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Abstract

There is an ongoing need for effective materials that can replace autologous bone grafts in the 

clinical treatment of bone injuries and deficiencies. In recent years, research efforts have shifted 

away from a focus on inert biomaterials to favor scaffolds that mimic the biochemistry and 

structure of the native bone extracellular matrix (ECM). The expectation is that such scaffolds will 

integrate with host tissue and actively promote osseous healing. To further enhance the 

osteoinductivity of bone graft substitutes, ECM-mimetic scaffolds are being engineered with a 

range of growth factors (GFs). The technologies used to generate GF-modified scaffolds are often 

inspired by natural processes that regulate the association between endogenous ECMs and GFs. 

The purpose of this review is to summarize research centered on the development of regenerative 

scaffolds that replicate the fundamental collagen-hydroxyapatite structure of native bone ECM, 

and the functionalization of these scaffolds with GFs that stimulate critical events in osteogenesis.
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Introduction

Bone has an inherent capacity for repair and regeneration, however there are many clinical 

conditions that require intervention in the form of bone grafting. Bone graft procedures are 

employed in a range of settings including dentistry, orthopaedics, and craniofacial medicine. 

Autologous bone offers the most effective material for grafting, as it contains 

osteoprogenitor cells, osteoinductive molecules, and a structured mineral component. 

However, there are considerable drawbacks associated with autologous bone grafting 
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including the limited supply of donor bone, the need for a second surgery, and the significant 

incident of long-term pain and morbidity at the donor bone site [1,2]. These issues are 

driving factors in the ongoing search for alternative graft substrates. Allograft, xenograft, 

and alloplast materials are common replacements for autologous bone, however these lack 

the robust osteogenic and osteoinductive potential of autograft sources [1,3]. As well, 

allograft and xenograft pose risks of immunogenic reaction or pathogen transfer. Hence, a 

major focus of current research is on developing more advanced biomaterials that are 

effective in stimulating new bone growth. In many cases, these materials are designed to 

mimic the biochemistry and/or structure of native bone extracellular matrix (ECM).

The natural ECM within bone has a well-defined organization consisting of oriented 

collagen I fibers with intervening nanocrystals of carbonated hydroxyapatite (HA), a type of 

calcium phosphate (CaP) mineral [4]. Collagen I, which comprises over 90% of the organic 

phase of bone, has both structural and cell signaling functions. Interactions between collagen 

I and cell surface receptors such as integrins regulate cell adhesion to the ECM, and also 

promote differentiation of mesenchymal stem cells (MSCs) along the osteoblastic lineage 

[4]. The remaining 10% of the organic phase is composed of more than a hundred different 

proteins [5,6] including a number of proteoglycans. Although less abundant than collagen I, 

these play critical roles in the organization and homeostasis of bone. Noncollagenous bone 

matrix proteins contribute to collagen fibrillogenesis, matrix mineralization, cell signaling, 

and sequestration and release of growth factors (GFs) and morphogens.

In addition to its distinct architecture and biochemistry, bone matrix has greater mechanical 

strength than most other ECMs, but is also resorbable, allowing for continuous bone 

remodeling. These unique features present a barrier with regard to synthesizing bone-

mimetic matrices. Integrating the appropriate biochemistry, 3-dimensional structure, and 

biomechanical properties into a unified scaffold is a challenging endeavor. Much effort has 

been directed toward developing scaffolds that reproduce either the biochemistry or 

mechanical properties of bone matrix, but more limited attention has been paid to addressing 

both of these parameters. Another point of consideration is whether mature bone matrix is, 

in fact, the best model for a regenerative scaffold. It has been suggested that a scaffold 

composed of molecules found within provisional wound-healing types of matrices may 

better recapitulate the natural process of bone repair. For these latter types of scaffolds, the 

delivery of bone-inductive molecules from a temporary scaffold is of greater priority than 

scaffold mechanical strength. One very promising avenue of research centers on the use of 

fibrin, hyaluronan, or heparin-derived scaffolds or hydrogels with embedded GFs or 

cytokines. GF-embedded hydrogels have been extensively reviewed elsewhere [7–10], and 

will not be a major focus of this report. Ultimately, the optimal scaffold for bone repair will 

likely depend upon the specific therapeutic application; for example, scaffold mechanical 

properties are important for graft sites that require structural support. Additionally, in some 

instances, the scaffold must be produced in a well-defined 3-dimensional geometry, which 

limits the types of materials and technologies that can be employed.

The current review will focus on the synthesis of scaffolds that mimic the collagen-HA 

structure of native bone matrix, as well as the further functionalization of such scaffolds with 

reparative bone-inducing GFs (the term “growth factor” will be used broadly herein to 
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include molecules with pleiotropic functions). The overall objective is to highlight how our 

understanding of the structure and composition of native bone ECM can be leveraged to 

design bioinspired scaffolds that evoke critical regenerative processes.

Scaffolds that mimic native bone matrix

A bone-mimetic scaffold composed of collagen fibers with interspersed HA nanocrystals 

offers a biochemical and topographical landscape that is, optimally, perceived as native bone 

matrix by infiltrating MSCs and other osteoprogenitor cells. These cells must attach to the 

scaffold surface, survive and proliferate, and then undergo osteoblastic differentiation, 

leading to the synthesis of a new mineralized matrix. Simultaneously, the scaffold should 

degrade at a rate that is well-matched to the cell-mediated deposition of new bone matrix. 

Another scaffold property important for effective tissue regeneration is the capacity of the 

material to foster cell infiltration, which correspondingly depends upon scaffold porosity and 

degradability. Cell infiltration is a critical requirement for scaffold vascularization, turnover 

and integration with native tissue in the wound bed. The synthesis of scaffolds constructed 

from collagen I and/or CaP represents an area of intense research focus, however, to date 

there is no single scaffold that epitomizes an ideal bone graft substitute. The following 

section summarizes the advantages and disadvantages of scaffolds derived from collagen I, 

CaP, and collagen/CaP composites.

