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Abstract
Complications in treatment of large bone defects using bone grafting still remain. Our
understanding of the endogenous bone regeneration cascade has inspired the exploration of a wide
variety of growth factors (GFs) in an effort to mimic the natural signaling that controls bone
healing. Biomaterial-based delivery of single exogenous GFs has shown therapeutic efficacy, and
this likely relates to its ability to recruit and promote replication of cells involved in tissue
development and the healing process. However, as the natural bone healing cascade involves the
action of multiple factors, each acting in a specific spatiotemporal pattern, strategies aiming to
mimic the critical aspects of this process will likely benefit from the usage of multiple therapeutic
agents. This article reviews the current status of approaches to deliver single GFs, as well as
ongoing efforts to develop sophisticated delivery platforms to deliver multiple lineage-directing
morphogens (multiple GFs) during bone healing.
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1. Relevance of the topic
Bone transplantation is one of the most common clinical procedures worldwide. Bone loss
from trauma injury, tissue resection of tumors, revision surgery, osteonecrosis, spinal
deformities, trabecular void, and infection can lead to significant bone loss with poor healing
capacities or non-unions that pose a major clinical and socioeconomic problem. It is
estimated that there are approximately 6.3 million fractures each year in the United States,
with roughly 1 million who have skeletal defects [1] and over 500,000 requiring bone
grafting procedures, costing approximately $ 2.5 billion [2]. These costs are estimated on
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fractures that heal on a first time successful surgical outcome. However, there is only an
85% success rate on a first procedure using bone grafting, and costs associated with
complications and revision surgeries are estimated at 3 times this cost and more. A recent
forecast of population development from the Federal Statistics Office predicts that in the
year 2050, half of the population in Germany will be older than 48 and one third will be at
least 60 years old. The proportion of people over the age of 80 will triple [3]. The aging
population will lead to an increase in the demand for surgery for joint replacement and
fracture treatment. The need for effective and scalable osteosynthesis strategies will take
center stage in the coming decade.

1.1 Classical treatment approaches for large bone defects and their limitations
Although bone repair in fracture healing is usually an efficient process, there is a subset of
cases that have been reported as complications, most often during the treatment of large
bone defects and resulting non-unions. While there is no universally accepted definition of
non-union resulting from segmental or large bone defects, it can be considered the failure of
a bony union within 6–8 months [4] without any signs of further progression toward healing.
The diagnosis for such cases in humans is based on a combination of clinical symptoms and
physical findings, including radiographic evidence of a failure in osseous union. For non-
union or critical-sized defect scenarios, a temporary material must be used to fill the bone
defect. Historically, management of posttraumatic large bone defects and the resultant poor
outcomes was done by amputation. In the past decades, massive cancellous bone autografts,
free vascularized grafts, bone transport with distraction osteogenesis, often in combination
with metal implants have been the alternatives to amputation for large bone defects, but still
often involve delayed union, prolonged treatment time, and revision surgeries.

The current gold standard treatment of critical-sized bone defects is autogenous bone
grafting. In this treatment, host bone is removed from another site (typically from the pelvis
or iliac crest) and used to fill the bone defect [5, 6]. However, the complication rate in
autogenous bone grafting is high and may include donor site morbidity, pain, paresthesia,
prolonged hospitalization and rehabilitation, increased risk of deep infection, inflammation,
and restricted availability. Another option for patients and surgeons is the use of bone
allografts (typically derived from human cadavers). Many orthopedic allograft procedures
have been FDA-approved and utilized for years. Success in both autograft and allograft
procedures is attributed to the physical and biological similarity in donor (site or patient) and
host tissue. However, orthopedic allografts carry risks of donor to recipient infection and
disease transmission, and host immune responses. As a last resort, patients requiring bone
repair or replacement may also consider a xenograft, or tissue grafting from a non-human.
Early success in xeno-transplantation of a variety of cells, tissues, and organs created
optimism towards this approach. However, after decades of research investigation as well as
global clinical trials, bone xenografts are now considered to be unsuitable for transplantation
due to risk of disease or virus transmission, infection, toxicity associated with sterilization,
immunogenicity, and finally host rejection [7]. Synthetic bone graft substitutes have
evolved, as a result of the limitations of bone grafts, and continue to be developed, but not
yet reached clinical efficacy for the treatment of posttraumatic segmental bone defects. The
limited bone regeneration potential of allograft, xenograft and synthetic replacements has
prompted the pursuit of tissue engineering approaches for the regeneration of functional
bone tissue [8–10].

1.2. New strategies in the treatment of segmental bone defects
Although, the classical approaches have not been entirely successful in restoration of
functional bone tissue, they still serve as motivation and a gold standard for newer tissue
engineering approaches. The ability of bone grafts, or devitalized, de-mineralized bone to
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release osteo-inductive signals and induce a response in adult stem-like cells, and osteogenic
cells has unveiled promising strategies in bone tissue engineering, based on delivery of cells,
matrix and bioactive molecules. Numerous growth factor (GF) proteins with an important
role in this auto-inductive process have been investigated for their therapeutic potential in
regeneration of segmental bone defects, including bone morphogenetic proteins (BMPs),
transforming growth factor-beta (TGF-b), fibroblast growth factor (FGF), insulin-like
growth factor (IGF), vascular growth factor (VEGF), platelet derived growth factor (PDGF),
and stromal derived growth factor (SDF1) [11, 12]. However, these strategies still remain
inferior, costlier and more complicated compared to the gold standard treatment of bone
grafting. These inferior results may be due to the mode and timing of their delivery, poor
control over the subsequent distribution of the factors locally and systemically, rapid
degradation of the factors, undesirable systemic effects and toxicity, and an insufficient local
concentration for the required time frame during regeneration. Consequently, the need to
orchestrate the spatiotemporal delivery of single or multiple cues (simultaneously or
sequentially) capable of instructing both cells resident in the tissue and transplanted cells
will likely be key to the ultimate success of the regenerative process during bone healing
[13]. The aim of this article is to review recent progress in delivering lineage- directing
morphogens in the treatment of bone healing, with a specific focus in segmental or large
bone defects. The article will cover:

(i) An overview of biological mechanisms in bone healing,

(ii) A brief review of current tissue engineering and regeneration strategies for bone,

(ii) Growth factors and delivery methods in treatment of bone defects,

(iii) Approaches that could provide greater control over bone regeneration driven by
delivered GFs,

(iv) Future outlook in bone tissue regeneration strategies.

This review does not attempt systematic comparisons of different morphogens and their
outcomes in bone healing, or cover recent advances in small molecule therapies, treatment
of bone healing in disease conditions, or extensively review cell and viral based gene
therapies in the treatment of bone healing. There have been several excellent recent reviews
on these other topics [14–23].

