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Abstract
Biomaterial scaffolds have been extensively used to deliver growth factors to induce new bone
formation. The pharmacokinetics of growth factor delivery has been a critical regulator of their
clinical success. This review will focus on the surface interactions that control the non-covalent
incorporation of growth factors into scaffolds and the mechanisms that control growth factor
release from clinically relevant biomaterials. We will focus on the delivery of recombinant human
bone morphogenetic protein-2 from materials currently used in the clinical practice, but also
suggest how general mechanisms that control growth factor incorporation and release delineated
with this growth factor could extend to other systems. A better understanding of the changing
mechanisms that control growth factor release during the different stages of preclinical
development could instruct the development of future scaffolds for currently untreatable injuries
and diseases.
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1. Introduction
One of the most challenging research areas in drug delivery today is how to effectively
induce new bone formation for fracture healing and bone fusion. During bone healing
multiple soluble signaling molecules, insoluble extracellular matrix molecules, and cells
interact to direct the formation of functional new tissue. Many of the molecules that have
been used to induce bone healing in adults have been inspired by normal tissue
developmental programs. Growth factors, which are soluble proteins that stimulate cell
growth and differentiation, have emerged as a broadly applicable tool to induce bone
formation. Bone morphogenetic proteins (BMPs) have been the most effective growth
factors at orchestrating new bone formation in humans by recapitulating the different stages
of bone development (1-3). To induce bone formation, it has often been necessary to deliver
growth factors in scaffolds that retain their activity at the implant site. We must have a
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mechanistic understanding growth factor incorporation into and release from scaffolds to
realize their therapeutic potential.

1.1 Fundamental properties of growth factors for bone healing
Approaches in drug delivery to promote bone healing are increasingly leveraging knowledge
of the body's endogenous regenerative capabilities. Marshall Urist first described the
osteoinductive capabilities of demineralized bone in 1965 (4). Building on this discovery,
Wozney and colleagues sequenced the gene for BMP-2 which facilitated the production of
recombinant human BMP-2 (rhBMP-2) using genetic engineering techniques (5). Since
then, several different growth factors have been used to induce bone healing including
BMP-2, BMP-7 (5), insulin-like growth factors (IGFs) (6), transforming growth factor beta
(TGF-β) (7), platelet derived growth factors (PDGFs) (8), fibroblast growth factors (FGFs)
(9), growth and differentiation factors (GDFs) (9), stromal derived factors (SDFs) (10), and
vascular endothelial growth factor (VEGF) (11). To date BMP-2, BMP-7 (12), and PDGF-
BB (13) have been approved by the Food and Drug Administration (FDA) for orthopedic
indications. Growth factors orchestrate two important roles during new bone formation.
First, they recruit endogenous stem cells from adjacent tissues into scaffolds. Secondly, they
direct the differentiation of recruited cells into bone tissue. The balance between growth
factor release and retention could be a critical regulator of the efficacy of growth factor-
based treatments for bone regeneration as BMPs have been involved in inflammation (14),
systemic iron balance (15), antibody formation (16), deleterious effects on the central and
peripheral nervous system (17), and oncogenesis (18). Therefore, it will be crucial to
understand the fundamental physiochemical properties of growth factors to enhance their
safe and effective delivery.

Non-covalent incorporation of growth factors into scaffolds has been extensively explored
for scientific and pragmatic reasons. Non-covalent intermolecular interactions have included
electrostatic interactions, hydrophobic interactions, hydrogen bonding and Van der Waals
forces. An understanding of the physiochemical properties rhBMP-2 has contributed to the
mechanisms that control its non-covalent incorporation into scaffolds. rhBMP-2 has a
measured isoelectric point of >8.5 (19) and a theoretical isoelectric point of 9.16 and thus
has a positive charge around physiological pH (20). Once expressed in mammalian cells,
rhBMP-2 has been characterized as a dimer consisting of two glycosylated rhBMP-2
monomers, has a molecular weight of approximately 30kD, and has limited solubility at
physiological conditions due to its hydrophobic exterior surface. rhBMP-2 for therapeutic
applications has been produced in Chinese Hamster Ovary (CHO) cells and has contained a
mixture of 3 different N-terminal sequences with varying charges. This mixture has enabled
the possibility of 6 different rhBMP-2 isoforms with different electrostatic properties (21).
Significantly, rhBMP-2′s N-terminal region contains the heparin binding domain that plays
a critical role in growth factor binding to the extracellular matrix (22). The dimensions of
rhBMP-2 have been modeled as 2.5 × 3.5 × 7nm which results in a 20nm2 footprint for side-
on adsorption to biomaterials which controls the upper limit of rhBMP-2 that could be
adsorbed directly on a scaffold (23). Changes in pH have the potential to induce protein
aggregation (24) that could reduce protein bioactivity or enable unintended biologic side
effects (25). rhBMP-2 has been typically lyophilized with excipients so that when
reconstituted in a defined volume of water it has formed 1.5-4 mg/ml solutions in 5mM
glutamic acid buffer pH 4.5 (2.5% glycine, 0.5% sucrose, 0.01% polysorbate 80, 5mM
NaCl, 5mM glutamic acid) (26). Increasing the buffer's ionic strength from 0 to 0.15M
dramatically decreased its solubility, but further increasing the ionic strength to 0.5M
increased rhBMP-2 solubility. Increasing the ionic strength above 0.5M induced rhBMP-2
precipitation (27). If CHO-derived rhBMP-2 is reconstituted in phosphate buffer at pH 7.4
its maximum solubility is 30μg/ml. Therefore, if reconstituted at therapeutic concentrations
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and physiologic pH, rhBMP-2 precipitates to form microparticles that erode over time (27).
Also, when rhBMP-2 has been adsorbed in collagen sponges, a common carrier for
rhBMP-2, the pH shifts higher which could affect protein aggregation (28). In one
illustrative study, when the pH of a 0.75mg/ml rhBMP-2 solution was shifted from pH 4.5 to
pH 6.5 the size of rhBMP-2 aggregates shifted from 0.1um to 0.1-2um and also increased
the fraction of aggregated rhBMP-2 (29). Taken together, these studies indicate that it will
be important to consider the physicochemistry of growth factors when designing scaffolds
for controlled delivery applications (Figure 1).

1.2 Purpose and scope of review
The purpose of this review is to highlight the surface interactions that control growth factor
incorporation and release from scaffold materials that have published release data from both
in vitro and vivo environments. Understanding the mechanisms that control growth factor-
material interactions in these systems could help improve the safety, efficacy, and cost
effectiveness of current bone regeneration techniques. Furthermore, these mechanisms could
enable future techniques for the delivery of multiple growth factors, site-specific bone
regeneration approaches, and covalent tethering approaches. Relevant examples from the
literature, especially approaches that are similar to current clinical techniques will be
discussed due to their relevance to human health. Although cell-based therapies, metal
caged-based fixation techniques, and electrically-mediated bone healing have all shown
promise to promote bone healing they are out of the scope of this review. Please see
excellent reviews by Ward (30) and Basset (31)for more detailed analyses of how these
approaches can be used to promote bone healing.

2. Mechanisms that control growth factor incorporation into scaffolds
It is clear that the physiochemical and biological properties of growth factors motivate the
need to design scaffolds that maintain growth factor bioactivity and enhance growth factor
retention at implant sites. In this section we will review the mechanisms that control non-
covalent growth factor incorporation into scaffolds. Extensively characterized and emerging
approaches to incorporate growth factors into scaffolds will be highlighted to suggest
techniques that could address current limitations in growth factor delivery.

2.1 Growth factor adsorption to solid scaffolds
Scaffolds for bone regeneration must fulfill key requirements that have been closely tied to
their growth factor binding and releasing properties. To be clinically relevant, scaffolds
would ideally fill the appropriate space, be composed of biocompatible and osteoconductive
materials, match the mechanical properties at the implant site, possess a 3-D structure that
addresses cell metabolic requirements, be efficiently manufactured, allow for fixation into
the surgical site, degrade over a relevant time frame, and facilitate cell migration into the
construct (32). Materials with unique physiochemical properties have been tested for bone
healing applications including autograft bone (33), allograft bone (34), xenograft bone tissue
(35), tissue derived-proteins (36), recombinant proteins (37), ceramics (38), synthetic
polymers (39), and calcium phosphate bone cements (40). A common observation has been
that regardless of material choice, scaffolds that retain greater concentrations of
encapsulated growth factors have proven more effective at promoting bone regeneration (21,
41, 42). This section will highlight studies that have explored the fundamental mechanisms
that control growth factor incorporations into scaffolds including non-specific growth factor
adsorption and specific intermolecular interactions to maximize growth factor retention.