Scaffolds composed of collagen I

Scaffolds comprised of collagen I support cell adhesion through engaging cell surface 

integrin receptors. The activation of collagen-binding integrins, such as α2β1, on the surface 

of MSCs and osteoprogenitor cells initiates signaling cascades that induce osteoblastic 

differentiation, which then promotes formation of a mineralized matrix [11–13]. As other 

advantageous features, collagen-based scaffolds often have an ECM-like nanofibrous 

topography, and can be readily degraded by endogenous enzymes, facilitating scaffold 

remodeling. However, as a shortcoming, collagen scaffolds typically have poor mechanical 

properties, and resorb too quickly for optimal tissue development. For this reason, collagen 

scaffolds are frequently used as temporary carriers for GFs or other biomodifiers.

Many avenues are being pursued to increase the mechanical strength of collagen scaffolds 

and enable tuning of scaffold degradation rate. In the body, collagen I fibers are highly 

cross-linked, which provides strength and flexibility to the ECM. Modeling this process, 

methods have been developed to introduce cross-links into scaffold collagen fibers [14]. A 

plethora of chemical methods has been employed with good success, although a caveat is 

that many cross-linking agents are cytotoxic. Negative effects on tissue healing could ensue 

if residual cross-linker remains in the scaffold. UV irradiation and other types of non-

chemical cross-linking protocols have also shown efficacy in improving scaffold mechanical 

properties. As an alternative, synthetic polymers are often mixed with collagen to increase 

scaffold tensile properties. There are several FDA-approved biodegradable polymers that 

have an established history of clinical use including poly(lactic acid) (PLA) and 

polycaprolactone (PCL). These polymers have greater tensile strength and slower resorption 

times than collagen I. By blending varying ratios of collagen I to synthetic polymer, the 
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biomechanics and biodegradability of the scaffold can be tailored to suit the specific 

therapeutic application. One downside of this approach is that the breakdown products of 

some synthetic polymers are acidic, and can provoke an inflammatory reaction. As well, 

many polymers have relatively slow degradation times, which can impede scaffold turnover 

and replacement with newly-formed tissue.

Scaffolds composed of CaP

Materials containing CaP from either a biologic or synthetic origin are the most commonly 

used substrates for bone grafting. Allograft from bone bank or cadaveric sources is the 

second most frequently implanted graft material after autograft [1]. Allograft is sterilized 

and processed to remove cellular material as well as some of the proteinaceous matrix, 

leaving the mineral component intact. Xenograft materials such as anorganic bovine bone 

(ABB) are also used clinically, however these are treated to remove all organic components, 

yielding a scaffold that is essentially pure CaP, mostly in the form of HA. Allograft and 

ABB can be isolated from cancellous or cortical bone sources, offering substrates with an 

array of architectures, porosities and degradation times. Supplementing allograft and 

xenograft products, numerous alloplast materials are available. These are characteristically 

derived from synthetic HA, or other CaPs including β-tricalcium phosphate (β-TCP). β-TCP 

resorbs more quickly than HA [15], and thus β-TCP is sometimes mixed with HA to control 

graft resorption time. A major advantage of synthetic CaPs is that they are highly 

biocompatible, abundant, and can be synthesized at relatively low cost, facilitating 

translation to the clinic. One disadvantage is that CaPs such as HA are brittle and prone to 

fracture.

Historically, CaP biomaterials have been considered to serve primarily as supportive, 

osteoconductive matrices. However recent evidence implicates a more active role for CaPs in 

regulating osteogenic cell behavior and bone tissue development than previously thought. 

Some investigators now suggest that certain CaPs may be osteoinductive [16–18]. The 

mechanisms by which CaPs promote bone healing are still poorly-understood, but are likely 

to involve multiple pathways. CaP biomaterials may contribute to the regulation of 

extracellular pools of calcium and phosphate ions, similar to the activity of native bone 

mineral, in turn modulating osteogenic cell response. Additionally, CaPs could indirectly 

regulate cell differentiation state through adsorbing and releasing critical osteoinductive 

factors such as Bone Morphogenetic Proteins (BMPs). Another possibility is that the 

mechanical properties of CaPs, particularly stiffness, may have effects on cells independent 

of the scaffold’s biochemical composition. Compelling work by several groups has 

established the importance of matrix mechanical properties in controlling cell behaviors 

including cell differentiation [19–22]. Elegant work by Discher’s group has shown that 

MSCs seeded onto stiff matrices preferentially differentiate along the osteoblastic lineage 

[19]. Taken together, these findings support the concept that CaPs may have some 

osteoinductive capacity, however further investigation is needed to elucidate the molecular 

mechanisms by which the inorganic component of ECM contributes to cell activity and 

osteogenesis.
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Scaffolds composed of collagen I/CaP mixtures

A wealth of technologies has been developed for synthesizing scaffolds that combine 

collagen I with HA and other forms of CaP [23–25]. Of these, electrospinning and 3D-

printing are especially adept at producing scaffolds that mimic bone ECM. In the 

electrospinning process, a voltage is applied to an ejected collagen-containing solution, 

generating a nanofiber that has a diameter comparable to the size of a native collagen bundle 

[26]. The nanofibers are collected on a grounding plate to create a degradable mesh with 

interconnecting pores, similar to native ECM. Interconnecting pores are important for 

nutrient transport, cellular waste removal, and establishment of cell-cell junctions. Adding 

another level of biomimicry, collagen-based electrospun scaffolds have been engineered to 

incorporate nanoparticles of HA [27–34]. Hence, the electrospinning process holds potential 

to construct scaffolds that duplicate the general topography and biochemistry of the natural 

bone matrix. However, collagen I can be denatured during electrospinning [35], and the 

collagen fibers lack the degree of cross-linking present in endogenous collagen I-rich 

matrices. To increase mechanical strength, electrospun scaffolds are often fabricated with 

blended nanofibers composed of collagen I and a synthetic polymer such as PCL or PLA. 