2. Endogenous mechanisms in secondary bone healing
A fracture occurs when the upper limit of bone strain is exceeded. Fracture repair, which
aims at regaining the functional competence of a bone, is a complex and multi-factorial
process, which is assumed to recapitulate bone development [24]. In optimal conditions and
in contrast to most other tissues, injured bone can be reconstituted almost identically to its
original shape without a scar. Depending on the fixation stability a primary (direct) or a
secondary (indirect) healing pattern proceeds [25]. Primary fracture healing can be defined
as primary cortical healing which involves a direct attempt by the cortex to re-establish
itself. This type of healing occurs after anatomical reduction with minimal inter-fragmentary
movement of the fracture fragments, followed by discrete remodeling units known as
‘cutting cones’ that cross the fracture site[26]. Under such conditions endochondral
ossification is absent and little or no callus formation occurs. This repair method is
nowadays less frequently aimed for and only seen with rigid compression fixation, and in
small bone cracks (e.g. following stress fractures) [27].Fractures in the diaphyseal region
affect cortical bone. Repair of these fractures, specifically those with motion between bone
fragments or inter-fragmentary gaps, occur by secondary bone healing. This review deals
with secondary bone healing in the diaphyseal region of the long bone, with the femur taken
as an example.
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2.1 Background of secondary bone healing
Secondary bone defect healing is a more frequent process of bone repair, and has been
studied in greater detail in animal fracture models, and will be the focus of this article. The
key tissues in secondary diaphyseal bone repair are the bone marrow and the periosteum, as
these contain committed osteoprogenitor cells and uncommitted undifferentiated
mesenchymal cells; both cell populations contribute to the bone healing process. Secondary
healing of bones involves the classical stages of fracture healing. Healing begins with (i)
inflammation that is followed by (ii) the formation of a periosteal callus through intra-
membranous ossification, (iii) bridging of the bone defect by endochondral ossification, and
finally (iv) the callus is resorbed during remodeling. The process of bone healing is highly
sensitive to biological and mechanical stimuli, both influencing the path and the outcome
(Figure 1). Tremendous efforts have been exerted in past decades to understand the separate
influences of mechanics, and biology on bone healing outcome. In reality, these processes
do not function independently. This has led to a new field termed “mechanobiology” in bone
healing [28, 29]. Understanding the mechanisms of the endogenous bone healing process,
and especially (in comparison) the biology of impaired/delayed bone healing, will generate
treatment possibilities that provide better control of regenerating bone tissue.

2.1.1 Normal healing—Normal bone healing proceeds through the following stages:
hematoma formation, inflammation, revascularization, fibrocartilage, hyaline cartilage,
cartilage mineralization, woven bone formation, and remodeling (Figure 2)[30]. When a
bone fracture occurs, the ruptured blood vessels provide blood flow that fills the fracture site
with a blood clot, and this also leads to a localized hypoxia and acidosis. The bioactive
blood clot activates platelets and their release of alpha granules, transforming the clot into a
fibrin-rich extracellular matrix (ECM)-hematoma. A combination of inflammatory cells,
neutrophils, monocytes, and lymphocytes appear consecutively from ruptured blood vessels,
and the bone marrow cavity via migration into the extracellular matrix of the hematoma. The
hypoxic conditions in this healing phase induce the angiogenic HIF1α (hypoxia inducible
factor 1 alpha) pathway [31–;34]. Therefore the revascularization process in the injured
region starts in the hematoma, which has been reported to be inherently angiogenic [35].
Mesenchymal progenitors in the periosteal and endosteal envelopes, as well as from the
bone marrow are activated by means of signaling molecules such as Interleukin 6 (IL6),
Tumor necrosis factor-alpha (TNF alpha), Granulocyte colony-stimulating factor (GCSF),
Stromal cell-derived factor-1 (SDF 1), Macrophage colony-stimulating factor (MCSF), and
matrix proteases, and are recruited to the fracture site [36]. Once mesenchymal progenitors
are present in the fracture gap, mechanical loading leads to matrix metalloproteinase (MMP)
secretion and further enhance angiogenesis [37–39]. The recruited cells can participate in
immune modulation [40], and differentiate into osteoblasts or chondrogenic cells.

Osteoblasts are of mesenchymal origin, deriving from the non-hematopoietic part of bone
marrow which contains the bone marrow mesenchymal stem cells (BMSCs). Osteoblast
differentiation is under control of variety of growth factors, hormones and transcription
factors. The TGF-beta super family includes the bone morphogenetic proteins (BMPs).
These factors have either a direct influence on osteoblast activity, or an effect on other bone
growth regulators. The BMPs’ major effects include enhancing osteoprogenitor cell
proliferation and differentiation, while other members of the TGF-beta family control
differentiated cell functions such as proliferation and matrix synthesis[41].

Chondrocytes of the soft callus proliferate and become hypertrophic while the extracellular
matrix becomes calcified. Concurrently, blood vessels penetrate the chondrogenic tissue,
bringing chondroclast and mesenchymal progenitors that initiate cartilage replacement with
woven and lamellar bone. TGF-β2 (transforming growth factor beta 2), TGF-β3 and GDF5
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(growth and differentiation factor 5) are involved in chondrogenesis [42]. VEGF (vascular
endothelial growth factor) expression in hypertrophic cartilage is a key regulator in the
transformation of the cartilaginous matrix into a vascularized osseous tissue [43]. This
osseous matrix, the hard callus, is gradually replaced with woven bone coincident with
expression of collagen 1, osteocalcin and alkaline phosphatase [27]. Woven bone is then
remodeled into lamellar bone, leading to highly organized structures that lead to mechanical
and biological restoration of bone function. The regenerative bone healing process is
concluded with the remodeling stage, which gives rise to bone “restitution ad integrum”.
The entire healing cascade is orchestrated under tight control, both spatially and temporally,
by biological cues produced by cells and ECM at the injury site. However, in unstable
fractures and large bone defects, blood vessel formation is either impaired or limited,
mechanical stimulus is altered, there is an absence of endochondral bone formation, and
mesenchymal progenitor cells remain in too low of numbers to induce bone formation. The
spatiotemporal expression of the biological and mechanical cues is perturbed, resulting in a
delayed healing outcome[44].

2.1.1.1 Spatiotemporal presentation of regenerative cues in bone healing: Multiple
factors regulate the bone healing cascade by affecting different aspects of osteoblast and
chondroblast biology, including their migration, proliferation, chemotaxis, differentiation,
inhibition, and extracellular protein synthesis. Signaling molecules that influence bone
healing can be summarized by the processes they influence: the initial pro and anti-
inflammatory response, cellular growth, differentiation and tissue morphogenesis,
angiogenesis, feedback through inhibitory molecules, extracellular matrix cues (Table 1).

Vascularization is key for bone healing, as supported by a failure in bone healing when
revascularization is disturbed, even at an early stage [45]. An initial pro-inflammatory
response involves secretion of TNFα (tumor necrosis factor alpha), IL-1 (interleukin 1),
IL-6, IL-11 and IL-18 [24]. These factors promote angiogenesis, and cell mobilization [46].
Without TNFα the fracture healing becomes impaired, emphasizing its importance in the
tightly regulated healing process [47, 48].

The cartilaginous step of the bone healing process is influenced by the fracture stability [49–
51]. Limited movement, in a 3 mm osteotomy gap not more than 1 mm compression or 1
mm shear, promotes cartilage formation and is beneficial for the healing outcome; [49].
However, larger movements, even though resulting in larger callus formation, hinder the
bony bridging and consolidation of the fracture callus [52, 53]. Tissue formation is
mechanoregulated, as cells sense tissue strain and hydrostatic pressure. Direct
intramembranous bone formation occurs at very small strains (<5%) and hydrostatic
pressures (<−0.15MPa), endochondral ossification occurs at larger values (<15% and >
−0.15MPa) whereas high values of strain (>15%) lead to fibrocartilage and connective tissue
formation and thus prevent bone healing [54–56].

Transformation of the soft callus to a mineralized callus and woven bone rely on the key
players of bone homeostasis RANKL (receptor activator of nuclear factor kappa-β ligand),
RANK (receptor activator of nuclear factor kappa-β), and OPG (osteoprotegerin) [57, 58];
these have been harnessed for clinical applications [59, 60].

