phosphate salts.
Chitosan scaffolds containing both calcium phosphate salts (CPS) and
BMP-2 were more osteoinductive than their counterparts alone [103].

BMP-2 immobilization via biotin-streptavidin interactions: A
complex of biotin bound to streptavidin is the strongest known non-
covalent biological interaction, with a dissociation constant (K)) of 10°
*M [104]. The complex formation is robust and binding may only be
disrupted by harsh, denaturing conditions. For this reason biotin and
streptavidin are a very convenient choice for protein immobilization.
In context of BMP-2 immobilization, biotin-streptavidin interaction
has been used to study the biological activity of bound BMP-2 [105],
as well as for quantifying small amounts of immobilized BMP-2 on
various materials [106]. Recently, a continuous surface BMP-2 gradient
was constructed using biotin-streptavidin interaction, to enable cell
screening studies [107]. However, since the production of streptavidin
is cost-intensive, such approaches were in the past mainly addressed
in basic research for e.g. protein purification or protein quantification.

BMP-2 immobilization via synthetic oligonucleotides: In an in
vitro study conducted by Schliephake and co-workers [108] a set of
complementary DNA strands was used for BMP-2 immobilization.
The aim of the study was to investigate whether oligonucleotides could
be suitable to immobilize and slowly release osteogenic growth factors,
and thereby enhance the osteogenic potential of titanium implants. 60-
mer non-coding DNA oligonucleotides were fixed to titanium surfaces
by anodic polarization. Conjugation of BMP-2 with complementary
sequences was achieved by chemical crosslinking using disuccinimidyl
suberate (DS) as linker molecule. The functionalized BMP-2 was
then hybridized to the titanium-anchored oligonucleotides at room
temperature (the coupling scheme is similar to that of biotinylated
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BMP-2 interacting with strepatavidin, see figure 2C). In vitro
experiments were performed using human bone marrow stromal
cells (hMSCs). Release studies over 28-days showed a continuous
release of BMP-2 from the titanium surface. Also proliferation of cells
was significantly increased and the osteogenic markers, osteopontin
and alkaline phosphatase, were upregulated. Additionally, BMP-2-
conjugated scaffolds revealed significantly higher number of focal
adhesion points. Released BMP-2 was tested for its biological activity
which was shown to be comparable to non-conjugated BMP-2, proving
that the conjugation process did not affect its biological activity.

Asmany affinity binding approaches clearly showed that an increase
of the affinity of BMP-2 to particular scaffolds enhances the osteogenic
potential of the construct, several research groups have focused on
covalent binding of the growth factor onto various materials.

Delivery strategies using covalently coupled recombinant
BMP-2

Most of the injectable BMP carriers are unable to retain BMP at the
site of injection. As a consequence, most carriers lose 50% or more of
pre-loaded BMP after a few days in vivo. The delivery of a covalently
immobilized growth factor would therefore offer the advantage of a
controlled and sustained influence on cell behavior in comparison with
soluble or slowly released proteins.

Implanting constructs being functionalized with covalently bound
BMP-2 [109] demonstrated the easy delivery of this growth factor
with a homogeneous distribution on the implant surface, primarily
circumferential bone induction, rapid gap filling by trabecular bone
within 4 weeks and an easy control and avoidance of ectopic bone
formation. Covalent immobilization of BMP-2 and epidermal growth
factor (EGF) has also been achieved on titanium dioxide (TiO,)
nanotube surfaces by N,N-carbonyldiimidazole (CDI) coupling either
via direct binding to amine groups of the growth factor or via spacers
such as 11-hydroxy-undecylphosphonic acid (PhoA) [110]. Coupling
proteins via N,N-carbonyldiimidazole is non-site directed and may
result at least partially in deactivation or denaturation of the coupled
proteins. BMP-2 coating did not contribute to cell proliferation,
attachment, adhesion or proliferation as shown for EGF if exposed to
bone marrow derived MSCs. These findings indicate that these cellular
activities are not trigerred by BMP-2 or that the cells in general might
be BMP-2 insenstive.

Since naturally occurring growth factors only contain a limited
subset of reactive groups (NH,-, OH- COOH-, and SH-groups) being
present in sidechains of particular amino acids, the chemical coupling
reactions have to address the individual demands of these functional
groups for coupling. In order to extend the spectrum to a broader
variety of potential coupling chemistries, bi-functional linkers have
been designed for coupling of growth factors to scaffolds. Several
coupling methods have recently been developed to further control
the orientation of the growth factors to be immobilized including
usage of cysteine-containing tags, peptide aptamers and fibrin or
collagen substrates [111]. However, these methods entail protein
modifications thus can also affect the outcome of individual cellular
responses. Recently, Tabisz et al. [112] published a strategy for site-
directed coupling of BMP-2 to scaffolds by click-chemistry utilizing
an artificial amino acid, which had been introduced during bacterial
expression by amber codon suppression [113]. The constructed BMP-
2 variant showed the same bioactivity compared to wildtype BMP-2
and could be coupled site-directed and biologically active coupled to
solid surfaces. This technique allows an interesting alternative since the
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linker used for coupling already gets introduced into the protein upon
protein expression thus avoiding secondary modifications. Another
hallmark of this technique is that the position of the artificial amino
acid is not restricted to the N-terminus of BMP-2 thus allowing a
positioning which certainly will not impede the binding of BMP-2 to
its cognate receptors.