Another limitation of electrospun scaffolds is that the relatively small pore sizes within these 

matrices can hinder cell infiltration, which could compromise scaffold vascularization and 

remodeling in vivo. There are also significant challenges associated with scaling up the 

electrospinning process to produce large 3-dimensional constructs. Nonetheless, these 

caveats aside, electrospun collagen/HA composite scaffolds hold considerable promise with 

regard to replicating the activity of native bone ECMs in stimulating cell behaviors 

important for new bone synthesis [28,30–32,36,37]. Compared with scaffolds formulated 

from only one ECM component, composite collagen/HA electrospun scaffolds stimulate 

greater cell proliferation, activation of integrin-related signaling pathways, and scaffold 

mineralization [28,30,36].

3D-printing (also referred to as additive manufacturing or rapid prototyping) is another 

exciting technology for synthesizing bone-mimetic scaffolds [38]. There are several 

protocols used for 3D-printing, however all involve the layer-by-layer deposition of 2-

dimensional material sheets that are laid down sequentially to form a 3-dimensional 

construct. 3D-printing offers unparalleled control of scaffold design, porosity, topography 

and overall geometry. 3D-printers readily interface with computer-assisted design programs 

and imaging systems to create scaffolds of specified sizes and shapes, which is beneficial for 

generating implants for patient-specific defects. As other positive attributes, 3D-printing can 

be executed with a broad assortment of biologic molecules, and cells can be printed along 

with matrix molecules in defined patterns. Both organic and inorganic molecules are 

amenable to 3D-printing, and numerous scaffolds have been printed from either collagen I or 

CaPs. However, 3D-printed scaffolds that combine collagen I and CaP are markedly less 

abundant. In one innovative study, a 3D porous scaffold composed of HA and collagen I was 

made under low temperature conditions using a collagen I/phosphoric acid mixture as a 

binder material to print on HA powder [39]. The inclusion of collagen in scaffolds 3D-

printed from HA enhanced cell viability, and when placed into murine femoral defects, the 

composite scaffolds elicited bone formation equivalent to that induced by allograft materials 

[39].
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Functionalizing bone-mimetic scaffolds with growth factors

The functionalization of biomimetic scaffolds with GFs represents a key objective in the 

tissue engineering field. In many instances, the methods used to couple GFs to scaffolds 

have been inspired by knowledge of how GFs interact with the native ECM. Endogenous 

ECMs play a vital role as a reservoir for GFs, regulating the intensity and duration of GF 

signaling. ECM molecules and GFs have reciprocal binding sites that contribute to GF 

sequestration [40,41]. Several GFs have heparin-binding domains that direct GF association 

with matrix glycosaminoglycans. Alternatively, some GFs have binding sites for collagen I, 

fibronectin or other ECM proteins. The binding of GFs to ECM can have variable effects on 

GF activity. This raises a question regarding the best approach for coupling GFs to 

engineered scaffolds. In seminal work by Griffith’s group, it was shown that covalent 

immobilization of Epidermal Growth Factor (EGF) onto a scaffold potentiated EGF-induced 

cell activation, and prolonged downstream signaling by preventing internalization of EGF 

receptors following stimulation [42,43]. This study provided critical proof of concept for 

covalent tethering of GFs to scaffolds. On the other hand, some GF/receptor complexes 

require internalization for directing the appropriate cell response. Furthermore, molecules 

such as Vascular Endothelial Growth Factor (VEGF) function as chemotactic gradients and 

thus, controlled release from the ECM may be critical for activity. In view of these 

considerations, strategies aimed at coupling GFs to scaffolds should take into account the 

unique features of each individual GF signaling axis.

Degradation of the ECM constitutes another fundamental mechanism regulating the degree 

of GF/matrix association. Matrix-localized proteases are dynamically regulated during 

normal wound healing and pathologic processes including cancer and fibrosis. Changes in 

matrix degradability can have a significant impact on GF bioavailability. Engineered 

scaffolds composed of biologic materials, such as collagen or fibrin, are susceptible to the 

local proteolytic environment, whereas scaffolds generated from synthetic polymers degrade 

through other pathways. Considering both matrix degradation and the diverse binding 

mechanisms that control GF-ECM interactions, the complexities associated with GF delivery 

from an engineered scaffold are apparent. There are many challenges that must be addressed 

when developing a GF-modified scaffold. As examples, the coupling protocol must be 

effective in anchoring sufficient quantities of GF without causing GF denaturation, and 

release of the GF from the scaffold in vivo must occur with the correct timing and dosage.

Methods for functionalizing scaffolds with GFs fall into two broad categories, incorporation 

of the GF into the biomaterial itself, or attachment of the GF to the scaffold surface. In the 

first approach, GFs are embedded or encapsulated within microspheres, hydrogels or other 

3-dimensional matrices. Once implanted, the GFs are released through diffusion and/or 

gradual breakdown of the carrier material by endogenous hydrolytic or enzymatic processes. 