Remodeling reinstates a stabilized mineral callus that adapts to the loads occurring in each
individual overtime, so as to restore normal bone anatomy, structure and functional
properties. However, remodeling can result in weak bone, as seen with altered loading in hip
implant patients [61]. In the worst case this could result in consecutive fractured bone.
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Although sources for stem and progenitor cells are similar (periosteum, vasculature, bone
marrow and adjacent muscle, vascular networks)[62], different fracture locations probably
recruit cells from these sources in a distinct manner. For example, metaphyseal fractures
have a good opportunity to recruit stem cells from the cell-rich bone marrow, while muscle
coverage in this area of the bone is scarce. Diaphyseal fractures, on the other hand, have
good muscle coverage, while the bone marrow develops with age to a cell-poor fatty marrow
[63]. As both fracture types can heal, cell recruitment is often adequate, even though
different cell sources are likely exploited. Utilization of these cell depots by clinical
techniques such as micro-fracturing or bone marrow cavity reaming, depending on the site
of injury, enables mobilization of these cells, and their subsequent participation in the bone
repair process. The loss of these cell sources for example due to a segmental bone defect
where bone marrow volume is compromised, or during complicated fracture trauma where
muscle volume is compromised, leads to impaired healing outcome. As a consequence, there
is a need for tissue engineering strategies to supplement these cell sources, and aid in
recruitment of cells into the injury site during such clinical cases. There is growing evidence
that the vascular system and the MSC niche in the muscles provide a source of progenitor
cells for bone fracture healing [64, 65]. Consequently, this may have an impact on the
mechanism of healing in fracture vs. segmental defects, as the extent of injury and
dislocation of muscle differs in both cases [66]. Future studies are needed to clarify the
varying contribution of different cell sources towards bone healing in various scenarios.

2.2 Failure in bone healing
Despite advances in the treatment of fractures, failure in bone healing still occurs. Some of
these failures are due to mechanically challenging conditions at the fracture and once these
are corrected, healing takes place. Other failures are due to biological limitations, and in
most of these cases we lack an understanding of the involved molecular mechanisms that
lead to delayed healing and non-unions. This is likely the reason that single growth factor
therapies of fixed dose and limited duration exhibit limited therapeutic success: bone heals
instead with a complex hierarchy of processes that involve complex pathways and dynamic
dosing of multiple factors in close coordination. Clinically relevant small and large animal
models of delayed bone healing are being utilized in an effort to better understand the
cascades that lead to a healing delay or to non-unions [67–70]. Data from studies utilizing
these animal models have indicated that all bone healing stages still occur during delayed
bone healing, albeit with a difference in temporal onset and spatial distribution of callus
tissue compared to normal healing subjects [71]. It has been observed that the hematoma
that forms in subjects with a delayed healing has an altered composition, and remains for a
longer duration through the healing phase [72]. There is also a delay in expression of
angiogenic factors [73], down regulation of the endothelial cell marker vWF occurs, and the
expression of extracellular matrix and markers of chondrogenesis and osteogenesis are
changed [74]. Eventually, if the window of opportunity is missed due to a late onset in
normal healing patterns, this can lead to either a hypertrophic- or atrophic non-union.

During the formation of non-unions there is a soft tissue prolapse into the defect, lack of
cartilage formation, and negligible mechanical properties of the callus [44, 68]. Other than
the obvious lack of mechanical stimuli in the defect and insufficient biological control and
resources to fill the defect in a timely manner, in-depth knowledge of the biological
mechanisms during the development of non-unions still remain unclear.

Although bones have an intrinsic ability to regenerate themselves, beyond a certain defect
size, bone is not capable of restoring its architecture and function when only mechanically
stabilized. The defect healing capacity is limited to a few millimeters in humans, and healing
of a gap of 3 mm is significantly delayed. In critical sized defects, healing does not occur at
all. In such cases autologous cancellous bone grafts may be used. The success of autologous
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cancellous bone grafts [75–78] demonstrates at least three characteristics essential for bone
tissue engineering, namely the ability of a material to be osteo-conductive, osteo-inductive,
and exhibit osteogenic potential. Osteo-conductive scaffolds promote the attachment of
osteoblasts and migration of osteo-progenitor cells at the injury site, osteo-inductivity then
furthers the differentiation of osteo-progenitor cells to form bone. Osteogenic potential
refers to the cells that are vital and can differentiate and proliferate to build new bone.

The current understanding of endogenous bone regeneration and clinical success with
autografts has inspired a number of regenerative medicine strategies. To mimic endogenous
repair strategies, a wide variety of growth factors (GFs) have been utilized using bio-
inspired strategies (Figure 4) to create mineralized tissue either in vitro or in vivo. However,
mimicking key aspects of the natural biological process is challenging, and may require
provision of multiple therapeutic agents at an optimized ratio, physiological doses, and in a
specific spatiotemporal pattern.

Bone tissue engineering concepts that are in the clinic today include the use of growth
factors, BMP2 and BMP7 [79–81], and platelet-derived growth factor (PDGF) [11]. Platelet
rich plasma [82–84] has also been widely explored. However, these either have to be used in
supraphysiological dosages or show no clinical evidence of a real benefit. A major demand
on regenerative medicine strategies to bone healing is the often complex situation, as one
must take into account the extrinsic mechanical environment, extracellular matrix properties,
inflammation, cell migration and differentiation, angiogenic processes, soluble factor
transport/ nutrition; these must be balanced to allow for tissue regeneration. Research
directed to influence the inflammatory phase of the bone healing process [85], to enhance
angiogenesis [86–88], to mimic growth factor release [89–95], and improve cell recruitment
[96–99] underpin efforts of the tissue engineering field to further improve bone
regeneration.

An alternative to growth factor strategies is the delivery of cells either capable of directly
forming bone tissue, or capable of secreting factors that induce regeneration by host cells.
The former concept is based on the rationale that single or repeated boluses of exogenous
stem cells or progenitor cells could enhance the regenerative potential in the bone defect by
directly increasing the local cell population [100]. The tissue engineering approach using ex
vivo-cultivated stem cells typically involves the harvest of suitable autologous donor tissues
to recover resident stem cells, typically mesenchymal stem cells (MSCs), followed by their
expansion in culture to a large population. These cells are either transplanted back into the
patient by injection (systemic or local), or they are seeded into a prefabricated three-
dimensional scaffold and then implanted back into the patient. Despite advances in stem cell
research, cell transplantation remains problematic due to concerns associated with cell
sources and numbers, and the use of ex vivo-manipulated cells may have as yet
undetermined, unwanted, or poorly controlled consequences in addition to the practical
barriers and translational limitations [101]. Tissue regeneration by stem cell transplantation
is also hindered by many other hurdles to clinical translation, including potential immune
rejection, pathogen transmission, potential tumorigenesis, labor-intensive procedures, high
cost, and difficulties in regulatory approval. Added to this are issues that will take
considerable time to resolve, such as the optimization of existing scaffold materials for cell
delivery, vascularization, cell integration with the host tissue, and the capacity of delivered
cells to form specific structures in vivo. All of these motivate the conceptually simpler
approach of delivering signaling cues (e.g., growth factors) that stimulate endogenous cells
to migrate to the defect and initiate repair.
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3. Growth factor delivery for bone tissue engineering
While mimicking the endogenous regeneration cascade for bone healing seems like a
reasonable approach, it is important to distinguish between the endogenous GFs that are
naturally presented for bone formation and remodeling, and the utilization of exogenous
GFs. Endogenous bone regeneration involves local production of minute quantities of the
proteins continually. On the other hand, delivery of exogenous GFs relies typically on the
one-time application of a supra-physiological concentration. The original reported
applications of growth factors as therapeutic agents involved intravenous injection, but this
delivery method is not localized to the target tissue and is also ineffective because of the
growth factors’ short half-lives [102, 103]. Consequently, no further pharmacological
activity is achieved once protein levels are reduced below a threshold concentration. The
chemical identity, concentration, duration, and context of growth factors also contain
information that controls cell fate in various ways (Table 2). Coordinated interactions with
other GFs, cells, and extracellular matrices (ECM) define a local cellular microenvironment
that cells sense and that performs complex and dynamic regulation of cellular processes
[104, 105]. The cellular effects can be controlled by variables as listed in Table 3, and as
reviewed previously [102]. For example, the endogenous GF activities are regulated by
binding to extracellular matrices, and presentation to cells that provide a tightly regulated
feedback, along with inhibitory signals. The critical drug delivery challenge for exogenous
factors is to identify a biomaterial carrier that maintains a sufficient concentration of the GF
at the application site in a manner that mimics the normal physiologic control required for
bone regeneration. Altogether, these challenges have motivated the development of
controlled delivery systems that allow the sustained, dynamic and localized delivery of small
amounts of these factors to the target cell population and tissue site.