Engineered surfaces decorated with site-directed and covalently
bound BMP-2 being immobilized via optimized linkers might
represent an excellent alternative in order to maintain the growth
factor’s biological activity. Other surfaces, for instance gold surfaces
have been first decorated with a hetero-bifunctional linker which
subsequently were exposed to BMP-2. For tracking purpose, BMP-2
has been iodinated with Na'*I prior to coupling. The activated surfaces
were used in cell based assays using C2C12 cells [114]. Also here,
the covalently immobilized BMP-2 activated BMP-dependent signal
transduction, thus resulting in the expected cellular responses like
suppression of myotube formation and upregulated ALP expression.
Specific BMP-2 binding peptides have been screened and used as part
of an engineered hetero-bifunctional spacer enabling the simultaneous
binding to BMP-2 and collagen [96]. In cell based assays, the
bifunctional linker increased the retention of BMP-2 within a collagen
matrix and led to increased osteogenic activities. But, it is not clear if
BMP-2 can bind its cognate cellular receptors while still bound to the
peptide or if BMP-2 has to be first released for interaction with these
receptors. However, in vivo results demonstrate that the presence of the
linker significantly increased osteogenic activity [96].

Delivery strategies using covalently coupled BMP-2 derived
peptides

The use of peptides mimicking BMP-2 specific bioactivities might
represent an attractive alternative for the costly recombinant growth
factors [115]. Synthetic BMP-2 peptides might circumvent the use of
native proteins that may undergo degradation and denaturation in
vivo. But, due to the dimeric nature of the BMPs, the binding epitopes
for the type I- (wrist epitope) and the type II receptor (knuckle epitope)
exist twice. So, to achieve full receptor activation, the native ligand
has to bind to two type I- and two type II-receptor chains forming a
heterohexameric ligand-receptor assembly [116]. Thus, mimicking
these capabilities with a simple peptide seems not feasible. However,
coupling of a synthetic peptide corresponding to amino acids located
within the knuckle epitope by EDC/NHS chemistry to alginate gels
induced prolonged ectopic calcification for up to 7 weeks in rat calf
muscle whereas BMP-2-doped collagen gel showed maximum ectopic
calcification already after 3 weeks but the formed calcified ossicles
disappeared after 5 weeks [117]. The peptide-functionalized alginate
scaffold also induced ALP activity (ALP) in a murine osteoblast cell
line. Furthermore, it could be demonstrated that upon exposure to this
construct SMAD signaling is initiated resulting e.g. in the upregulation
of osteopontin expression and an increased mineral deposition in
murine mesenchymal stem cells [118]. Compromised bone growth
often occurs in the immediate vicinity of metallic implants, leading
to weakened bone quality and implant failure. BMP-2 peptides
covalently bound to glass, titanium, cobalt chromium (CoCr) and
gold substrate have been shown to enhance and accelerate the growth
and differentiation of osteoblasts and other cell lines. Chemical
immobilization of synthetic peptides onto titanium implants was
conducted to evaluate the in vitro and in vivo osteointegration capacity
[119]. A peptide mimicking both, the wrist and the knuckle epitope
was chemically synthesized using a so-called F-moc chemistry with
an additional N-terminal modification by a cysteine-containing
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spacer which eases chemical conjugation onto implant surfaces. This
peptide covalently coupled to titanium discs showed in MC3T3-E1
cells higher proliferation and upregulated expression of osteogenic
markers such as ALP compared to the control disc. Importantly, the
peptide modified implant material introduced into canine mandibles
showed a significant increase of bone growth, thereby confirming that
biochemical modifications of Ti surfaces can indeed increase the rate
of bone healing compared to untreated Ti surfaces. Potentially useful
findings have also been reported for CoCr alloy implants, where the
presence of a BMP mimicking peptide (coupled via a cysteine amino
acid at the N-terminus) showed twofold increase in ALP activity after
2 weeks of incubation and a fourfold increase in calcium content after
3 weeks of incubation compared to controls [120]. Peptides mimicking
the knuckle epitope of BMP-2 have also been immobilized on anodized
nanotubular titanium [121]. Results showed increased osteoblast
adhesion compared to non-functionalized anodized titanium. This
in vitro study adds anodized materialsthat holds nanometer surface
textures to the growing list of materials that promote osteogenesis.