Most of the materials used for encapsulation derive from synthetic polymers or natural 

polymers such as hyaluronan, gelatin or fibrin. In keeping with this review’s focus on 

collagen-CaP derived scaffolds, this approach will not be further discussed. As a second 

strategy, GFs are engineered onto the scaffold surface. Many technologies are available for 

surface functionalization of either collagen or CaP scaffolds, however GF conjugation to 

hybrid collagen/CaP scaffolds has been less-investigated. One potential area of future 
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research is to exploit the disparate chemistries of collagen and CaP to conjugate different 

GFs to these distinct matrix molecules, thus enriching the amount of biological information 

encoded within the scaffold. There are three common approaches for surface 

functionalization (Figure 1): (1) passive or physical adsorption of the GF onto the scaffold 

(e.g., dip-coating or soak-coating); (2) covalent immobilization of the GF onto the 

biomaterial; and (3) directional, or site-specific, coupling procedures, such as engineering a 

GF with an ECM-specific binding domain.

Physical adsorption

In this method, scaffolds are soaked in a GF-containing solution and the GF becomes 

passively adsorbed to the material surface. The amount of GF that adsorbs is dependent upon 

many factors including the biochemical and biophysical properties of the scaffold, as well as 

the unique characteristics of each distinct GF (amino acid sequence, isoelectric point, post-

translational modifications, etc.) [44]. Although physical adsorption offers the benefit of 

technical simplicity, a common problem is the weak coupling between the GF and the 

carrier. When implanted, most of the GF is rapidly released from the carrier. To address this 

issue, very high GF doses must be initially adsorbed so that the residual GF on the scaffold 

following bolus release is high enough to influence tissue healing. GFs are often physically 

adsorbed to scaffolds in supraphysiologic doses, which can have deleterious effects, and also 

greatly increase the cost of treatment. The INFUSE® product, composed of BMP2 adsorbed 

to a collagen sponge, serves as an example. INFUSE® is used therapeutically in spinal 

fusions, and the applied BMP2 is very effective in stimulating new bone synthesis. However, 

clinical studies of this product, along with animal studies of related BMP2-collagen 

scaffolds, have shown that the release and subsequent dissemination of high dose BMP2 can 

elicit chronic inflammation, edema, bone resorption, heterotopic bone formation and 

increased cancer risk [45–48].

Covalent immobilization

On the other end of the spectrum, GFs have been covalently linked to scaffolds [49,50]. 

Although this has most often been achieved with synthetic polymers and other non-biologic 

materials, covalent immobilization has been successful with some types of collagen and CaP 

substrates. In an illustrative study, covalent bonding of VEGF and angiopoietin to porous 

collagen scaffolds was accomplished using 1-ethyl-3-(3-dimethylamino propyl) 

carbodiimide hydrochloride (EDC) chemistry [51,52]. Alternatively, VEGF and 

Transforming Growth Factor β2 (TGFβ2) have been conjugated to collagen scaffolds using 

various bifunctional cross-linkers [53,54]. As another promising approach that models native 

GF-ECM interactions, collagen scaffolds have been covalently decorated with heparin, 

followed by the noncovalent attachment of GFs that naturally harbor heparin-binding 

domains [55–57]. In contrast to collagen-derived scaffolds, CaPs offer few functional groups 

for covalent bonding, and thus a surface activation procedure, such as aminosilanization, is 

usually required prior to conjugation. Moon et al. utilized this technology to couple 

Fibroblast Growth Factor 2 (FGF2) to biphasic calcium phosphate (a material that combines 

HA and β-TCP) [58]. Compared with physical adsorption, covalent GF immobilization can 

enhance GF stability and availability, reduce the amount of GF required, and facilitate 

spatial control of the GF. However, there are some potential drawbacks to covalent coupling. 
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First, the chemical procedures required to achieve covalent linkage must not denature or 

degrade the GF. Secondly, the covalently-bound molecule should be oriented in such a 

manner that preserves the capacity of the GF to bind and activate cell surface receptors. 

Finally, as noted above, some GFs require release from a solid substrate in order to elicit a 

biologically relevant response.

Directional binding

As a third option, many investigators have pursued a directional, or site-specific, coupling 

strategy, in which GFs are engineered with domains that exhibit high affinity binding to 

select ECM molecules. Many of these domains are modeled after native amino acid 

sequences known to function in the tethering of endogenous proteins to the ECM. Naturally-

derived amino acid sequences have been identified that confer specific binding to collagen I, 

glycosaminoglycans or HA, providing a facile mechanism for immobilization of GFs onto 

engineered scaffolds that incorporate these matrix molecules. ECM-binding sequences are 

attached to a GF through either recombinant protein engineering or chemical coupling 

procedures. In addition to native ECM-binding motifs, other types of domains have been 

used to tether GFs to bone-mimetic ECMs, including bisphosphonate moieties or amino acid 

sequences identified through phage display technology. Compared with other methods for 

GF conjugation, a directional coupling approach offers several advantages. ECM-binding 

domains typically mediate stronger GF anchoring to a scaffold than is achievable with 

physical adsorption, and the orientation of the bound GF may be better controlled, 

facilitating accessibility of the active site. Furthermore, the coupling of GFs via ECM-

binding domains offers some potential translational benefits relative to scaffolds with 

covalently-immobilized GFs. For example, one envisions that recombinant GFs engineered 

with an ECM-binding domain could be developed as a lyophilized product for coating onto 

off-the-shelf scaffolds or clinical bone graft materials.

The most common directional coupling approach for GF functionalization of collagen 

scaffolds is to add a collagen-binding domain (CBD) onto the GF. A number of different 

CBDs have been employed [59–64]. In an early study, a CBD was identified within the 

Clostridium histolyticum collagenase, and this domain was subsequently engineered onto 

EGF. Collagen scaffolds conjugated with CBD-EGF fusion proteins were implanted 

subcutaneously and it was found that EGF remained at the implant site for 10 days, 

compared with only 24 hours for scaffolds passively coated with EGF lacking the CBD [65]. 