Bolus delivery of GFs is technically simple, but the subsequent distribution of the factors
throughout the body and their rapid degradation may lead to undesirable systemic effects
and toxicity, and an insufficient local concentration for the required time frame,
respectively. The use of polymeric vehicles to locally deliver the factors in various formats
provides a method of controlled, localized delivery for the desired time frame. Growth
factors can be incorporated into the polymer delivery systems in a variety of different ways
[106, 107]. Depending on the method of incorporation, the release rate of the growth factor
may be controlled by processes including diffusion of factor, charge interactions, erosion or
degradation of the polymer, swelling of the polymer, osmosis wetting phenomenon or
dissolution. Challenges to polymer delivery include the denaturing and deactivation of
proteins resulting from various encapsulation processes utilizing harsh solvents, cross-
linking agents and high temperatures. A variety of processing techniques have been
developed to bypass these issues including soaking the scaffold in a solution of growth
factor after processing, use of hydrogel delivery systems where growth factor incorporation
can be achieved at low temperatures [103], and supercritical carbon dioxide processing
[108]. Chemical/ genetic modifications of growth factors to improve stability and bioactivity
have also shown success. For example, acidic Fibroblast growth factor (aFGF) was
conjugated with heparin sulfate proteoglycan to protect it from proteolytic degradation
[109]. Additionally, peptide mimics of growth factors provide an alternative system to
preserve bioactivity. For example, a BMP-2 mimic covalently coupled to alginate hydrogel
induced ectopic bone formation in rats [110]. Peptide mimics often allow for harsher
processing treatments to incorporate into a carrier system than would be possible with
growth factor encapsulation.

A wide variety of growth factors have been identified and isolated for analysis in in vitro
and in vivo osteoinduction (Table 4). The general principle of growth factor presentation
follows a similar path; a key subset of growth factors (BMPs) is reviewed here as an
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example for illustration of the strategy in bone healing. The delivery of growth factors in
biomaterials for tissue engineering has been pursued by: (i) physical encapsulation of
growth factors in the delivery system and, (ii) chemical immobilization of the growth factor
into or onto the matrix. The former approach is achieved by the encapsulation of the factor,
followed by the diffusion and pre-programmed release of growth factor from the substrate
into the surrounding tissue. The latter approach typically involves chemical binding or
affinity interaction between the growth factor and polymer substrate. Both general concepts
and recent advances in these two strategies will be discussed in this section. In addition, the
delivery of multiple factors and growth factor release on demand provide another level of
control, and will be discussed.

3.1 Physical entrapment of growth factor within matrices
The simplest method for encapsulating growth factors into a polymer matrix is by mixing
the factor with the polymer before its gelation or solidification (Figure 5). Subsequent
protein release is often characterized by an initial burst release of a large amount of the
factor (surface associated factor) followed by a phase of slower release from the carrier
system due to diffusion through the polymer. More generally, diffusion often controls
release of growth factors from biomaterials, especially in hydrogel systems [111]. The mesh
size and environmental conditions control solute diffusion in ionic gels [112], and hydrogels
can be tailored to exhibit zero-order or near zero-order release. With special modifications to
the carrier or protein, the release mechanisms can be further manipulated. For example,
chemical modification of hydrophilic alginate with long alkyl chains rendered them
hydrophobic, which significantly altered release profiles [113]. Modifications of the protein
itself also allows for additional changes in carrier affinity, bioactivity, stability and
bioavailability. To modulate changes in carrier affinity, succinylated [114], acetylated [115]
or biotinylated [116] BMP derivatives have been demonstrated to modulate protein–carrier
interactions. Plasmin cleavage [117] is another approach to change the affinity to a carrier
material. Truncation of BMP-2 by plasmin cleavage removed a positively charged fraction
of the N-terminus, yielding a protein with a lowered pI-value and, therefore, reduced
electrostatic interactions with the negatively charged proteoglycans of the ECM [116]. It
should also be noted that hydrophobic matrices that degrade by surface erosion can exhibit
zero-order release kinetics without a burst release phase, if surface erosion occurs more
rapidly than drug diffusion through the polymer.

Bone morphogenetic proteins (BMPs) are a well-characterized family of growth factors, and
have been investigated for their capacity to improve bone healing [118, 119]. Among BMPs,
BMP-2 is an osteogenic growth factor, FDA approved, and routinely used in orthotropic
sites for bone generation. Delivery of BMP-2 has been the focus of a variety of preclinical
and clinical models of bone regeneration. Delivery of BMP-2 protein from an absorbable
collagen sponge induces bone formation and heals bony defects [120]. In relation to intra-
oral defects, the repair of large critical-sized defects in the canine mandible can be
accomplished with BMP-2 protein delivery from a collagen scaffold [121]. BMP-2 can also
be delivered from synthetic materials, such as poly (ethylene glycol) hydrogels, to promote
the repair of bone defects [122]. US Food and Drug Administration (FDA)-approved BMP
products for bone regeneration are now available. However, the transition into clinical
studies has had only moderate success, and relies on large doses of BMPs for bone
formation. One such product is the InFUSE™ bone graft (Medtronic SofamorDanek,
Memphis, TN). The Infuse bone graft consists of recombinant human BMP2 within a
collagen substrate that is housed in a spinal cage. While effective, it has also shown
deleterious effects [123–126]. Endogenously, BMPs are released naturally by cells, and
mere nanogram quantities of the proteins per gram of bone matrix are enough to trigger the
bone repair cascade. However, microgram quantities of BMP per gram of matrix material

Mehta et al. Page 9

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



are needed to produce the same effect with the current recombinant human BMP products
[127]. The side-effects found with InFuse product may result from its inability to provide a
controlled release and effective localization of the BMP- 2, leading to ectopic bone
formation[128]. Another example illustrating similar problems is the use of VEGF [129].
Variable reports in the literature regarding VEGF delivery suggest that determining the
optimal release rate and local dose for therapeutic effect will be critical [130]. OP-1™
(Stryker, Kalamazoo, MI) was granted a humanitarian device exemption by the FDA for the
treatment of established non-unions. In addition to BMP, sustained release of other osteo-
inductive factors, such as fibroblast growth factor-2 and insulin-like growth factor-I, can
also accelerate bone formation, as shown in calvarial defect and tibial fracture models [92,
131]. However, clinical applications of these factors in bone regeneration have yet to be
achieved. While considerable success, and promise, has been shown with these approaches,
the poor control over factor release and localization with biomaterials used to date in the
clinic motivates the development of more sophisticated delivery systems.