Growth factor adsorption to scaffolds has been tuned by employing materials with different
physiochemical properties. Growth factors placed in the presence of a scaffold have been
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transported to the material surface through diffusion, flow, or thermal convection where they
bind via a thermodynamically favorable process. Material properties that have been varied to
control protein adsorption include surface wettability (43), roughness (44), surface charge,
charge density (45), and functional groups (46). In addition to material properties, solution
properties such as ionic strength (47) and other proteins in the media (48) have influenced
the mass of growth factor adsorption onto biomaterials. Adjacent proteins have also effected
the conformation and orientation of adsorbed growth factors (49). Mechanisms that have
mediated how different surface, solution, and protein properties have interacted to control
protein adsorption and bioactivity have been protein-specific. Generally, increasing
electrostatic attraction between rhBMP-2 and scaffolds has increased rhBMP-2
incorporation into scaffolds. Several methods have been used to increase the electrostatic
attraction between rhBMP-2 and scaffolds including increasing the number of charged
moieties in the scaffold, decreasing the ionic strength of the media, increasing the pH of the
media to maximize the charge on rhBMP-2, and increasing the incubation time before
implantation (26, 50). In this review we will focus on the mechanisms that control rhBMP-2
because it has been the most widely used growth factor for bone healing in the clinic (Figure
2).

Ceramics such as bone-derived minerals, hydroxyapatite, tricalcium phosphate, or
combinations of the two have been used for scaffold-carriers of rhBMP-2 due to their
osteoconductive properties and their environmentally sensitive binding capabilities. For
example, exposing 3ml of biphasic calcium phosphate to 2.1ml of 3mg/ml rhBMP-2 resulted
in a binding efficiency of 86±9.8% of the initial growth factor (51). Molecular simulations
and experimental results have indicated that rhBMP-2 adsorption to hydroxyapatite involves
electrostatic attraction and hydrogen bonding (52). Growth factor adsorption to ceramics has
proceeded in a time-dependent process (53, 54). In one study, greater than 80% of the total
rhBMP-2 adsorbed during first minutes of exposure to hydroxyapatite. However, rhBMP-2
did not reach its equilibrium bound concentration until after 4 hours of incubation (55).
Growth factor adsorption has also been modulated by the properties of its buffer. In one
study, decreasing the pH from 8.4 to 7.0 increased the rate of rhBMP-2 adsorption to
hydroxyapatite. Decreasing the pH could have ionized rhBMP-2, which contains a region
with a high concentration of basic residues, and enabled rhBMP-2 to hydrogen bond more
readily to the hydroxyapatite surface (55). The affinity of rhBMP-2 for hydroxyapatite has
been measured to be 2.4−230*10−5 M which was similar to common model proteins like
bovine serum albumin (55). This relatively low affinity interaction may limit the ability of
these ceramics to retain growth factors in scaffolds in vivo and motivates the need to
characterize how other proteins modulate growth factor adsorption.

To maintain protein bioactivity before implantation, growth factors have been reconstituted
with carrier proteins that could alter protein adsorption. Of the different proteins that adsorb
to the surface of biomaterials, albumin has the greatest concentration in the blood and it has
been studied both for its properties as a carrier for growth factors in solution and for its
interactions with biomaterials (56). In an illustrative study, calcium phosphate scaffolds
were left untreated or coated with rat serum albumin and exposed to rhBMP-2. rhBMP-2
had a loading efficiency of 96±4% for both albumin treated and untreated scaffolds which
suggested that rhBMP-2 and albumin bound to calcium phosphate scaffolds through
different mechanisms (57). These results suggest that understanding the physiochemical
properties of growth factors and other molecules in their environment will be crucial for
developing new scaffolds for bone tissue engineering applications.

Protein adsorption has also served as a versatile mechanism to non-covalently include
growth factors for therapeutic applications. For example, growth factors have been adsorbed
on FDA approved polymers such as poly(lactide-co-glycolide) (PLG) (58) and
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poly(caprolactone) (PCL) (59). For PLG microspheres, increasing the hydrophilicity,
decreasing the pI, and exposing the microspheres to multiple rounds of rhBMP-2 adsorption
increased the mass of rhBMP-2 adsorbed on their surface. Microspheres formed from
similarly charged PLG polymers with different molecular weights did not change the mass
of rhBMP-2 adsorped (60). These results suggested that rhBMP-2 may interact with
synthetic polymers through a variety of non-covalent interactions.

Although synthetic polymeric materials provide a pragmatic approach to incorporate growth
factors into scaffolds, they are not osteoconductive on their own. To increase the bone-
regenerating capability researchers have developed techniques to coat scaffold surfaces with
osteoconductive bone-like mineral layers that bind osteoinductive growth factors and
peptides (61-66). For example, polymeric Orthocord sutures have been coated with
hydroxyapatite-like mineral by incubating them in modified simulated body fluid for 7 days.
Then, the mineralized sutures were incubated with bFGF for 4 hours which enabled stable
bFGF incorporation on the suture even after 5 passages through sheep infraspinatus tendon
(65). These results demonstrated that mineral coatings can facilitate growth factor
adsorption to polymeric materials and maintain their integrity even after extensively
handling. This finding could be significant as resistance to changes in material properties
during surgery has been indicated as a requirement to increase the user-friendliness of
devices (67).

Researchers have expanded on this fundamental understanding of the mechanisms that
control growth factor incorporation into scaffolds by developing nanostructured materials to
increase their binding capacity. Nanostructured materials have increased the surface area of
materials and the number of available non-covalent interactions between the surface and
protein (68). In one study, rhBMP-2 was adsorbed to either amorphous glass mica ceramic
or a ceramic with nano-pores. Both substrates were amino- or epoxy- functionalized using
silane linkers. Amino-functionalized surfaces adsorbed more rhBMP-2 than epoxy
functionalized surfaces: up to a concentration of 96 ng/cm2 rhBMP-2. This concentration
was significantly higher than the 67 ng/cm2 bound to unstructured silica ceramic. However,
it was unclear whether rhBMP-2 binding to these substrates was mediated through
electrostatic interactions with the amino-group or hydrophobic interactions with the alkyl
moieties of the linker molecule (69). In one recent study rhBMP-2 adsorbed with high
affinity to propyl- and hexyl- alkyl groups presented on titanium surfaces, but not in
hydrogel materials (70). Separately, chemical vapor deposition (CVD) techniques have been
used to form nano-crystalline diamond surfaces with hydrogen- and oxygen- terminal
groups. In these studies oxygen-terminated surfaces interacted with rhBMP-2 with higher
affinity than hydrogen terminated surfaces. This observation could be attributed to the
geometry of rhBMP-2 bound to the surface, hydrogen bonding, and increased van-der-Waals
interactions. The interaction between rhBMP-2 and these surfaces had a binding constant
near to K = 109 which was similar to the affinity of specific receptor-ligand interactions
(71). CVD techniques might be broadly applicable during scaffold fabrication processes due
their ability to functionalize complex 3-D architectures (72). CVD was used to explore the
role surface hydrophobicity on rhBMP-2 adsorption by forming nanostructured surfaces
from vertically aligned carbon nanotube arrays that were either superhydrophilic or
superhydrophobic using plasma-enhanced CVD. The rhBMP-2 solutions spread on the
superhydrophilic surfaces which enabled interaction with the material. Alternatively, the
superhydrophobic surfaces limited rhBMP-2 molecules from interacting with the nanotubes
by limiting the surface area of the fluid on the substrate (73). These results indicated that
maximizing the surface area of scaffolds increased growth factor binding through a
combination of non-covalent mechanisms.

King and Krebsbach Page 5

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



2.2 Incorporation into sponge and hydrogel scaffolds
Adsorbing growth factors into dehydrated hydrophilic polymer networks has been the most
commonly used approach to incorporate growth factors into scaffolds. Therefore,
understanding the mechanisms that control this incorporation is critical to instruct the design
of future biomaterial scaffolds for bone healing applications (74-76). Collagen sponges were
identified as a potential scaffold carrier for rhBMP-2 because of collagen's prevalence in
natural bone and its high rhBMP-2 binding capacity. Collagen is composed of 3 helix-
forming polypeptide chains with a combined molecular weight of approximately 300kDa.
Absorbable collagen sponges used for rhBMP-2 delivery were initially developed for
hemostatic applications. The sponges have been produced by freeze drying a dispersion of
bovine Achilles tendon collagen and then crosslinking and sterilizing the sponge using a
chemical protocol (26). Collagen sponges have been reconstituted to form hydrogels which
have measured rhBMP-2 loading efficiencies of up to 0.135mg rhBMP-2/ml collagen
scaffold after extensive mechanical manipulation (26). These high binding efficiencies have
enabled their use in bone fusion and fracture repair that required supraphysiological
rhBMP-2 concentrations.