This study established proof of principle for using ECM-binding domains to enhance 

retention of GFs in vivo. In subsequent studies, CBDs from several other protein sources 

have been exploited as tools for GF delivery. CBDs derived from von Willebrand factor have 

been fused to BMP2 [66], TGF-β1 [67], and EGF [68], whereas fibronectin-derived CBDs 

have been engineered onto EGF [62] and Hepatocyte Growth Factor (HGF) [69]. These 

collective studies have unequivocally established the efficacy of CBDs in enhancing GF 

coupling to scaffolds, as well as GF stimulation of cells that come into contact with the 

functionalized scaffolds.

A variety of approaches has been pursued to achieve directional coupling of GFs to CaP-

containing scaffolds. Indeed, the use of CaP-binding domains to couple GFs to CaP 
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materials is an inherently biomimetic approach. Many of the native proteins that localize 

preferentially to bone are anchored specifically through endogenous CaP-binding domains. 

Bone-localized proteins including bone sialoprotein, osteocalcin, osteonectin, and 

osteopontin have distinct amino acid sequences that confer specificity for CaP [70–74]. 

These domains are enriched in the negatively-charged amino acids, glutamate, γ-

carboxyglutamate, or aspartate, which have affinity for the positively-charged calcium 

within bone mineral. In addition, bone-localized proteins are often highly modified with 

other negatively-charged groups including phosphate and sialic acid. The determination that 

negatively-charged motifs function as CaP-binding domains was established many decades 

ago [75–77]. More recently, these motifs have been adapted for use as anchoring domains to 

attach biomodifiers to CaP biomaterials.

Polyglutamate and polyaspartate sequences have been extensively used to functionalize CaP 

materials, mainly with biomimetic peptides derived from cell adhesive ligands or GFs [78–

84]. Acidic amino acid domains bind rapidly and tightly to a diversity of CaP substrates 

including commercial bone allograft and xenograft, as well as synthetic HA and β-TCP 

[85,86]. Notably, the strength of polyglutamate binding to CaP can be tailored by altering 

the number of glutamates within the polyglutamate domain, offering a practical method for 

controlling the dose and kinetics of GF delivery [85,86]. Another important characteristic of 

acidic amino acid domains is that they appear to be surprisingly selective for bone tissue. 

Polyglutamate-modified peptides overlaid onto murine tissue sections bind only to bone and 

not soft tissue [79], and following intravenous injection, polyglutamate or polyaspartate-

containing entities accumulate preferentially in the skeleton [79,87,88].

Polyglutamate/polyaspartate domains have been utilized in preclinical studies as a vehicle 

for systemic delivery of recombinant therapeutic proteins. A domain comprised of six 

aspartate residues was engineered onto estradiol and delivered to osteoporotic rats either 

intranasally [88] or through intravenous injection [87]. Both of these treatment modalities 

elicited an increase in bone mineral density, ameliorating the osteoporotic phenotype. In 

another investigation, a deca-aspartate sequence was fused to the tissue-nonspecific isozyme 

of alkaline phosphatase (TNALP), a protein critical for phosphate homeostasis [89]. 

TNALP-null mice are a model for infantile hypophosphatasia. Subcutaneous injections of 

the deca-aspartate-TNALP fusion protein into TNALP-null mice prevented 

hypophosphatasia [89]. These studies support the potential utility of polyglutamate/

polyaspartate domains for bone-targeting therapies.

In addition to bioinspired CaP-binding domains, amino acid sequences with specificity for 

CaP have been identified using combinatorial phage display or other high throughput 

screening approaches. Phage display was used to discover peptide sequences with selective 

affinity for HA [90–93] or β-TCP [94]. In the latter study, a β-TCP binding domain was 

engineered onto EGF and the fusion protein was then anchored onto β-TCP disks. MSCs 

seeded onto the EGF-conjugated disks exhibited enhanced Extracellular Signal-Regulated 

Kinase (ERK) signaling, consistent with EGF-mediated cell activation [94].

Bisphosphonate groups have also been used successfully as CaP anchoring domains. These 

are typically attached to biomodifiers via chemical coupling. In initial studies using model 
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proteins such as bovine serum albumin and fetuin, Uludag’s group showed that the addition 

of bisphosphonate to the model protein enhanced binding to CaP-containing materials, as 

well as enrichment in bone tissue following systemic injection [95]. More recently, 

bisphosphonate groups have been conjugated to anti-cancer drugs, antibiotics, imaging 

agents and hormones to enable specific therapeutic targeting of bone [95,96]. 

Bisphosphonates have been fused to several GFs, including BMP2, to promote CaP binding 

[97]. In a complementary study, bisphosphonate groups were covalently linked to heparin; 

the heparin-modified bisphosphonates were then adsorbed onto CaP materials and bFGF and 

BMP2 were bound via the GF heparin binding domains [98].

GFs commonly used for bone tissue engineering applications

Multiple GFs have been considered for potential activity in promoting bone regeneration 

including members of the BMP, TGFβ, Insulin-like Growth Factor (IGF), FGF, Platelet-

Derived Growth Factor (PDGF) and VEGF families [99]. Of these, BMP, VEGF, and PDGF 

are among the most widely-studied and will be further discussed. BMP, VEGF, and PDGF 

are all rapidly degraded in vivo, and must be delivered on some type of carrier for optimal 

activity. BMP, VEGF, and PDGF contribute to osteogenesis through different mechanisms 

(Figure 2). Selected BMPs act on MSCs and other osteoprogenitor cells to stimulate 

differentiation along the osteoblastic lineage. In turn, osteoblasts secrete osteoid, followed 

by cell-mediated mineralization of the osteoid matrix. VEGF enhances bone development by 

promoting angiogenesis. VEGF directs endothelial cell recruitment to sites of bone injury, 

leading to neovascularization of the regenerating tissue. The effect of PDGF on osteogenesis 

is multifaceted. PDGF acts as a mitogen for multiple cell types involved in bone healing, 

including osteoprogenitor cells and cells involved in blood vessel formation. PDGF 

complements the angiogenic function of VEGF by regulating the activity of pericytes and 

smooth muscle cells that support and stabilize nascent vessels. Because of the distinct 

functions mediated by BMPs, VEGF, and PDGF, delivery of combinations of these GFs 

constitutes a promising direction in the tissue engineering field [99]. Some of the prevalent 

GF combinations currently being investigated include: (1) BMP2 plus VEGF [100–104], 

which aims to promote both osteogenesis and angiogenesis, and (2) VEGF with either bFGF 

or PDGF [105–107]. The VEGF acts to stimulate activity of endothelial cells, while bFGF or 

PDGF attracts supporting pericytes to help stabilize the neovasculature.