As bone formation is an extended process, it is necessary to maintain protein bioactivity
within the material for sustained release. Delivery of osteoinductive factors via
microparticles or nanoparticles, alone or contained in a scaffold, may enable more
continuous release to induce tissue formation [132–137]. The factors are still physically
encapsulated, but their release can be regulated by the polymer degradation; tailoring the
degradation rates of the particles makes it possible to change the release profiles of the
growth factors. Synthetic polymers, such as gelatin and PLG, have demonstrated the
capacity for prolonged delivery of TGF-β and recombinant human BMP-2 (rhBMP-2),
along with sustained bioactivity over long periods of time to promote bone healing [138,
139]. Furthermore, particles containing different factors can be embedded and combined
into bulk scaffolds, enabling sequential and tighter control of release profiles (Figure 6)
[140].

3.2 Chemically immobilizing growth factors in a delivery vehicle
Immobilization strategies of bioactive molecules onto matrices come in two flavors: (i)
conditional/temporary, and (ii) permanent (Figure 7). In the conditional immobilization
strategies, factors that are chemically immobilized in a delivery vehicle can be released with
well controlled kinetics mimicking the ability of natural ECMs to locally bind, store and
release bioactive growth factors to direct them to the right place at the right time [141, 142].
Polymer scaffolds can be modified (with or without linkers) to interact with GF molecules,
thereby hindering their diffusion out of the scaffold and prolonging their release [143].
Immobilization of GFs can be made to occur through reversible association with the scaffold
(i.e. binding/de-binding interactions), or irreversible binding to the polymer. GFs can also be
released upon degradation of the matrix itself [144]. The number of binding sites, the
affinity of the factor for these sites, and the degradation rate of the scaffold can be optimized
such that the amount of bound signal, as well as the release profile can be accurately
controlled. Using hydrogels it is possible to control growth factor release kinetic by ECM
binding interactions. For example, functionalized alginate hydrogels provided sustained
release of BMPs, VEGF, or other proteins over several days to weeks by locally binding to
the alginate matrix, and promoted segmental bone repair [90]. A more recent study
highlights spatiotemporal control of the regenerative process. This study utilized a hybrid
protein delivery system comprised of two parts: (i) a perforated cylindrical polycaprolactone
nanofibrous mesh that spatially confines the defect region and, (ii) a functionalized alginate
hydrogel that provides temporal BMP growth factor release. BMP-mediated functional
restoration of challenging 8 mm femoral defects in a rat model was compared to current
clinical standard of collagen delivery [145, 146]. The nanofiber mesh tube was essential to
promote maximal mineralized matrix synthesis, prevent extra-anatomical mineralization,
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and guide an integrated pattern of bone formation, while, the growth factor reversibly
associated with the alginate hydrogel, slowing the release.

Permanent immobilization of biomolecules leads to long-term presentation of bioactive
molecules to cells from the surface. This general approach to factor presentation has been
demonstrated with a number of different molecules [147]. Covalently tethered EGF leads to
an enhanced response of MSCs, as compared to soluble EGF [148]. Similarly, tethering
BMP-2 [149] via self assembly, or directly on silk fibroin films induced enhanced
osteogenic behavior of cells, compared to cells cultured in the presence of soluble
osteogenic stimulants [150]. A smaller amount of immobilized growth factor may also be
required as a result of multivalency of presentation and high local concentrations [151–153].
Multivalent ligands enable clustering of cell surface receptors, more effectively activating
signaling pathways [154]. Furthermore, immobilization of biomolecules may inhibit down-
regulation of signaling molecules that results from internalization of the signal-receptor
complex, and as a result the signal duration may be increased [155]. In place of entire
molecules, mimics of BMP 2 have been covalently tethered to alginate gels, and shown to
accelerate bone healing in rats [156, 157]. Further, by immobilizing specific matrix proteins
[158, 159] and adhesive peptides [160, 161] onto a material it is possible to more closely
mimic the extracellular matrix (ECM) environment, and provide a multifunctional cell-
adhesive surface [162] [146, 152, 163–165]. For example, modification of alginate with an
RGD-containing peptide promoted osteoblast differentiation, whereas minimal cell adhesion
was observed on unmodified hydrogels. Controlling the adhesion ligand density, valency,
and nanoscale spacing between adhesive regions can alter cell proliferation [152, 166].
Cross-talk between growth factor and integrin receptors may allow one to selectively gain
control over the behavior of cells that come in contact with the biomaterial.

3.3 Delivery of multiple signals (combinations or sequences)
Tissue regeneration may be enhanced by delivery of combinations or sequences of factors,
as single growth factor delivery has a number of limitations (Table 5). Significant efforts
have been made in recent years to develop schemes for combinatorial or sequential delivery
of multiple growth factors [145, 167, 168]. Challenges with this approach include the
selection of proper GF cocktails, understanding their synergies, and rigorously controlling
their concentrations, gradients, and timing (Figure 8). Each growth factor has a specific
physiological mechanism of action, and this drives the selection of a specific release profile.
Often, though, the most effective dosage and release profile is not known, and must be
empirically explored.

The benefit of sequential GF delivery from a single structural polymer scaffold was first
demonstrated in the context of angiogenesis [169]. Subsequently, simultaneous delivery of
low doses of two growth factors, BMP-2 and TGF-beta 3, was shown to increase bone
formation as compared to single factor delivery [90, 167]. A number of systems have now
been developed to allow simultaneous or sequential delivery of morphogens for bone
regeneration (Table 6). With the goal of mimicking endogenous healing patterns, a
sequential presentation of an angiogenic factor (VEGF) was followed by an osteogenic
factor (BMP-4), and this led to greater control of MSC-driven bone repair [170]. Titanium
wire [171] has been coated with multiple layers of poly (D,L-lactide) (PDLLA) to allow
sequential release of gentamicin (antibiotic), BMP-2, and IGF-I, and this increased bone
formation. To provide even greater temporal resolution, four-layer mesh structures were
developed to allow tight regulation over the timing of factor release [172]. Hydrogels are
also being explored for their utility in sequential release [173–175]. Presentation of RGD
ligands along with soluble BMP 2 has been shown to increase co-activation of receptors and
osteogenic properties of progenitor cells [176]. These findings are not surprising, as during
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tissue morphogenesis and repair, cellular processes typically require a complex network of
several signaling pathways, and are usually induced by more than one growth factor.

If not appropriately chosen, the delivery of a combination of growth factors could lead to
inhibitory, as well as stimulatory responses in bone formation [177]. For example, in a rabbit
tibia fracture model, the combined application of IGF-I and TGF-β1 showed a synergistic
effect on fracture healing [92, 178], whereas the combination of BMP-2 and bFGF resulted
in decreased bone formation [179]. Therefore, even though there is a desire to present cells
with multiple growth factors to gain control over their behavior, it is also important to
choose and screen these growth factors, often using in vitro experiments that probe the
osteogenic behavior of cells in combination and sequence [89, 180, 181]. One recent study
exploring these issues utilized a two-layered, crosslinked gelatin gel system for sequential
delivery of two bone growth factors, BMP-2 and IGF-I. Alkaline phosphatase activity in
cultured C3H10T1/2 (C3H) cells was greatest with the addition of BMP-2 followed by
either IGF-I or a combination of BMP-2+IGF-I. However, simultaneous presentation of
BMP-2+IGF-I at all times was not as effective. Further, prolonged high affinity binding of
growth factors to receptors can not only result in negative feedback and downregulation of
signaling pathways, but also pathological effects such as cellular transformation [182].