Many factors have been implicated in modulating the incorporation efficiency of rhBMP-2
into collagen hydrogels. Increasing the collagen concentration in the hydrogels, increasing
the pI of rhBMP-2, decreasing the degree of formaldehyde induced crosslinking, increasing
the incubation time prior to implantation, increasing the NaCl concentration to 20mM,
neutral pH conditions, and decreasing the concentration of rhBMP-2 during adsorption has
increased rhBMP-2′s incorporation efficiency into collagen-based scaffolds. Sterilizing the
collagen hydrogels with ethylene oxide gas decreased the binding efficiency of hydrogels.
Also, if the pH or ionic strength is increased too high then rhBMP-2 has precipitated rather
than undergone incorporation into collagen scaffolds. rhBMP-2 precipitated when the
chloride concentration was raised above 20mM and the pH was adjusted to be greater than
6.45 (26). This result could be significant because many growth factor release studies have
been conducted in pH 7.4 phosphate buffered saline (PBS) which contains greater than
100mM NaCl (77). Critically, collagen sponges have measured binding capacities of less
than 0.01 mg rhBMP-2/mg collagen at pH 3 and 4, 0.02 mg rhBMP-2/mg collagen at pH
4.5, 0.1mg rhBMP-2/mg collagen at pH 5.2, and 0.18 mg/mg at pH 6.5 (26). Physiological
pH in blood plasma has a pH of 7.3–7.5 and fracture healing sites have a slightly more
acidic pH of 7.2 during the early stages of fracture healing which could influence protein
precipitation (78). Solutions applied to collagen sponges have undergone rapid evaporation
because of their high surface area. For example, 5% of the solution has been measured to
evaporate over the course of 15 minutes and 27% of the solution evaporated over the course
of 120 minutes which could increase the local rhBMP-2 concentration and lead to
precipitation (79). From these studies it is clear that many of the variables that controlled
rhBMP-2 in solution also control its incorporation into collagen sponges and therefore could
extend to other hydrophilic materials (Figure 3).

The mechanisms that have been have used to control growth factor incorporation into
collagen-based scaffolds have extended to other hydrogels. Hydrogels based on gelatin (80),
poly(lactide ethylene oxide fumarate) (81), fibrin (82), and dextran (83) among others have
been used to deliver growth factors. Gelatin has been commonly used as hydrogel carrier for
growth factors because it is derived from the hydrolysis of collagen, the most abundant
protein in bone. Gelatin contains a partially reformed triple-helix structure of collagen and
forms hydrogel networks when reconstituted at 35°C. Although rhBMP-2 has a positive
charge at physiologic pH, it has a stronger binding affinity for basic gelatin as compared to
acidic gelatin (84). This is the opposite trend observed for TGF-β1 which would not adsorb
onto similarly charged basic hydrogels (80). Specific intermolecular interaction studies
demonstrated that rhBMP-2 has increasing binding affinities for acidic gelatin, basic gelatin,
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and heparin, respectively. The weakness of interaction between rhBMP-2 and gelatin has
indicated that binding was a modulated physiochemical forces instead of ionic binding (85).
Therefore, it is possible that rhBMP-2 interacts with basic gelatin primarily through non-
covalent interactions where electrostatic attraction plays a minor role.

Non-covalent mechanisms have also been used to incorporate growth factors into dynamic
hydrogels that possess greater temporal control over growth factor release than static
hydrogel networks. For example, we have developed mechanisms to form dynamic protein-
based hydrogels that have been processed into disks and microspheres. These dynamic
hydrogels have been used to trigger the release of growth factors in response to specific
biochemical ligands (50, 86-91). In these studies we demonstrated that increasing the
concentration of negatively charged calmodulin in dynamic hydrogel disks increased the
mass of VEGF adsorbed into hydrogel networks (86). Also, when rhBMP-2 (pI =8.5-9.2) or
VEGF (pI = 8.5) were incubated in the presence of calmodulin-based microspheres more
rhBMP-2 was adsorbed into the hydrogel networks which suggested that electrostatic
attraction was a key regulator of the interaction between growth factors and non-collagen
based protein hydrogels (50). Together these results suggested that the affinity of rhBMP-2
for different hydrophilic polymers could be tuned by including molecules that bind to
rhBMP-2 with varying combinations of different non-covalent interactions.

Combinations of non-covalent interactions are used in the body to sequester growth factors
in the extracellular matrix with high affinity. Researchers have harnessed these interactions
to develop scaffolds that sequestered growth factors through high-affinity non-covalent
interactions (92). For example, scaffolds that contained the proteoglycan heparin have bound
rhBMP-2 with high affinity through the growth factor's N-terminal heparin binding domain
(22, 93, 94). In one approach, hyaluronic acid-based hydrogels with pendant heparin groups
were formed to sequester rhBMP-2. Hyaluronic acid-heparin hydrogel microspheres
adsorbed almost twice as much rhBMP-2 compared to unmodified hyaluronic acid hydrogel
microspheres (95). In a separate approach, hyaluronic acid was covalently modified with the
proteoglycan perlecan. Perlecan has been demonstrated to bind BMP-2, localize in cartilage,
and has mediated endochondral ossification. Perlecan modified microspheres also adsorbed
almost twice as much rhBMP-2 compared to unmodified microspheres (96). To sequester
endogenous heparin and growth factors, Hudalla and colleagues formed biomaterials that
presented a heparin-binding peptide. These growth factor sequestering surfaces enhanced the
osteogenic differentiation of human mesenchymal stem cells without the addition of
exogenous growth factors (97). Similar high throughput biomaterial surfaces have been
engineered to screen for peptides that specifically interact with growth factors and stem cells
(98). This approach of sequestering endogenous growth factors could accelerate the clinical
applicability of growth factor mediated-bone healing therapies due to the high upfront cost
of growth factors (99). Heparin mimetic materials have been formed by adding sulfate
groups to hyaluronic acid. In these studies, sulfated hyaluronic acid bound BMP-4 with a
significantly increased affinity compared to unmodified hyaluronic acid (100). These studies
highlight the broad applicability of using well-characterized intermolecular interactions to
incorporate growth factors into scaffolds. Future work will be necessary to characterize the
selectivity of these approaches in vivo as proteoglycans bind multiple proteins with varying
affinities (101).

The non-covalent intermolecular interactions that mediate the formation of helical coiled-
coils and β-sheets have been harnessed to incorporate growth factors into hydrogels. Coiled-
coil peptides used to incorporate growth factors into scaffolds have been derived from
collagen (102) and leucine zipper peptide domains (103). The stability of these interactions
has been tuned by varying the temperature, ionic strength, and pH surrounding the hydrogel
(104). In one illustrative example, a model protein was engineered with a pair of peptides at
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the N- and C-termini that formed coiled-coil helices with complementary peptides
immobilized to the hydrogel network. When the engineered protein was added to the media
bathing the hydrogel, the coiled-coil interactions enabled a specific protein incorporation
efficiency of 30% (105). β-sheet forming peptides have also been used to form uniquely
stable non-covalent bonds in hydrogel networks. β-sheet forming peptides have formed from
cooperative non-covalent interactions containing alternating cationic, hydrophobic, and
anionic amino acid residues. Hydrogels formed from β-sheets have maintained their network
structure even after exposure to high temperatures, high salt concentrations, and denaturing
chemicals (106). Fusion proteins of growth factors with the RAD16 β-sheet forming peptide
have also been formed to incorporate growth factors into hydrogel networks including the
growth factor stromal cell derived factor-1 (SCF-1). RAD16-SCF-1 incorporated into
RAD16-based hydrogels with 8 fold greater efficiency than unmodified SCF-1 and
maintained its original loading efficiency after 32 washes. Although these specific
intermolecular interactions have not yet been used to deliver growth factors in the clinic they
have great potential due to their specific intermolecular interactions.

2.3 Incorporation into composite scaffolds
Composite materials that combine the osteoinductive properties of ceramics with the high
growth factor binding properties of hydrogels have been explored as scaffolds for bone
healing applications. In composite materials, increasing the material surface area before
adding the growth factor solution and increasing the mineral phase concentration have
enhanced the incorporation of growth factors into scaffolds. In one illustrative study,
composite chitosan-calcium phosphate microsphere-based scaffolds were formed using a co-
precipitation approach. Lyophilizing the materials increased the surface area of the
microspheres 200 fold and the surface area of the scaffolds 4 fold compared to materials that
were air-dried. This increased surface area translated to increased rhBMP-2 loading
efficiencies. Composite microspheres and composite scaffolds had 200% and 40% greater
growth factor loading capacities over air dried materials, respectively. Also, composite
materials had a greater rhBMP-2 binding capacity than chitosan-based materials without a
ceramic component (107). Similar composite materials have been explored in clinical trials
for rhBMP-2 mediated spine fusion (108). This composite material was formed from
hydroxyapatite:β-tricalcium phosphate biphasic ceramic particles suspended in a collagen
hydrogel. When composite collagen/ceramic particle composite scaffolds were exposed to
1.05ml of 3mg/ml rhBMP-2 they adsorbed 96.8±10.5% of the total rhBMP-2 which was
statistically greater than the fraction adsorbed into ceramic-free collagen hydrogels (51).
These materials have the added advantage of being compression resistant for load-bearing
applications and were easier to handle for users (67).