BMP

BMPs are the predominant GF utilized in bone regenerative medicine [108–111]. At least 20 

members of the BMP family have been identified, and of these, BMP 2,4,6,7, and 9 appear 

to have the greatest osteoinductive potential [112,113]. BMPs function throughout the bone 

reparative process, from stimulating MSC recruitment to promoting osteoblast-mediated 

matrix mineralization [101]. BMPs bind to BMP receptors on osteoprogenitor cells to 

activate SMAD-dependent, and other, intracellular signaling cascades, leading to 

upregulation and activation of the Runx2 transcription factor [114]. Runx 2 induces 

expression of genes responsible for driving osteoblastogenesis [115,116]. There is 

compelling evidence from both animal and human studies showing that recombinant BMPs 

(rBMPs) are highly effective in inducing bone formation [99,117]. Clinically, rBMPs are 

Curry et al. Page 10

Matrix Biol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



utilized in orthopaedic applications including spinal fusion and fracture nonunions, and in 

dentistry for bone augmentation and enhancement of implant integration.

BMPs are secreted from cells and associate with the native ECM through multiple 

interactions. BMPs have heparin-binding domains as well as binding sites for collagen I 

[108,118]. Therapeutic delivery of rBMP has most often been accomplished by soaking the 

BMP onto a collagen sponge. There are currently two FDA-approved BMP products for 

orthopaedic applications, INFUSE®, as described above (BMP2 on a collagen sponge), and 

Op-1®. Op-1® consists of a collagen sponge soaked in rBMP7, and is used primarily for 

fracture nonunions. Both INFUSE® and Op-1® have well-established bone-inductive 

activity, however side effects related to high dose, disseminated BMP (e.g. inflammation and 

edema), have been documented for these products, especially for INFUSE® [119]. This 

issue underscores the need for better BMP-carrier coupling.

To improve BMP anchoring to collagen-based scaffolds, rBMPs have been engineered with 

CBDs derived from collagen-binding proteins including von Willebrand factor, fibronectin 

and others [66,120–122]. CBDs have been incorporated into recombinant BMP2 [60,61,66], 

BMP3 [120], and BMP4 [121,122]. All of these CBD-BMP fusion proteins, when coupled 

to collagen carriers, were found to stimulate greater bone formation when compared with 

scaffolds impregnated with unmodified rBMP. More specifically, greater osteoinduction was 

elicited by: (1) CBD-BMP3-collagen scaffolds implanted into rat cranial defects [120]; (2) 

CBD-BMP4-collagen sponges placed into rabbit femurs [122]; and (3) CBD-BMP2-

demineralized bone matrix (which is rich in collagen I) implanted into rabbit mandibular 

defects [66].

As with collagen, CaP materials have been widely used for therapeutic delivery of rBMP 

[99,111]. Extensive animal studies support the efficacy of both synthetic and biologic CaPs 

(e.g., allograft) as BMP carriers [123–130]. While rBMPs appear to bind more efficiently to 

CaPs than a collagen sponge [131,132], concerns remain regarding insufficient BMP-CaP 

coupling. Moreover, as a conjugation strategy, physical adsorption to a carrier offers 

minimal control over the dose and timing of rBMP delivery. Only a few studies have aimed 

to engineer rBMP with a CaP binding domain. In one such study, rBMP4 was conjugated 

with an HA-binding sequence [133]. This was accomplished by enzymatically ligating a 

peptide enriched in phosphoserine (pSpS) to the rBMP4. In vitro studies suggested that the 

addition of the pSpS domain enhanced rBMP4 binding to HA beads, and the pSpS-rBMP4-

coupled HA beads stimulated some degree of osteoblastogenesis of murine osteoprogenitor 

cells [133].

BMP mimetic peptides

A developing area of investigation in the field of BMP therapeutics is the use of small 

synthetic BMP-derived peptides designed to replicate the activity of the full-length BMP 

molecule. There are many attractive features associated with synthetic peptides when 

compared with recombinant proteins. First, large quantities of relatively pure peptides can be 

produced in a cost-effective manner by a commercial peptide synthesizer. Secondly, the use 

of synthetic peptides eliminates the risk of immunogenic or pathogenic contaminants that 

may be introduced by the host cell systems required for production of recombinant proteins. 
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Finally, the activity of shorter synthetic peptides is not usually as dependent upon 3-

dimensional conformation as intact recombinant proteins, and hence there is less concern 

about denaturation upon conjugation to a biomaterial surface.

Most BMP-mimetic peptides are derived from a sequence within native BMP called the 

“knuckle” domain [78,134–140]. Full-length BMPs contain two important functional 

domains, a “wrist” domain that binds type I BMP receptors, and the knuckle domain, which 

binds type II BMP receptors [141]. In contrast to the knuckle domain, the wrist domain is 

composed of noncontiguous amino acids, and is therefore not as amenable to creating a 

synthetic mimetic peptide. Multiple investigators have shown that knuckle domain-derived 

BMP mimetic peptides have osteoinductive activity [137,140,142]. BMP2 mimetic peptides 

have been delivered to diverse implant sites on a range of carriers including α-tricalcium 

phosphate [138] and ABB [140].