Nature frequently utilizes opposing factors to create a stable activator gradient to robustly
control pattern formation, and this concept has inspired recent work with growth factor
delivery. A biomimicry approach was developed to deliver both pro- and anti-growth factors
from spatially restricted zones of a synthetic polymer (Figure 9 A). This resulted in a
temporally stable and spatially restricted regenerative zone [183], and was exploited to
spatially control angiogenesis (Figure 9 B). Delivery of only the stimulatory molecule led to
angiogenesis in a broad tissue zone, while release of the two spatially separated agents led to
narrow and tightly defined angiogenic region. The resulting spatially restrictive and
temporally sustained profiles of active signaling allowed the creation of a spatially
heterogeneous and functional vasculature. Such an approach would be beneficial in
situations where spatial control of the regeneration of bony tissue is desired, for example in
regeneration of spine defects wherein ectopic bone formation is undesirable and can be
deleterious, or in filling osteochondral, spinal, or growth plate defects where juxtaposed
bone and cartilage is required (Figure 9 C).

3.4 Local and external on-demand release
Polymers traditionally used in tissue engineering have limited sensitivity to external stimuli.
This has spurred the development of bioresponsive materials in which the release of factors
is regulated locally or externally. Bioresponsive materials can be designed to undergo
structural, often reversible, changes with alterations in environmental factors (e.g.
temperature, pH, electric field, solute concentrations, light), allowing one to build in
functionality (phase transition, alteration in shape or release of encapsulated growth factors
or cells [62] and [63]) on-demand. For example, biomaterials can be engineered to mimic
the ability of natural extracellular matrix to undergo cell-triggered proteolysis and matrix
remodeling (e.g. with a combination of matrix metalloproteinase substrates and cell
adhesion sites) [184]. A proteolytically cleavable material system was shown to lead to bone
formation following cell mediated matrix remodeling and subsequent release of BMP -2
[144]. This approach mimics the mechanism by which factors are often released in vivo
from stores in the natural ECM by invading cells. Similarly, as tissues in the body are
subjected to mechanical stimuli, this signaling can be exploited to allow on-demand release
of growth factors. The release of growth factors reversibly bound to a vehicle was
demonstrated to dramatically increase with strain, enhancing tissue formation [185].
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On-demand" growth factor release systems (ie enzymes secreted by infiltrating cells regulate
release) represent a potentially important concept, and are based on the perspective that
“natureknows-better" in their design. These systems allow the wound healing host responses
to decide when factors are released. It will be complex, however, to adapt this approach to
multiple-GF loaded devices. It may be possible, though, to combine these systems with a
more traditional growth factor release system that is preprogrammed to release a factor(s) at
a pre-defined time, in order to appropriately sequence and combine factor availability.

A logical extension of this concept is to trigger factor release externally. This may be useful
in situations where one wishes inflammation to diminish prior to factor release, or to release
distinct factors as specific stages in regeneration are reached. A variety of strategies are
being pursued with this goal [186, 187]. For example, magnetic field gradients and
ultrasound are being utilized for the on-demand release of growth factors and cells, in vitro
and in vivo [188, 189] (Figure 10). The release of biological agents from conventional
porous scaffolds is typically governed by molecular diffusion, material degradation, and cell
migration, which do not allow for dynamic external regulation. Figure 10 illustrates a new
active porous scaffold that can be remotely controlled by a magnetic field to deliver various
biological agents on demand. The deformation and volume variation allows a new
mechanism to trigger and enhance the release of various drugs including mitoxantrone,
plasmid DNA, and a chemokine from the scaffold. The porous scaffold can also act as a
depot of various cells, whose release can be controlled by external magnetic fields. The use
of such techniques can be used as a method to activate on demand a cell population at the
bone injury site with controlled release of a GF that is intended as a short burst, for example
IFN or TNF alpha, which has been shown to upregulate CXCR4 receptors in MSC to a
migratory phenotype [46], but the inflammatory cytokines are not favorable in long-term.

3.5 Plasmid DNA delivery from Polymer scaffolds
An approach that aims to bypass limitations of direct protein delivery from polymer
scaffolds is the use of local gene delivery with delivery of plasmid DNA encoding the
protein. Gene delivery using both viral and non-viral vectors provides a versatile approach
to promote local, sustained expression of tissue-inductive factors. While viral approaches
today provide the most efficient means of gene transfer, they have associated safety
concerns that hinder their translation into the clinic. Non-viral vectors employing plasmid
DNA are believed to be safer, and have a clearer path to clinical translation in tissue
regeneration [190]. However, bolus delivery of plasmid DNA in vivo has not been shown to
be effective, and is typically associated with low levels of gene transfer and cellular
expression, perhaps due to a limited exposure of cells to the plasmid [16]. Delaying
clearance of the plasmid DNA from the tissue, protecting against its degradation, and
providing repeated opportunities for cellular internalization are key to maintaining effective
concentrations for long times [6–9] and making this approach feasible [10]. Polymeric
delivery represents an approach that can increase residence time within the tissue and protect
against degradation [191]. A pioneering study employing naturally-derived matrices
demonstrated significant bone regeneration [191, 192]. Subsequently, sustained delivery of
plasmid DNA from synthetic polymers allowed tight control over the time-frame of plasmid
availability, and resulted in transfection of a large numbers of cells at a localized site [193].
The delivery of condensed plasmids enabled more efficient gene expression and enhanced
bone regeneration [194]. Other studies have demonstrated non-viral vectors delivered from
natural scaffolds promote tissue formation in a variety of injury models, such as bone, and
the key role that microenvironmental cues play in regulating the extent of plasmid uptake
and expression [190–192, 195, 196]. Design parameters of the delivery vehicle (e.g.,
porosity, loading) [197] may be exploited to regulate the quantity and duration of protein
production, and the number and location of cells expressing the transgene [198]. Finally, in
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vivo transfection efficiencies and controlled delivery from polymeric carriers can also be
improved through application of external stimulus using electroporation [199, 200],
nucleofection [201], and sonoporation [202].

4. Conclusions and future outlook
Strategies for growth factor delivery from biomaterials have successfully enhanced tissue
formation and healing in many animal models and patients. Materials for tissue engineering
have significantly progressed over the years, from being initially viewed as biologically inert
structural supports, to platforms capable of providing signals to cells and tissues and
orchestrating regeneration. Studies, to date, have mainly investigated the delivery of a single
growth factor for tissue regeneration [203, 204], but the failure to provide more complex
combinations of signals present in the normal physiologic environment may limit their
success in certain settings. Endogenous bone regeneration relies on several growth factors
and cells that work in concert to form functional tissue. To successfully regenerate bone in
many clinical scenarios, appropriate combinations of inductive factors in a specific spatial
and temporal sequence may be required. More sophisticated release mechanisms, often
responding to local or externally-imposed environmental conditions are likely to provide
greater control over the various stages of bone regeneration.

The delivery of multiple factors, each potentially with distinct spatial and temporal
presentation, creates a very large variable space that must be explored. The delivery of
multiple growth factors should mimic the endogenous profile of growth factor production
during bone repair. Therefore, a greater understanding of the required therapeutic doses and
durations will be important to obtain the benefits resulting from the association of growth
factors and scaffolds. Although this concept seems logical and appealing, the intrinsic
properties of growth factors limit the number of materials and preparation methods that can
be used to prepare growth factor releasing scaffolds. This likely will require changes in the
current approach to design factor delivery vehicles. In addition, delivery materials in the
future are also likely to program bone regeneration by directing multiple stages of this
process. These concepts are briefly discussed in the following sections.