3. From growth factor incorporation to release in vitro
It is evident that the physiochemical properties of growth factors, scaffolds, and their
environment all contribute to the non-covalent incorporation of growth factor into scaffolds.
How non-covalent interactions also control growth factor release in vitro will be discussed,
with a focus on materials that have been translated to in vivo applications. Understanding
these mechanisms will be crucial for the development of future growth factor delivery
applications as in vitro tests are an important component of the preclinical development
process.

3.1 Disruption of non-covalent bonds in vitro
Growth factors have been released from scaffolds when they: 1) desorbed from the scaffold,
2) when they remained bound to scaffolding material that degraded, or 3) failed to interact
with the scaffold. Growth factor release from scaffolds has then proceeded via diffusion,
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convective fluid flow, or a combination of flow regimes. Desorption is the opposite process
of adsorption, in which growth factors detach and release from the scaffolds. Protein
desorption has occurred over much longer time frames compared to adsorption unless the
protein has been perturbed by an environmental change (109). Adsorption has been
generally thought of as an irreversible process because of the number of non-covalent bonds
that need to be disrupted for a protein to be released from a surface. The kinetics of growth
factor release from scaffolds in vitro has been controlled by the types of non-covalent
interactions between the material and growth factor, the scaffold's environment, and scaffold
degradation. Even in a single material scaffold, a combination of non-covalent interactions
have controlled rhBMP-2 release because many materials interact with growth factors
through electrostatic attraction, hydrophobic interactions, and other non-covalent
interactions (110). Protein diffusivity in hydrogel networks has been controlled by the
hydrogel mesh size. The mesh size of hydrogel networks has been tuned by varying the
polymer concentration in the hydrogel network, the crosslinking density, and the solubility
of the polymer chains (111). Protein transport in solid scaffolds has been controlled by the
scaffold permeability which has been directly related to pore size and scaffold porosity
(112). It is clear from these studies that varying a single material parameter, like polymer
concentration, can effect both protein desorption and diffusion in scaffolds. Therefore, it has
been a challenge to delineate all of the factors that control growth factor release from
scaffolds.

Growth factor release from collagen-based scaffolds that have been used with rhBMP-2 has
proceeded in 3 distinct phases: 1) An initial burst release which has been followed by, 2)
some period of sustained release, and in some scaffolds 3) a period in which no growth
factor is released at all. The initial burst phase of protein release could be attributed to
protein that does not interact with the scaffold or surface bound protein that rapidly diffuses
away (113). Minimizing the initial burst release could be of significance as some of the
serious side effects of rhBMP-2 treatment including inflammatory and osteoclastic activity
have occurred early after implantation (114, 115). The sustained release period has been
implicated in the recruitment of stem cells to the bone healing site (116). There has been
debate over whether surface bound BMP-2 can promote osteoblast differentiation. For
example, mutant BMP-2 molecules that could reversibly bind to titanium surfaces were able
to induce osteogenic gene expression, whereas mutant BMP-2 engineered irreversibly bind
to titanium did not induce osteogenic gene expression in C2C12 cells (117). However,
numerous studies have demonstrated that irreversibly adsorbed or covalently immobilized
native rhBMP-2 was able to induce osteogenic gene expression (69). Each phase could have
a significant effect on bone healing and therefore it is important to understand the
mechanisms that control growth factor release for the development of future bone healing
scaffolds. Significantly, scientists have developed materials that have eliminated the burst
release (118) or delayed the burst release for a period of time (86). These materials could be
used to delineate how the 3 phases of growth factor release observed in currently clinically
used scaffolds modulate bone healing.

3.1.1 Disruption of electrostatic interactions in vitro—Increasing the magnitude of
the electrostatic interactions between growth factors and the scaffold has decreased the
initial burst release. During an illustrative study, bovine serum albumin (BSA) (pI = 5.8)
released significantly faster than VEGF (pI = 8.5), which released significantly faster than
BMP-2 (pI = 8.5-9.2) from negatively charged hyaluronic acid hydrogels (20). These results
suggested that increasing the electrostatic attraction between proteins and the scaffold could
increase their retention in vitro. This trend could be significant for bone healing applications
because CHO-derived rhBMP-2 has 3 different isoforms which could affect the protein
charge and release from scaffolds (21). A common technique that has been used to increase
the electrostatic attraction between growth factors and scaffolds has been to increase the
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concentration of charged polymers in hydrogel networks. This approach has been used to
increase growth factor retention in collagen (119) and calmodulin (86) hydrogel networks.
This could be an attractive approach to limiting growth factor release as the concentration of
polymer incorporated into hydrogel networks has restricted growth factor diffusion out of
hydrogel networks. However, increasing polymer concentrations have produced solutions
with high viscosities and have limited the processing of these materials. Alternatively,
rhBMP-2 has undergone rapid release when incorporated into bioinert scaffolds like
poly(ethylene glycol) (PEG) (120), poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) hydrogels (PEO-PPO-PEO or Pluronics) (121), and alginate hydrogels
(Figure 4) (122). These studies demonstrated that increasing the electrostatic attraction
between growth factors and scaffolds plays a key role in controlling the burst release from
scaffolds in vitro and motivates the need for specific intermolecular interactions for the
inhibition of the burst release.

Electrostatic attraction between scaffolds and rhBMP-2 has been enhanced by harnessing
specific intermolecular interactions to limit the burst release of growth factors (94, 123).
Incorporating heparin in hyaluronic acid hydrogel microspheres has significantly increased
rhBMP-2 retention in a concentration-dependent manner. Specifically, unmodified
hyaluronic acid microspheres, microspheres with a low concentration of heparin, and
microspheres with a high heparin concentration released 15%, 5%, and less than 5% of their
rhBMP-2 over 24 hours in PBS (95). Similar results have been observed when perlecan was
covalently immobilized in hyaluronic acid-based hydrogel microspheres. In these studies,
unmodified hyaluronic acid microspheres released 43% of their rhBMP-2 in 24 hours,
whereas perlecan-modified hyaluronic acid microspheres released only 10% in the first 24
hours (123). In a separate approach including heparin-functionalized PLG microspheres
decreased the initial burst release of rhBMP-2 from fibrin hydrogels to less than 10% of the
total in PBS (94). Alternatively, collagen sponge-based scaffolds have released 35% of their
encapsulated rhBMP-2 in 24 hours in vitro (39). Together, these studies have suggested that
maximizing attraction between rhBMP-2 and scaffolds with specific intermolecular
interactions may be more effective at minimizing the burst release of growth factors from
hydrogels when compared to non-specific electrostatic interactions. These studies also
suggest that including components of growth factors' natural environment may be able to
better model growth factor transport in vivo.

Including components of the in vivo milieu during in vitro studies has increased the release
rate of growth factors from scaffolds. For example, gelatin scaffolds retained 92% of their
rhBMP-2 after 24 hours in PBS with 1% BSA (124) and only 65% in protein-free simulated
body fluid (39). Similar observations have been made for rhBMP-2 release from calcium
phosphate carriers in vitro. For example, rhBMP-2 release from calcium phosphate scaffolds
was increased when performed in a complex biologic fluid (fetal calf serum) in comparison
to release in a simple buffered solution (PBS). Specifically, calcium-phosphate scaffolds
released 22±2% during the first 24 hours of release in serum and 6±2% in PBS (57). This
observation could be significant as interactions of rhBMP-2 in a scaffold with a hematoma
could influence growth factor release (125). During the course of wound healing and bone
formation, scaffolds have been exposed to different pH conditions, molecules, and cells (78)
which motivates the need for the development of high throughput systems to better mimic
growth factor release in vivo. Several platforms could be used to screen for environmental
conditions that control growth factor release including high-throughput hydrogel arrays
(126-128) and microfluidic platforms (129). Furthermore, the general mechanisms derived
from these studies could be applied to other important macromolecules including therapeutic
nucleic acids and viruses (130).
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Although many environmental factors could affect protein release in vivo, the most
commonly included component in vitro has been other proteins. In a representative study,
albumin-treated calcium-phosphate scaffolds released 30±1% and untreated scaffolds
released 22±2% of their rhBMP-2 during the first 24 hours of release in serum.
Alternatively, after 24 hours in PBS only 4±2% rhBMP-2 was released from albumin treated
scaffolds and 4±1% rhBMP-2 was released from untreated scaffolds. After the first day of
release in serum both treated and untreated scaffolds released rhBMP-2 at similar release
rates with a residence half-life of 6±1 days for treated scaffolds and 7±1 days for untreated
scaffolds. Alternatively, 11±5% rhBMP-2 was released from albumin treated scaffolds and
6±2% rhBMP-2 was released from untreated scaffolds. These results suggested that the
albumin treatment may have blocked some of the high affinity binding sites for rhBMP-2 on
the calcium phosphate scaffolds and that the complex mixture of charged proteins and
peptides significantly increased the rhBMP-2 release rate from calcium phosphate-based
scaffolds (57). Similar observations have been made for rhBMP-2 release from collagen
sponge carriers in vitro. For example, 92% of rhBMP-2 was released after 1 day in PBS+
1% BSA (124) and only 35% in protein free simulated body fluid (39). There are many
proteins in the blood besides albumin and the profile of molecules present in the scaffold
could change over the course of bone healing. Therefore, future in vitro tests could
incorporate known components that change over time to better mimic the in vivo
environment.