Engineering BMP-mimetic peptides with a CaP-binding domain to improve anchoring to 

CaP carriers is an active area of research. Murphy’s group developed a modular peptide 

encompassing a BMP2 mimetic sequence fused to an HA-binding domain modeled upon a 

γ-carboxyglutamate-rich motif found within osteocalcin [143]. HA biomaterials 

functionalized with this modular peptide stimulated osteogenic differentiation of MSCs in 
vitro [143], and enhanced bone repair in vivo [144,145]. In a related approach, a 

heptaglutamate-modified BMP2 mimetic peptide (E7-BMP2pep) was conjugated onto 

human allograft [79] or ABB [78]. ABB particles with bound E7-BMP2pep were implanted 

into rat subcutaneous pouches (ectopic bone formation model) or mandibular critical defects 

(bony implant model) [78]. The E7-BMP2pep/ABB implants elicited equivalent, and by 

some measures greater, bone formation than ABB passively-adsorbed with full-length 

rBMP2 [78]. Furthermore, in the mandibular defect model, rBMP2/ABB samples elicited 

extensive inflammation, whereas no side effects were noted with the E7-BMP2pep/ABB 

group [78].

VEGF

One of the key barriers hindering bone regenerative therapy is the lack of rapid 

vascularization into implanted scaffolds, and therefore functionalization of scaffolds with 

angiogenic molecules is a high priority [146]. Most research efforts have focused on delivery 

of VEGF, either singly or in combination with other angiogenic factors such as bFGF or 

PDGF. The VEGF family includes five members which are secreted as homodimers: VEGF-

A through VEGF-D, as well as placental growth factor [147]. VEGF-A, also referred to as 

VEGF165, is the principal isoform used to functionalize bone-mimetic scaffolds. During 

physiological bone healing, VEGF expression peaks around 10 days, and then gradually 

declines [148,149]. For therapeutic administration of recombinant VEGF (rVEGF), both the 

timing and concentration of rVEGF delivery are critical. In excess, rVEGF increases 

vascular permeability, which can lead to systemic hypotension and edema [150,151].

Mechanisms for rVEGF delivery have largely centered on either hydrogel vehicles or 

physical adsorption to various scaffolds [9,152]. CaPs with adsorbed rVEGF have been 

tested in multiple bone defect models for angiogenic and osteogenic potential [153–155]. β-

TCP implants with adsorbed rVEGF stimulated greater healing of rabbit ulnar defects than 
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β-TCP alone [154]. To improve the coupling of rVEGF to CaP carriers, Wernike et al. 
developed a co-precipitation method for rVEGF deposition onto biphasic calcium phosphate 

(BCP) ceramics [153]. Compared with BCP superficially adsorbed with rVEGF, BCP 

scaffolds with the co-precipitated rVEGF exhibited reduced rVEGF burst release, and when 

implanted into murine cranial defects, the co-precipitated samples showed enhanced 

vascularization and osseointegration [153].

rVEGF has also been covalently-linked to carriers [53,156–158]. For rVEGF immobilization 

on collagen scaffolds, both homobifunctional linkers [53] and EDC chemistry [156] have 

been utilized. As an alternative, carriers have been covalently modified with heparin, and 

then rVEGF attached to the carriers through VEGF’s heparin-binding domain. In one 

notable study, Steffens et al. covalently immobilized heparin onto a collagen scaffold and 

then rVEGF was physically adsorbed [159]. Scaffolds with adsorbed rVEGF had increased 

angiogenic potential compared with scaffolds lacking rVEGF.

VEGF mimetic peptides

Similar to BMP mimetic peptides, VEGF-derived peptides have been developed with the 

goal of replacing full-length rVEGF therapeutics. The design of these peptides was enabled 

by knowledge of the 3-dimensional structure of native VEGF. D’Andrea et al. examined the 

crystal structure of VEGF bound to its cognate receptor and identified a region in the VEGF 

binding interface [160]. The authors then produced a synthetic peptide encompassing this 

domain, termed the “QK” peptide, and showed that this peptide could activate VEGF 

receptors [160]. In fact, the QK peptide appears to be able to reproduce all of the key 

cellular responses elicited by full-length VEGF including endothelial proliferation and 

sprouting, as well as vessel formation in in vivo angiogenesis models [160–163].

To enhance coupling to collagen carriers, QK peptides have been modified with CBDs. Yu’s 

group synthesized a CBD-QK peptide and coated the peptide onto composite collagen/

gelatin scaffolds [164]. The scaffolds with CBD-QK stimulated in vitro endothelial network 

formation [164,165]. QK peptides have also been engineered with CaP-binding domains. 

Murphy and colleagues synthesized a QK peptide with an osteocalcin-derived HA-binding 

domain and dip-coated this peptide onto HA microparticles [166]. The QK-coupled HA 

substrates stimulated endothelial cell proliferation and migration. This same HA-binding QK 

peptide was coated onto β-TCP disks and the disks were then implanted intramuscularly into 

sheep [104]. Disks with the anchored QK peptide stimulated significantly greater blood 

vessel ingrowth.

PDGF

PDGF is one of the first factors released following a bone injury, and its chemotactic and 

mitogenic activities are crucial for osseous repair [167,168]. The PDGF family includes 

PDGF-A, B, C and D isoforms, and these assemble into either homodimers or heterodimers 

[169]. PDGF-BB has shown significant potential for stimulating bone regeneration, 

evidenced by its success in enhancing the healing of fractures and critical-size defects [169–

171]. PDGF-BB is produced by, and acts on, a diversity of cell types. Early in the wound 

cascade, PDGF-BB stimulates recruitment of neutrophils and macrophages, which 
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participate in the formation of granulation tissue. PDGF-BB also attracts osteoprogenitor 

cells, including MSCs, as well as several cell types involved in angiogenesis. Thus, PDGF-

BB activity is central to both the vascularization and synthesis of mineralized matrix 

required for bone healing.