4.1 Approaches to screening the large variable space
Optimization of temporal and spatial release using modeling—In the past,
successful drug delivery systems were typically developed as a result of an empirical, trial
and error selection of constituents and configurations. However, the large variable space
created by the delivery of multiple factors with distinct spatiotemporal presentation will
make this approach extremely cumbersome, slow, and expensive. An increased utilization of
mathematical modeling would allow one to much more rapidly and easily design vehicles
capable of the desired factor(s) presentation in tissues. Modeling can facilitate vehicle
design by identifying key parameters and molecule release mechanisms [173]. Computer
aided mathematical modeling promises to provide high-throughput screening, thereby
reducing the number of experiments needed to design a new vehicle [205]. Simple reaction/
diffusion models have already been utilized to design systems releasing two factors to
achieve distinct spatial compartmentalization [183]. Models varying from simple empirical
models to complex mechanistic models that consider diffusion, swelling, and erosion
processes simultaneously have been reported [206]. Combining mathematical models with
3D cell culture models (see below) can provide a particularly powerful approach to
designing delivery systems [207].

Organ of on a chip testing—The application of microfluidic 3D cell culture devices is
another rapidly developing field that would aid in the screening of growth factors and their
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effects on cellular behavior, and design of delivery vehicles [208]. These systems can
provide an intermediate between traditional cell culture and in vivo testing, (e.g., explant-
based microfluidics) [209]. For example, culturing tissue biopsies in a microfluidic device
may provide a more holistic model for detecting cellular response to growth factors.
Compared to traditional cell culture models, biopsy tissue retains the complex cell–cell and
cell–matrix interactions. Typically, 3D cell culture models mimic in vivo tissue physiology
much more accurately than traditional 2D cell culture models [210, 211], and the integration
of 3D tissue mimics with microfluidics [212] allows one to create large numbers of tissue
mimics that could be utilized in the development of growth factor delivery vehicles.
Importantly, these types of organs on a chip allow for time lapse monitoring of cellular
responses that may not be easily followed in vivo.

High-throughput screening—Biomaterials for bone tissue regeneration have
traditionally been individually developed and tested for their effect on cells, but emerging
technologies that enable high-throughput screening may dramatically impact this
development process. Alongside in situ computer simulations, microscale technologies can
facilitate high-throughput experimentation by miniaturization of assays, thereby providing a
powerful tool for screening combinations of growth factors, small molecules, matrix
materials and cellular secretome and kinetic analysis and responses [213, 214]. These
systems may be especially useful for investigating synergistic and inhibitory effects of
combinations of biomolecules. Recent developments in laboratory automation, such as
robotic spotters capable of dispensing and immobilizing nanoliters of material, can be used
in optimization of cell interactions using combinatorial matrixes in a high-throughput
manner. For example, synthetic biomaterial arrays including thousands of combinations of
polymeric materials have been assayed for their effects on differentiation of human
embryonic stem cells and human mesenchymal stem cells [215, 216]. While there exists a
large array of endogenously expressed growth factors (Table 1), so far only a small set of
growth factors (Table 4 and 6) have been tested in vitro. Using high throughput methods,
many other growth factors could potentially be rapidly screened.

In vivo molecular imaging and cellular imaging—Imaging is one of the few
technologies that can generate longitudinal data sets in intact host environments [217] and so
may provide key information regarding temporal effects of factors and combinations on
bone regeneration[218]. A thorough review of the different imaging technologies is
described elsewhere [219]. These technologies may meet a critical need for information
describing local drug delivery and GF-release [220], cell responses [90, 221], and functional
outcomes [222, 223], during bone repair. In vivo multimodal imaging methods are already
proving, in experimental animals and human subjects, helpful in the design smart
biomaterials for controlled release of GFs [222, 223].

4.2 In situ programming
As one looks ahead, growth factor delivery systems may transition to in situ cell
programming strategies that use biomaterials to recruit stem cells from the surrounding
tissue, expand the cells, and differentiate them to promote functional tissue regeneration
(Figure 11 A). Currently, many tissue engineering approaches focus on a rigid bone
substitute with a high load bearing capacity - targeting the end-point of regeneration. Such
rigid materials may block the self-adapting capacity of living bone tissue and control of cell
fate [28]. Adult bone marrow derived mesenchymal stem cells represent an important source
of cells for bone tissue regeneration. A large pool of MSC’s in the bone marrow exists
(BMSCs). The ability to recruit and program in situ the host BMSCs to aid regeneration of
bone after severe trauma is very promising. Cell fate can be programmed using biological
cues [104, 105, 224], however, this concept has not been extensively implemented using
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controlled GF delivery from biomaterials. In the future, one may specifically recruit, expand
and differentiate host BMSCs in a critical size bone defect, and promote functional bone
restoration. The in situ approach would involve identification of (i) chemoattractant(s) that
recruits the target cell population (BMSCs), (ii) identification of a mitogenic agent that
promotes proliferation of the BMSCs, and (iii) identification of a osteogenic agent that
promotes differentiation of the BMSCs. Using biomaterials it possible to deliver these
growth factors in a sequential manner to provide tight control of the BMSC behavior to
promote bone regeneration (Figure ll B). This approach could avoid ex vivo manipulation of
autologous cells, while maintaining many of the advantages of cell therapies. To drive
successful regeneration via endogenous stem cell homing, it will be key to direct stem cells
to find their way to the defect site, and to provide the recruited stem cells with a local
environment – both mechanically and biologically - where they can proliferate and
differentiate efficiently.

While biomaterials in the past have mainly been used as space fillers, current tissue
engineering concepts use biomaterials to guide local cell behavior. Next generation
biomaterial development will take form of a more life-like multi-functional materials that
are able to simultaneously provide complex biological signals (chemical, structural and
mechanical), replace mechanical function and respond to environmental stimuli. In the
future, biomaterials may be designed to manipulate specific cell populations that reside in
the host at a significant distance from the implant site. The immune system, which is often
overlooked, has been shown to play a role in bone tissue repair [225], and future endeavors
in material design will potentially expand beyond stem cell recruitment to include immune-
modulation. Recent demonstrations of biomaterials as regulators of the immune system
[226] illustrate the concept of recruiting and manipulating immune cells locally, in order to
generate a systemic response. Combinations of systemic and local manipulations may open
new possibilities for treating bone healing problems in diseased patients.
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Figure 1.
Biological and mechanical stimuli both influence the endogenous regeneration pathway, and
control the outcome of bone defect healing. The optimal mechanical and biological stimulus
would result in fast and uncomplicated healing outcome; an inappropriate stimulus leads to
impaired/ delayed healing.
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Figure 2.
The consecutive overlapping phases of the regenerative bone healing process.