3.1.2 Disruption of hydrophobic interactions in vitro—Hydrophobic interactions
have been an important mechanism in controlling rhBMP-2 retention in scaffolds after the
initial burst period. Hydrophobic alkyl groups have mediated long term retention of
rhBMP-2 on biomaterial surfaces in several studies (69, 70). In one study, equivalent masses
of rhBMP-2 were adsorbed from solution to titanium surfaces functionalized with
hydrophobic molecules including n-propyl trichlorosilane (PTC), 3-aminopropyl
triethoxysilane (APS), and n-propyl trimethoxysilane (PTM). This result indicated that the
positive charge on APS was not necessary for rhBMP-2 adsorption (70). Also, including
hydrophobic polymer segments in hydrophilic polymer networks has increased the long term
retention of rhBMP-2 after the initial burst release. In one study, including rhBMP-2 in a
24% PEO-PPO-PEO hydrogel dispersed in the pores of poly(propylene fumarate) (PPF)
scaffolds initially decreased the retention of rhBMP-2 compared to gelatin microparticles.
However, after the initial burst period there was little rhBMP-2 released over the course of
the experiment (121). The stable incorporation could be attributed to hydrophobic
interactions between rhBMP-2 and the hydrophobic PPO components of the PEO-PPO-PEO
block-copolymer (131). These results suggested that varying hydrophobic and electrostatic
interactions in hydrogel networks may allow for the tuned release of rhBMP-2 from
hydrogels during different release phases.

One approach to vary rhBMP-2 release could be to form hydrogels from combinations of
hydrophobic and hydrophilic polymers. Poly(N-isopropylacrylamide) (PNIPAAm)-based
polymers have been used to study hydrophobic interactions with growth factors in hydrogel
networks due to their temperature-induced phase transition from soluble to insoluble. To
evaluate the role of hydrophobic interactions on rhBMP-2 release from scaffolds,
PNIPAAm, a PNIPAAm/ethyl methacrylate copolymer (PNIPAAm/EMA), and an amine-
reactive PNIPAA/N-acryloxysuccinimide copolymer (PNIPAAm/NASI) were synthesized
and formed into hydrogel networks independently or as interpenetrating networks in
collagen sponges. rhBMP-2 retention in PNIPAAm-based materials was initially greater
than in collagen sponges but eventually released as much or more rhBMP-2 over the course
of the 7 day experiment. The reaction between amines on rhBMP-2 and PNIPAAm/NASI
resulted in covalent tethering of the growth factor into the hydrogel. Therefore, release from
these networks could be attributed to bulk degradation of the hydrogel (39). In the absence
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of PNIPAAm-based polymers approximately 50% of the adsorbed rhBMP-2 was released
from the collagen sponges after 3 days of release. Adding PNIPAAm-based polymers
decreased the retention 8-15% after 3 days of release and the subsequent release profiles
were similar to release from collagen sponges. These results could be attributed to the
decreased mesh size of the collagen network in the presence of insoluble PNIPAAm
polymer chains which could inhibit rhBMP-2 diffusion into the network, increase the
fraction of surface bound proteins, and increased the initial burst release. Alternatively, this
observation could be attributed to the decreased concentration of hydrophobic groups when
the polymer was dispersed in a collagen network. Similar results were observed when APS
groups, which significantly increased growth factor retention on titanium substrates, were
linked into hydrogel networks and lost their ability to sequester rhBMP-2 (39). These
polymers have supported the osteoinductive activity of rhBMP-2 in rats (132) and there have
been many different techniques to form PNIPAAm-block copolymers with unique properties
(133). Therefore, this material system could be used as a broadly applicable tool to
understand the role of hydrophobic interactions in controlling growth factor release in vivo.

Hydrophobic interactions may also play an important role in controlling growth factor
release from gelatin scaffolds in vitro. This conclusion has been motivated by results of in
vitro experiments that have run counter to expected results if electrostatic forces were the
primary mechanism that controlled release in gelatin networks. When rhBMP-2 was
incorporated into gelatin hydrogel disks 60-75% of the encapsulated rhBMP-2 was initially
released from both acidic and basic gelatin hydrogels. However, more rhBMP-2 was
maintained in the basic hydrogels compared to the acidic hydrogels over the course of the
experiment (134). rhBMP-2 release would be expected to be faster from basic hydrogels due
to electrostatic repulsion. In a related study, rhBMP-2 release was characterized from acidic
and basic gelatin microspheres with varying degrees of crosslinking and in different
environments. rhBMP-2 retention was increased by increasing the degree of crosslinking,
increasing the rhBMP-2 dose, and using basic gelatin (121). Previous research has
demonstrated that increasing the degree of glutaraldehyde crosslinking has increased the
surface hydrophobicity of gelatin hydrogels which could increase the hydrophobic
interactions between the hydrogel and rhBMP-2 (135). However, none of these parameters
modulated the fraction of rhBMP-2 retained after 24 hours in this study, which was greater
than 90% (Figure 5) (121). The slow rhBMP-2 release from basic gelatin hydrogels
observed in this study could also be attributed to hydrophobic interactions between
rhBMP-2 molecules as the loading procedure was conducted in PBS at pH 7.4 which has
induced rhBMP-2 precipitation (26). These results suggested that native collagen and
denatured gelatin interact with rhBMP-2 through different mechanisms in vitro which could
enable their use in different indications that require distinct release kinetics.

3.2 Degradation-mediated release in vitro
Scaffold degradation has been an important mechanism in controlling release from scaffolds
that strongly interact with growth factors. Generally, growth factor release from these
scaffolds has been related to the rate of material degradation after the initial burst release
period. For example, growth factor release from PEG-low molecular weight heparin
hydrogels mirrored both the original rapid degradation of the material but released 10% less
growth factor than the fractional mass of hydrogel that degraded over the course of the
experiment (136). Degradation also has been a key mechanism in controlling rhBMP-2
retention in gelatin hydrogel networks. rhBMP-2 retention was significantly decreased in
lightly crosslinked basic gelatin microspheres when experiments were performed in
collagenase buffer. Similarly, acidic gelatin microspheres degraded rapidly and released all
of their rhBMP-2. Although rhBMP-2 release from basic gelatin microspheres in
collagenase buffer was slower than from acidic microspheres in the presence of collagenase,
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the release rate was still significantly faster than release in collagenase-free PBS. Increasing
the glutaraldehyde crosslinking inhibited the ability of collagenase to degrade acidic or basic
microspheres (121). In a separate material system the addition of collagenase had no
significant effect on release from PPF/Pluronics scaffolds which indicated the specificity of
using collagenase as a mimic of the in vivo degradation of collagen-based materials (121).
The stability of native collagen has been dramatically increased by forming synthetic
mimics in which the hydroxy-l-proline residues were replaced with 4(R)-fluoro-l-proline
(Flp) residues (137). Also, all D stereoisomer collagen IV mimetic peptides have been
formed which maintain their biological function and have been resistant to proteolysis (138).
These materials could be processed into collagen-based scaffolds with enhanced stability for
controlled growth factor delivery applications.

Diverse proteases have been used to direct growth factor release from biomaterial scaffolds
in preclinical studies. For example, matrix metalloproteinase (MMP) cleavable peptide
sequences have been covalently incorporated into hydrogel networks that enabled cell-
mediated control of material degradation (139) or tethered protein release (140). Also,
VEGF has been tethered into hydrogel matrices using plasmin-degradable peptide sequences
(141). Protease concentration, type, and inhibitors vary over time at different bone healing
sites. Furthermore, protease expression profiles deviate between patients with normal,
delayed, or non-union fractures (142). Understanding the temporal expression patterns of
these proteases in different bone regeneration sites could enable the design of injury-specific
growth factors carriers for bone healing applications.