The therapeutic use of rPDGF for bone repair has been the focus of substantial research 

[168,172]. rPDGF has been delivered on an array of carriers including allogeneic bone 

[173,174], collagen I [171], ABB [175–177], and synthetic CaPs such as β-TCP [170,178–

180], and BCP [181]. In particular, β-TCP has been frequently used as a rPDGF carrier in 

both animal and human studies. β-TCP with adsorbed PDGF was reported to improve or 

accelerate bone healing in multiple animal models [168] including rat tibial fractures [170] 

and sheep ilium defects [180]. rPDGF/β-TCP products are currently used in the clinic for 

orthopedic and periodontal applications. A PDGF/β-TCP matrix (marketed as GEM21S® by 

BioMimetic Therapeutics) was one of the first FDA-approved dental products combining a 

recombinant GF with a synthetic bone graft material. In a multicenter clinical trial involving 

180 patients, participants receiving rPDGF/β-TCP in intraosseous periodontal defects had 

significantly greater bone fill compared with the β-TCP carrier alone [179]. A related 

rPDGF/β-TCP product, AUGMENT® (BioMimetic Therapeutics) has been evaluated as a 

healing adjunct in foot and ankle surgeries and distal radius fractures. A randomized, 

controlled pilot study suggested that AUGMENT® was at least as effective as autologous 

bone graft in stimulating hindfoot and ankle fusion [182].

To enhance anchoring to collagen-based scaffolds, PDGF has been engineered with a CBD. 

Compared to collagen scaffolds with passively adsorbed rPDGF-BB, CBD-PDGF-BB-

loaded collagen scaffolds stimulated increased fibroblast proliferation in vitro, and greater 

vascular in-growth when implanted into rat dorsal skin wounds [63]. In a second study, 

heparin was crosslinked onto collagen-rich demineralized bone matrix (DBM), and then 

rPDGF was attached to the heparin-DBM scaffold via the heparin binding domain within 

PDGF [183]. The DBM-heparin scaffolds with bound rPDGF stimulated fibroblast 

proliferation in vitro and greater cell infiltration upon implantation into rat subcutaneous 

pockets [183].

Conclusions and Future Directions

Intensive research is currently focused on regenerative scaffolds that replicate the structure 

and biochemistry of native ECM, with the hope that such scaffolds will better integrate with 

host tissue, and induce greater osteogenesis when compared with bioinert materials. The 

further functionalization of ECM surrogates with GFs offers a scaffold with high potential to 

control cell and tissue response. The past decade has witnessed a remarkable expansion in 

the range of bioinspired scaffolds, as well as methods for incorporating GFs into these 

matrix mimetics. Some of these products and methods are relatively straightforward to move 

into the clinic, while others are quite complex and will be costly and difficult to scale-up for 

therapeutic administration. Furthermore, obtaining regulatory approval for many of the 

scaffolds under investigation may be challenging. Nonetheless, even scaffolds that face 

translational hurdles have significant value. Bone-like scaffolds, with or without attached 

GFs, serve as important 3-dimensional culture matrices for probing osteogenic cell 
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signaling. Such scaffolds also provide critical platforms for both drug testing and 

mechanistic studies of matrix assembly. Finally, studies of mimetic scaffolds implanted into 

animal models offer vital information regarding host response to defined features of 

engineered matrices, as well as requirements for GF delivery. Thus, going forward, there is a 

need to maintain a balanced focus on the development of scaffolds that have feasible 

potential to impact patient care with less-translatable, but elegantly-designed, scaffolds that 

advance our fundamental knowledge of how the ECM regulates osteogenic cell behavior and 

bone tissue development.
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Abbreviations

ABB anorganic bovine bone

BCP Bicalcium Phosphate

BMP Bone Morphogenetic Protein

CaP Calcium Phosphate

CBD Collagen Binding Domain

DBM Demineralized Bone Matrix

ECM Extracellular Matrix

EGF Epidermal Growth Factor

ERK Extracellular Signal-Regulated Kinase

FGF Fibroblast Growth Factor

GF Growth Factor

HA Hydroxyapatite

HGF Hepatocyte Growth Factor

IGF Insulin-Like Growth Factor

MSCs Mesenchymal Stem Cells

PDGF Platelet-Derived Growth Factor

PCL polycaprolactone

PLA poly(lactic acid)

TGFβ Transforming Growth Factor β

β-TCP βTricalcium Phosphate

VEGF Vascular Endothelial Growth Factor
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Highlights

Scaffolds that mimic bone extracellular matrix hold promise for improving bone 

repair therapies.

The attachment of growth factors to bone mimetic scaffolds potentiates regenerative 

capacity.

A variety of technologies has been developed to couple growth factors to scaffolds.

Osteoinductive and angiogenic growth factors are key scaffold cargo for enhancing 

osteogenesis.
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Figure 1. Methods for coupling GFs to bone-mimetic scaffolds
Advantages and disadvantages of three common coupling approaches: physical adsorption; 

covalent bonding; and directional coupling. Growth factors are depicted in red.
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Figure 2. Bone-mimetic scaffolds functionalized with GFs
VEGF released from collagen I/HA bone-mimetic scaffolds attracts endothelial cells to 

promote neovascularization. PDGF released from the scaffold stimulates recruitment of 

pericytes, which then bind to infiltrating endothelial cells to stabilize nascent vessels. BMP2 

presented on scaffolds binds to Mesenchymal Stem Cells (MSCs) to induce differentiation 

along the osteoblast lineage.
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