Mehta et al. Page 31

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
The bone healing sequel can be interrupted or disturbed I n each phase of the regenerative
healing process, leading to non-union. This challenges the current treatments, and is leading
to the new approaches in regenerative medicine that allow a timely and effective restoration
of bone defects.
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Figure 4.
Schematic illustration of a bio-inspired engineering approach to develop a suitable delivery
system, based on identification of endogenous regeneration processes and failures [85]. The
aim of the resultant system is to mimic critical aspects of natural healing processes, and
provide suitable regenerative cues that control the participating cells.
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Figure 5.
GFs are frequently incorporated into a scaffold by physical encapsulation, using direct
mixing before solidification of the biomaterial (image A). This typically leads to a burst
release of a significant quantity of the GF, followed by a lower rate of release over an
extended time period (image B). Examples of such single growth factor release systems are
illustrated in C-F. Image C demonstrates a simple system wherein a growth factor is
physically encapsulated into a biomaterial and is allowed to diffuse out of the material
overtime. Image D, demonstrates a system wherein the growth factor release is controlled by
charge interactions between the factor and the biomaterial or by addition of other
intermediates such as heparin. Image E, demonstrates a system wherein the growth factor
release is based on the physical expansion of the biomaterial system. Image F, demonstrates
a system wherein an encapsulated growth factor is released based on the degradation of the
biomaterial.
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Figure 6.
Encapsulation of growth factors into polymer microspheres that degrade at various rates (A),
for example by altering the extend of cross-linking, enable control over timing of release
(C). Similarly, in scaffold delivery systems (B), factors can be encapsulated into the more
rapidly degrading bulk for rapid release, or within more slowly degrading microspheres
embedded in the bulk polymer for a delayed release.
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Figure 7.
Growth factors chemically cross-linked to a biomaterial via a bifunctional linker can be
released via degradation of the bond, or remain permanently bound for a continuous
presentation to interacting cells.
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Figure 8.
Bio-inspired approach to mimic a template for desired cellular response during the stages of
fracture healing (A). Multiple morphogens can be delivered in sequence or in combination
to gain control of the different phases in healing. The time interval between each growth
factor delivery, the total amount and concentrations, and synergies between factors need to
be considered for the design of these delivery systems. (B) the release of a single growth
factor- GF 1. The area under the curve (a), the peak concentration, and duration of exposure
can be used to control cell behavior. (C) release of two growth factors (GF1 and GF2). The
factors can be delivered with some overlap (region b) or purely in sequence, and the timing
of their peak concentration may also be regulated (c). The choice of overlap depends on
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their synergistic or inhibitory effects on osteogenic behavior. Multiple growth factors can
also be released using controlled delivery from biomaterials (GF 3). (D) rate of release
(parameter d) can be defined based on in vitro experiments that demonstrate cellular
response to a desired concentration and time of exposure for a certain behavioral response.
(E) the effective dosage that elicits a maximum cellular response may have a lower and
upper limit defined by a range (parameter e). A range outside this may cause a lowered or a
different response in cellular behavior. All these parameters may be similar or different for
varying GF’s (1, 2, 3, or more).
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Figure 9.
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Spatial control of growth factor and inhibitor release to provide tight spatial control over
regeneration. The location of factor release and orientation of the scaffold is chosen to create
a zone where the regeneration of the tissue is desired. The promoter and inhibitor partially
cancel each other’s effects, leading to a sharp cut-off in the spatial location where
regeneration is promoted (A). This approach has been shown to be effective in creating an
angiogenic zone with high spatio-temporal resolution. Layered scaffolds were made
delivering VEGF and Anti-VEGF (B-C). Simulation of concentration profiles of unbound
VEGF and total VEGF in the surrounding tissues over time shows initial bursts in both
VEGF and antibody, they react quickly and the resulting concentration of active VEGF is
significantly lower than the total VEGF in the first two days (D). (E) simulation plots of
concentration profiles of anti-VEGF and VEGF at 3, 7, 14, and 21 d in which VEGF and
anti-VEGF are regulated to partially cancel each other to enable spatial resolution. During
implantation, the orientation of the scaffold was chosen to create an angiogenic zone directly
over the section of the femoral artery that was ligated—with a goal of creating new blood
vessels that would bypass the ligated vessel. The study showed that using this design, it was
possible to create an angiogenic zone of 1mm wide that lasts for 3 weeks. In contrast, no
incorporation of the antibody in the side layers resulted in an angiogenic zone that starts out
very broadly and shrinks over time. The approach of delivering antagonists may be used in
other morphogenic processes where spatial control is important, for example juxtaposed
cartilage and bone in spine and limbs (F-G).
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Figure 10.
On-demand release of GFs using external stimuli provided in a non-invasive manner (e.g.,
electromagnetic stimulus) (A). (B) magnetic fields can be used to mechanically deform a
macroporous ferrogel. (C) the magnetically-triggered deformation system can be used to
release drugs on demand. Graph demonstrates a step increase in cumulative release of
SDF-1α following each 2 min of magnetic stimulation (repeated every 2 hour) vs. no
magnetic stimulation. Images adopted from Zhao et.al [188].
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Figure 11.
Future approach to bone regeneration. (A) Illustration of the concept for in situ
programming: recruiting cells (e.g., MSCs) from a progenitor niche, expanding and
differentiating the MSCs at the site of injury. (B) Schematic of an implantable biomaterial
system that mimics the microenvironment of a bone injury, allowing the delivery of a (i)
chemoattractant that recruits the target cell population (MSCs), (ii) subsequent delivery of
mitogenic agent that promotes proliferation of the MSCs, and (iii) presentation of an
osteogenic agent that promotes differentiation of the MSCs.
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Table 1

Key signaling molecules involved in bone repair [24, 227–230].
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Table 2

Manifestations of growth factors on cellular effects are multifaceted.

Action of growth factors on cells

- an onset of vectorial migration (chemotaxis effect)

- an onset of random migration (chemokinesis effect)

- a stimulation of cell division (mitogenic effect)

- an induction of cell differentiation (control cell fate)

- patterning of cells (morphogenesis)

- an initiation of programmed cell death (apoptotic effect)

- an inhibition of cellular activity

- a modulation of metabolic activity

- a combination of above
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Table 3

Variables that need to be considered during the design of a biomaterial system that enables tight control over
cell response.

Design variables that provide control over cell response

- Concentration of GF

- Gradient formation

- Microenvironment

- matrix composition

- mechanical cues

- matrix architecture

- presence of other cells

- presence of other growth factors/cytokines/chemokines
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Table 4

Single GF release systems in bone regeneration.

Single growth
factor system

Carrier Species Model Ref.

BMP-2 Heparin/apatite-coated Titanium
implant

Rat Tibial defect [231]

Autogenic graft Human Tibia non-union [232]

Collagen Goat Closed tibia fracture [233]

PLA coating Sheep Spine fusion [234]

Collagen Rat Femoral defect [235]

Alginate Rat Femoral defect [236]

BMP-7 Collagen Baboon Calvarial defect [237]

BMP-3 Hydroxyapatite/TCP Rat Segmental femoral defect [238]

BMP-13 Collagen Rat Intramuscular tendon defect [239]

TGF-β1 Demineralized bone matrix/
carboxymethyl cellulose

Rabbit Calvarial defect [240]

TCP+bone marrow Rabbit Radius defect [241]

TGF-β2 Bolous/BSA solution Rabbit Tibia fracture [242]

TGF-β3 TCP Baboon Spine defect [243]

IGF-I osmotic pump device Rat Calvarial defect [244]

PLGA microparticles Sheep Tibia defect, diaphyseal defect [245]

PLA coating Minipig Tibia defect [246]

IGF-II Collagen Rat Facial defect [247]

Basic-FGF Injectable composite Rabbit Segmental defect [248]

Hyaluronan gel Baboon Fibula defect [249]

Gelatin hydrogel Dog Maxillary furcation defect [250]

Acidic-FGF Agarose Rat Calvarial defect [251]

PDGF BB Collagen Rabbit Tibia defect [252]

Chitosan/TCP Rat Calvarial defect [253]

GDF-5 Collagen Rat Femoral defect [235]

VEGF PLGA scaffolds Rat Calvarial defect [254]
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Table 5

Limitations of single GF systems.

Drawbacks Implications

- Control of
cellular
behavior

- Inadequate control of : migration,
proliferation, differentiation,
morphogenesis, apoptosis

Single growth
factor

- Inability to mimic dynamics of
physiological cell signal controls

- Co-activation/
priming

- Reduced bioactivity of cells due to
insufficient activation and crosstalk

- Receptor dimerization
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