Several reports found in the more recent literature have
demonstrated that surface textures in the nanometer-scale topography
can influence proliferation and differentiation of embryonic and
mesenchymal stem cells. Therefore, nanoscale topographies in
combination with growth factors may promote proliferation or lineage
differentiation of stem cells. To develop these substrates, the factors
have to be immobilized directly on the surface of the substrate. One
study showed that nanopatterned polyurethane acrylate (PUA)
substrates uniformly coated with poly(glycidyl methacrylate) (pGMA)
by initiated chemical vapor deposition (iCVD) followed by covalent
immobilization of BMP-2 peptides results in a much more efficient
BMP-2 peptide immobilization than e.g. physical adsorption. Results
of Alizarin Red S staining, immunostaining, and quantitative real-time
polymerase chain reaction (QRT-PCR) revealed that hMSCs cultured
on such nanopatterned surfaces enhanced osteogenic differentiation
[122]. However, despite the studies demonstrating the influence
of peptide-modified surfaces on cellular behavior in vitro, there is
relatively little evidence reporting their effects on osteogenesis and
osteoclastogenesis (remodeling) in vivo.

Comparison of gene and protein/peptide delivery
strategies

In an in vitro study, gene delivery of BMP-2 and ectopic delivery of
the recombinant BMP-2 protein were directly compared. Interestingly,
both approaches showed comparable mineralization results. A
difference was observed in osteogenic protein expression levels where
BMP-2 transfected cells expressed more osteopontin compared to
the cells treated with same amount of recombinant BMP-2 protein in
the cell culture medium [123]. Both, gene and protein delivery have
advantages and drawbacks. Gene delivery provides supply of proteins
for a relatively long time and the expression period can be controlled
by inducible expression vectors. But a safety concern remains about the
use of viral vectors in clinics. When non-viral vectors are considered,
transfection of long DNA fragments appears difficult to perform and
the efficiency may not be enough to realize complete bone restauration.
In gene delivery, the protein is continuously produced by the cells
and therefore stability is not an issue. However, in the development of
protein delivery systems, the stability of the protein in the period of at
least several weeks should always be considered and assured. Besides,
the required dose and release kinetic should be assigned correctly for
successful clinical outcomes.
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As suggested, both systems need further improvements, more
characterization of the improved systems and solid pre-clinical data to
pursue with clinical trials.

Future perspectives

The complexity of tissue engineering in the field of bone
regeneration inspired numerous investigators to date and as more
investigations are conducted more complexity arises [124]. For
the generation of innovative products more advanced engineering
strategies of biomaterials probably including cells as well as growth
factors are required. Controllable and reproducible production
techniques of innovative materials have to be elaborated on products
acting osteogenic on their own. Ideally, these materials are applied
together with cells, either actively taking part in the regeneration of the
bone defect and/or secreting the signalling molecules which act as initial
trigger of a whole cell-cell communication cascade resulting finally in
the recruitment of osteoprogenitor cells from the surrounding tissue.
This initiating signal is most-likely provided by BMP-2 as described in
this manuscript since application of this protein (or another osteogenic
BMP) at ectopic sites (e.g. in muscular tissue) results in the formation
of an ossicle by mechanisms being similar to those occurring in natural
bone growth and repair. Ideally, the provided signal is sufficiently
active for the period of time the bone defect needs to heal. In principal,
this can be achieved best by genetically manipulated cells but due to
immunological concerns, autologuous cells are required. Alternatively,
the signal can be provided by the application of recombinant BMPs.
Here, numerous trials have been conducted within the last decades
all of which faced the same problem relying on the general (bio-)
chemical properties of this class of growth factors. As these proteins
can induce the formation of ectopic bone, it has to be assured that
responsive tissues (e.g. muscular tissue) are not exposed to these
proteins even in situations of bone fractures. For that purpose, the
osteogenic BMPs are evolutionary "designed" as badly soluble proteins
which additionally bind strongly to components of the extracellular
matrix. Local administration of huge amounts must consequently
result in a kind of precipitate rendering the majority of the protein
biologically inactive. This inactive clot is typically eliminated by several
environmental mechanisms. The design of 2™ generation BMPs
should, therefore, focus on protein variants which in general provide
higher bioactivities over longer periods of time. This can be achieved
by enhancing the individual binding affinities of the ligand to the cell
surface receptors by rational structure based design. Due to enhanced
binding affinities, the applied dose of the BMPs being required can
be significantly reduced but the protein modification bears the risk
to induce immunological responses. Another way to keep the growth
factor’s signalling capacities biologically active and locally in place
might be provided by tight binding of the factor to suitable scaffold
structures. As discussed in this review this might be realized addressing
the material side (with scaffolds being optimized for BMP binding)
and/or addressing the growth factor side (by a covalently bound BMP
which ideally is coupled to the matrix side directly), thus enabling a
robust and reproducible decoration of the chosen matrix. If initial steps
of the regeneration process involve the migration of stem cells being
recruited by a growth factor gradient, the coupling of this factor should
- at least partially - occur via linkers which are cleavable by e.g. matrix-
metalloproteinases.

In conclusion, by addressing the key problems which have been
identified to date it seems feasible to create either cell-based or cell-free
delivery systems for BMP-2 which in the near future can routinely be
used in clinics in case of complex traumas and other cases requiring
medical intervention.
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