3.3 Convective fluid flow-mediated release in vitro
Convective fluid flow has been a key mediator of growth factor release from hydrogel
networks. Mooney and colleagues demonstrated that mechanically loading alginate
hydrogels induced fluid flow and triggered the release of encapsulated VEGF in vitro and in
mice. In these studies increasing the strain amplitude also increased the mass of growth
factor released from the hydrogel network over the course of 6 loading cycles (Figure 6A)
(143). Similar mechanisms have also controlled rhBMP-2 release from collagen sponges. In
one clinically relevant study, 1.4ml of 1.5mg/ml rhBMP-2 was adsorbed on a 4.4ml collagen
sponge for either 15 minutes or 2 hours. The sponges were mechanically compressed to
release either: 1)100μl -250μl, 2) 300μl-650μl, or 3) 750μl -1100μl of fluid. Condition 1
best mimicked the compression that has been observed during intraoperative procedures
during which the rhBMP-2 laden collagen sponge has been placed in a titanium cage for
spine fusion applications. After 15 minutes of adsorption this loading condition induced the
release of 0.44±0.12 mg/ml rhBMP-2 which represented 4.9% of the total encapsulated
rhBMP-2. Increasing the adsorption time to 120 minutes significantly decreased the fraction
of rhBMP-2 released to 2.9% of the total (79). This time dependence could have significant
consequences for in vivo treatments, as adsorption times reviewed in this study varied from
5 minutes (51) to overnight (80). Increasing the magnitude of compression also increased
the difference in rhBMP-2 retention between the 15 minute and 120 minute adsorption
protocols (79). This finding highlights the need to increase the rhBMP-2 adsorption period
for applications which require larger compressions of hydrogels like during insertion into
proximal femoral core defects (144).

Convective fluid flow has also been a critical regulator of rhBMP-2 release from composite
scaffolds even though they have been more resistant to compression than collagen sponges.
For example, when 2.5ml of 4.0mg/ml rhBMP-2 was adsorbed into 5ml of collagen-ceramic
particle scaffolds for 5 or 60 minutes, growth factor release could be induced by mechanical
loading from compression during centrifuging or in syringes. 82.19% and 89.96% were
retained in the scaffolds after 5 and 60 minute adsorption times, respectively after
compression in a syringe to half their initial volumes (79). In comparison, when collagen

King and Krebsbach Page 13

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



sponges were compressed with a similar loading regiment they retained 72% and 88% their
incorporated rhBMP-2 after 15 and 120 minute soak times, respectively (26). After
centrifugation at 1500rpm for 5 minutes, 36.09% and 56.95% of the adsorbed rhBMP-2 was
retained after soaking for 5 and 60 minutes, respectively (79). These techniques could be
applied in future studies to decrease the initial burst release from scaffolds for procedures
with increasing mechanical manipulation. Also, it would be interesting to analyze the
isoforms of rhBMP-2 released after mechanical manipulation to observe if a fraction of the
rhBMP-2 loaded into composite scaffolds is preferentially retained.

Convective fluid flow has also controlled growth factor release from dynamic hydrogels. We
have adsorbed rhBMP-2 into dynamic scaffolds based on calmodulin's nanometer scale
protein conformational change. These rhBMP-2 laded microspheres underwent specific
biochemical ligand-induced volume decreases of 76 ± 10% which induced fluid flow and
triggered the release of 79.5 ± 3.0% of their encapsulated rhBMP-2 (50). The mass of
triggered growth factor release from these materials was increased when they underwent
larger magnitude volume changes (86). Similarly, macroporous ferrogels have undergone
70% decreases in volume when exposed to magnetic fields which triggered the release of
encapsulated growth factors (Figure 6B-C) (145). In contrast to collagen, alginate, and
calmodulin hydrogels which remain hydrophilic when they decrease in size, polymers like
PNIPAAm undergo phase transitions from soluble to insoluble which restricts protein
release through hydrophobic interactions (146). Although these dynamic materials have yet
to be extensively explored in the clinic they hold great promise for applications that require
temporal control over growth factor release.

5. From growth factor release in vitro to release in vivo
Non-covalent interactions have been used as a broadly applicable mechanism to incorporate
growth factors into scaffolds and modulate their release in vitro. In this section we will
discuss the mechanisms that modulate growth factor release in vivo. Special attention will
be given to differences between release in vitro and in vivo.

4.1 Disruption of non-covalent bonds in vivo
4.1.1 Differences between release in vitro and in vivo—rhBMP-2 release has been
faster in vivo than in vitro from different scaffolds with diverse physical properties. This
general trend has been observed during release from collagen sponges (21, 39), gelatin
hydrogels (42, 121, 147), calcium phosphate cement scaffolds (57), pNIPAAm-based
scaffolds (39), PPF scaffolds, and PPF-gelatin composite scaffolds (121). As an example,
91% of the adsorbed rhBMP-2 was retained in gelatin hydrogels vitro (121)whereas 15%
was retained in vivo after 7 days (147). These results could be attributed to the complexity
of in vivo environments compared to the relative simplicity of in vitro release environments.
After implantation biomaterials are covered in endogenous molecules through mechanisms
first described by Vroman (148). The in vivo bone regenerating environment has been
characterized to contain different cell types including osteoclasts that degrade ceramic
scaffolds and secrete proteases that degrade polymer scaffolds. Also, the mechanical
environment for each bone healing or fusion approach will vary for different indications and
these loading profiles have yet to be explored for rhBMP-2 release in vitro. Furthermore,
patients have different tissue architectures with different comorbidities which could affect
growth factor diffusion away from scaffolds (149). Although these components have been
incorporated into in vitro growth factor release studies they have not yet been
combinatorially screened to find conditions that mimic in vitro environments for specific
indications. Examining the mechanisms by which non-covalent interactions have controlled
growth factor release in vivo will aide in the design of future in vitro test platforms and
scaffolds with designed growth factor delivery properties.
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4.1.2 Disruption of electrostatic interactions in vivo—Varying the degree of
electrostatic attraction between growth factors and scaffolds has tuned growth factor release
in vivo. One approach to changing the degree of electrostatic attraction has been to
covalently modify the charged amino acid residues of growth factors. In an illustrative
study, rhBMP-6 and rhBMP-2 which had similar pIs were released from scaffolds at similar
rates. E. coli derived- rhBMP-2 contained the most basic N-terminal amino acids and was
retained at similar or greater rates than CHO derived rhBMP-2 in both collagen and ceramic
scaffolds. However, if rhBMP-2′s positively charged epsilon- amine groups were acetylated
or succinylated only 0.2-2.1% was maintained in any scaffold after 3 hours of implantation
compared to 13-43% for CHO derived BMP-2. Also, rhBMP-4, which lacked the basic
amino acid containing N-terminal region of rhBMP-2, was released at a much faster rate
than CHO derived- or E. coli derived- rhBMP-2 (21). There has been extensive research on
creating engineered BMPs that overcome many of the current limitations of natural
molecules that have identified how the proteins can be improved without decreasing their
bioactivity (150). The same recombinant engineering techniques could be used to tune the pI
of growth factors and control their release from charged scaffolds in vivo.

Increasing the surface area of negatively charged ceramic scaffolds has, in some
experiments, increased the initial retention of growth factors. For example, hydroxyapatite
scaffolds with a surface area of 1m2/g retained 34% of their adsorbed rhBMP-2 after 24
hours, whereas β-tricalcium phosphate scaffolds with a surface area of 4m2/g retained
49.6% of their adsorbed rhBMP-2. After this initial burst release their release rates were
similar in a mouse subcutaneous site (151). Alternatively, among rat demineralized bone
matrix, bovine hydroxyapatite particles, synthetic hydroxyapatite particles, tricalcium
phosphate, delipidated bovine bone matrix, coral-derived hydroxyapatite, human
demineralized bone matrix, human bone powder, human bone mineral, human irradiated
bone chips there was no clear trend relating particle size, which would regulate the available
surface area for rhBMP-2 binding, with release kinetics in rat subcutaneous sites (41).
However, the second study used 4 times as concentrated rhBMP-2 solution and 20 times the
initial rhBMP-2 dose during the adsorption period compared to the first hydroxyapatite/
tricalcium phosphate study. Therefore, it is difficult to directly compare the results of these
studies. These results motivate the need for further investigations on the role of scaffold
surface area on growth factor release and standardized conditions for testing growth factor
release from different materials during early preclinical studies.

Growth factor release from hydrogels has been regulated by their crosslinking density. For
example, rhBMP-12 retention in hyaluronan paste, type I collagen sponges, type I/III
collagen sponges, and hyaluronan sponges in rat muscle pouches varied significantly among
the crosslinking density and carrier materials. Uncrosslinked hyaluronan paste released
rhBMP-12 almost as rapidly as rhBMP-12 delivered in buffer alone. Alternatively, the
crosslinked hyaluronan sponges retained greater than 80% and 35% the adsorbed rhBMP-12
after 1 and 7 days, respectively (152). Increasing the crosslinking density has also increased
rhBMP-2 retention in basic gelatin hydrogels implanted subcutaneously in mice. For
example, increasing the degree of glutaraldehyde mediated crosslinking in gelatin hydrogels
increased rhBMP-2 retention from 15% to 45% of the initial rhBMP-2 after 7 days when
implanted subcutaneously in mice (80). A similar trend has been observed for gelatin
microspheres incorporated into PPF scaffolds as well (121). There are several different
mechanisms to vary hydrogel crosslinking that have been optimized to maintain growth
factor bioactivity and therefore this approach may provide a facile mechanism to vary
rhBMP-2 release in vivo.

Electrostatic attraction has also played a key role in controlling growth factor release from
hydrogel scaffolds in vivo. In one system, BMP-2 release had a half-life of 3.19 days in
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poly(ε -caprolactone)-alginate-RGD peptide scaffolds whereas BMP-2 had a half-life of
1.87 days in collagen scaffolds. The increased retention in poly(ε -caprolactone)-alginate-
RGD peptide scaffolds could be attributed to increased electrostatic attraction between
BMP-2 and alginate compared to collagen (116). Hydrogel network conditions can be
readily varied by changing their initial polymer composition or processing conditions (153).
Thus, hydrogels could represent a broadly adaptable material system for tuning growth
factor release for specific indications.

rhBMP-2 retention in collagen scaffolds has been tuned by varying their electrostatic
attraction and incorporating ceramic particles for load-bearing applications. In general,
composite scaffolds that have contained both collagen and ceramic particles have released
rhBMP-2 at similar rates to ceramic particles alone. For example, collagen-ceramic
composite scaffolds released slightly less rhBMP-2 initially then released rhBMP-2 at
similar rates compared to ceramic particles in a rabbit posterolateral spine fusion model over
the course of 3 weeks. However, the mean resonance time between ceramics and ceramic/
hydrogel composites was not significantly different (51). These results suggested that
rhBMP-2 may preferentially adsorb to ceramic particles in composite scaffolds. Also, this
increased retention could have physiological consequences as composite sponges containing
collagen with corticocancellous chips or biphasic ceramic particles scaffolds produced
significantly less ectopic bone formation in a canine cranial defect (Figure 7) (154). It is
significant to note that rhBMP-2 released from collagen sponges has not been mediated by
collagen sponge degradation in non-load bearing sites. In one study chemically crosslinked
collagen sponges degraded over the course of 2 weeks whereas dehydroxythermally
crosslinked collagen sponges degraded over the course of 1-2 months. However, rhBMP-2
release was similar from chemically and dehydroxythermally crosslinked collagen sponges
after the initial 3 hour release period in rat subcutaneous sites (41). This result demonstrated
that rhBMP-2 is released from collagen through desorption and diffusion in ectopic bone
regeneration sites. Together, these studies motivate the need to measure the distribution of
rhBMP-2 throughout collagen and composite scaffolds after adsorption.

The rhBMP-2 concentration in scaffolds has the potential to modulate growth factor
retention in bone healing sites. Typically μg/ml concentrations of rhBMP-2 have been
included scaffolds during small animal studies and mg/ml rhBMP-2 concentrations have
been employed for large animal studies. These high mg/ml concentrations could exceed the
binding capacity of scaffolds and enable large burst releases of the growth factor. However,
the rhBMP-2 concentration has had little effect on its retention in collagen sponges in vivo
when analyzing clinically relevant concentrations in ectopic animal models. Collagen
sponges exhibited similar retention when they were loaded with 0.08-2 mg/ml rhBMP-2
with approximately 70% of their encapsulated rhBMP-2 retained after 3 hours when
implanted in a rat ectopic model. However, decreasing the concentration to 0.08mg/ml
increased the mean residence time over the course of 2 weeks (41). In a separate study, the
fraction of rhBMP-2 adsorbed into collagen hydrogels and maintained in an orthotopic
rabbit site was also independent of the initial mass of rhBMP-2 (155). These results could
suggest that a fraction of the rhBMP-2 has not interacted strongly with collagen sponges or
is maintained in solution inside the material during the early phases of release due to their
uniform fraction of burst release.

Ceramic scaffolds have generally released rhBMP-2 faster than collagen sponges during the
initial stages of release. This general trend was observed when 0.4 mg/ml rhBMP-2 was
adsorbed on different ceramic materials and implanted in a rat ectopic site. Synthetic
ceramics, including bovine-derived hydroxyapatite particles, tricalcium phosphate,
delipidated bovine bone matrix, and coral-derived hydroxyapatite retained 30-50% rhBMP-2
at the implant site after 3 hours of implantation except for the synthetic hydroxyapatite
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Osteograf/D® which retained only 11% of its initial rhBMP-2. Human bone-derived
biomaterials, including demineralized bone matrix, thermomashed bone mineral,
nondemineralized bone particles, and irradiated cancellous chips retained 18-27% of the
implanted rhBMP-2 after 3 hours with significant variability among the materials during the
entire release period (41). The decreased retention from human-derived materials could have
been attributed to endogenous rhBMP-2 that was not removed from the materials during
processing or the processing procedures modifying the human bone mineral so that it did not
have as many binding sites.

Although ceramic scaffolds have released rhBMP-2 faster than collagen sponges during the
initial stages of release they have generally retained a greater fraction of their rhBMP-2 after
the burst phase. After the initial burst release period rhBMP-2 had a similar high retention
ratio in ceramic materials except for the human bone mineral which had an increased half-
life of 17.3 days. Significantly, ceramics retained greater than 20% of their rhBMP-2 after
21 days in subcutaneous rodent implant sites including calcium phosphate (57), β-tricalcium
phosphate (151), and hydroxyapatite (151). Pure ceramic particle scaffolds retained 2 fold
greater rhBMP-2 as compared to composite collagen-ceramic scaffolds after 21 days
implantation (51). It is currently unclear how protein adsorption at implant sites has
modulated rhBMP-2 release during orthopedic procedures. In one study, albumin pre-
coating did not have a significant effect on rhBMP-2 retention on calcium-phosphate cement
scaffolds in a rat subcutaneous implant site. Alternatively, pre-coating with albumin did
affect rhBMP-2 release in vitro. After 28 days of implantation 27±5% and 19±5% of the
implanted rhBMP-2 was retained in uncoated and coated disks, respectively (57).
Significantly, this fraction of rhBMP-2 retained in the scaffolds was 2-3 fold lower than the
fraction retained in serum or PBS in vitro (57). Although understanding how the body
interfaces with scaffolds and controls growth factor release will be technically challenging,
the lessons learned could be broadly applicable and applied to other therapeutically relevant
biologic molecules including nucleic acids and therapeutic viruses.

4.1.3 Disruption of hydrophobic interactions in vivo—Hydrophobic interactions
have controlled rhBMP-2 retention through different mechanisms when used in primarily
hydrophobic constructs or when used in concert with collagen hydrogels. Low
concentrations of PNIPAAm-based polymers, including polymers that conjugated with
rhBMP-2, did not significantly change rhBMP-2 release kinetics when implanted with
collagen sponges. Alternatively, when the polymer concentration was increased to 28.7 mg/
ml there was no difference in retention after 1 day when rhBMP-2 was non-covalently
incorporated into the scaffolds. Covalently immobilizing rhBMP-2 with PNIPAAm/NASI in
collagen sponges did significantly increase rhBMP-2 retention at the implant sites after 5
and 9 days post implantation. These results suggested that high concentrations of
hydrophobic polymers may be necessary to increase rhBMP-2 retention at implant sites
when incorporated in collagen sponges. Directly injecting the hydrophobic polymers that
formed hydrogels in situ resulted in clearer retention trends. Hydrophobic PNIPAAm and
hydrophilic collagen sponges retained rhBMP-2 at the same rate in rat intramuscular
pouches. Alternatively, PNIPAAm/EMA and PNIPAAm/NASI doubled the retention of
rhBMP-2 after1day compared to collagen sponges. These materials retained 50% of their
encapsulated rhBMP-2 over the course of the 9 day experiment which represented a 218-242
fold increase in rhBMP-2 retention compared to collagen sponges. Also, autoradiograms
indicated that the blots with the greatest intensity were from the PNIPAAm/NASI and
PNIPAAm/EMA after 1 and 5 days of implantation. The rhBMP-2 distribution in the muscle
compartment spread out for all of the polymers except for PNIPAAm/NASI. The increased
retention in these polymers could be attributed to the increased stability of PNIPAAm/EMA
hydrogels compared to PNIPAAm hydrogels and the covalent immobilization of rhBMP-2
in PNIPAAm/NASI hydrogels (39). PNIPAAm-based polymers have exerted time and
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concentration-dependent cytotoxic effects on cells (156). Therefore, more bioinert polymers
that undergo phase transitions may be required for human bone healing applications.

Hydrophobic interactions may have also played an important role in controlling rhBMP-2
from gelatin hydrogels in vivo. It has been suggested that rhBMP-2 has bound to basic
gelatin through hydrophobic interactions during in vitro binding (85) and release studies
(134). This result was suggested in vitro because negatively charged rhBMP-2 is retained
more in similarly charged basic gelatin hydrogels compared to oppositely charged acidic
gelatin hydrogels, which were hypothesized to undergo electrostatic repulsion with
rhBMP-2 (121). High rhBMP-2 retention in basic gelatin hydrogels has also been observed
when implanted subcutaneously in mice (121, 147, 157). Basic gelatin hydrogels retained
more rhBMP-2 over time compared to acidic gelatin hydrogels in mouse models. For
example, after 14 days acidic gelatin hydrogels retained 25% of the rhBMP-2 retained by
basic gelatin hydrogels (134). These results suggested that the gelatin's rhBMP-2 binding
mechanism extends from in vitro to in vivo studies and instruct the choice of basic gelatin in
future bone healing approaches. For example, gelatin has been used as a scaffold carrier for
adenovirus encoding BMP-2. In this system gelatin could act as a natural depot for cell
produced rhBMP-2 and maintain the growth factor at the implant site after the transient
transduction period ends (158). A separate potential approach would be to covalently
immobilize the bone morphogenetic binding peptide (BBP) into gelatin networks. BBP is a
cyclic 19 amino acid peptide that has bound to rhBMP-2 with high affinity. BBP has been
used to enhance BMP-mediated bone healing and formation by increasing BMPs' stability
(159, 160) and limiting their inflammatory response (161). When BBP was included in
collagen sponges with adsorbed rhBMP-2 it significantly increased rhBMP-2 retention when
implanted in a mouse muscle pouch (162). Together, the amenability of basic gelatin
hydrogels to be modified with peptides and incorporate cells could enable new approaches
in retaining growth factors for in vivo bone regeneration (39).

4.2 Degradation-mediated release in vivo
Scaffold degradation has been an important mechanism to control rhBMP-2 release from
scaffolds in vivo for several carriers. For example, the release of rhBMP-2 and gelatin
implant sites was linearly correlated with a slope of 0.9 and an R2 of 0.89. This result
indicated that rhBMP-2 released from gelatin hydrogel disks was degradation- mediated in
the subcutaneous space. Also, increasing the degree of crosslinking significantly increased
rhBMP-2 retention which could limit degradation (147). In a separate study, decreasing the
water content of basic gelatin hydrogels from 99.7% - 93.8% increased the half-life of
rhBMP-2 retention during the burst phase 4.4 fold and the half-life of rhBMP-2 retention
during the sustained release period 18 fold. This study also reported that the rhBMP-2
release rate was linearly correlated with the gelatin scaffold degradation rate. However,
gelatin hydrogels with the greatest rhBMP-2 retention did not have the greatest bone mineral
density in skull defects in rabbits or monkeys (157,163). Histology has demonstrated that
resorption of gelatin at the surface of implants and poor cell migration into the scaffolds in
vivo (42). Therefore, it is possible that at too great a gelatin concentration, cells are unable
to migrate into scaffolds with high rhBMP-2 retention capabilities. One approach to address
this shortcoming could be to fabricate gelatin scaffolds with channels that allow for cell
migration using solid free form fabrication techniques (32). Separately, rhBMP-2 was
retained in PNIPAAm-based scaffolds that had greater stability in vitro regardless if the
growth factor was covalently immobilized into the hydrogel network (39). Together, these
studies have indicated that degradation is an important mechanism in controlling growth
factor release from scaffolds that strongly interact with growth factors.
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4.3 Convective fluid flow-mediated release in vivo
Convective fluid flow has been a key mediator of protein release in vivo from scaffolds that
have interacted with rhBMP-2 primarily through electrostatic attraction. In one clinically
relevant example, 3.5mm core defects were made in the femoral head and neck of adult male
cynomolgus monkeys and rhBMP-2 containing collagen sponges were implanted in these
defects. The sponges were significantly compressed from their volume of 0.24 ml to a 0.15
ml volume in the defect (144). rhBMP-2 rapidly released from these compressed collagen
sponges which could be attributed the compression-induced release of rhBMP-2 from
collagen sponges observed in vitro (79). 30 minutes after implantation 47.1% ±1.5% of the
initial rhBMP-2 was retained in the defect site. This release rate was faster than the release
of rhBMP-2 implanted on collagen sponges when implanted subcutaneously in rats and mice
when similar compression regimes were not required (41, 147). The concentration of
rhBMP-2 declined over time until there was 0.5% ± 0.1% of the initial dose retained after
three weeks (144). Similar amounts have been retained in unloaded rat subcutaneous sites
(21) and loaded femoral defects (116). In a related study, bilateral 8 mm core
decompressions were formed in the proximal femur of adult sheep and the decompressions
were filled with either rhBMP-2 adsorbed on collagen sponges or injected with rhBMP-2 in
solution. Immediately after injection 37% of 3mg/ml rhBMP-2 adsorbed on collagen
sponges and 42% of 0.8mg/ml rhBMP-2 collagen sponges were released into the proximal
femur (164). Together, these results suggest that multiple approaches may be required to
restrict protein release from implant sites when compression of the scaffold is necessary.

Clinicians have used diffusion barriers to restrict growth factor release from the implant site.
For example, demineralized bone matrix putty has been used to limit growth factor diffusion
out of the implant site (165). This approach to restricting rhBMP-2 diffusion was similar to
approaches in which rhBMP-2 was encapsulated in a calcium phosphate matrix to limit its
diffusion in non-human primates (166). Scientists have reported that they had ceased using
allograft and autograft with BMP-2 due to reports of resorption (165). This result suggested
that using allograft of autograft materials may not be suitable as diffusion barriers to their
ability to be resorbed in the presence of rhBMP-2. In a separate study, Floseal was injected
around rhBMP-2 laden collagen sponges surrounded by a PEEK implant during spine fusion
surgeries. Floseal is a proprietary combination of bovine-derived gelatin and human-derived
thrombin. Significantly, no patient in this study developed perioperative dysphagia which
required any intervention and ectopic ossification was not observed. Also, all patients had
resolution of their conditions which lead to surgery. However, 68% of patients had
ossification within the spinal canal and spherical cyst like structures appeared within the
fusion mass in 39% of patients. They hypothesized that the ossification in the spinal canal
could have been produced by stem cells located in hematomas left in the postoperative space
(167). In a separate approach to restrict protein release collagen sponges were soaked with
32mg of rhBMP-2 for 5 minutes or 60 minutes. Two monkeys received 9mg rhBMP-2
adsorbed on collagen sponges and placed in titanium carriers covered with a poly(ethylene)
mesh shield after implantation to prevent compression of the sponges by the surrounding
muscles. Spinal fusion went to completion in both these monkeys and they had the most
extensive bone formation observed (168). It may be necessary to use solid materials as
diffusion barriers. In one illustrative study, coating composite materials with a layer of
hydrophilic chitosan did not consistently change the magnitude of the burst release of
growth factor or modulate release over the course of the experiment in vitro (107). These
approaches to form diffusional barriers represent an innovative mechanism to control growth
factor diffusion that have not been extensively measured in vitro or in vivo. Therefore,
future research will be necessary to quantify the effect of diffusional barriers on rhBMP-2
transport.
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Composite compression resistant scaffolds have also been used to reduce convective fluid-
flow induced growth factor release from scaffolds. In one study, rhBMP-2 release from
composite compression resistant collagen sponges containing 5:95 hydroxyapatite:tricalcium
phosphate ceramic particles was measured when implanted bilaterally in a rabbit spine
model. rhBMP-2 had a mean half-life of 7.51 days in the implant site in this model (51).
Alternatively, rhBMP-2 had a mean half-life of 3.76 days when it was adsorbed into
compressible collagen sponges and implanted in a rabbit ulna defect model (169). Although
these are different implant sites with different mechanical environments these results suggest
that compression resistant sponges could restrict convective fluid-flow mediated release. For
example, compression resistant scaffolds have enabled the use of lower effective
concentrations of rhBMP-2 to induce bone fusion in a nonhuman primate lumbar
intertransverse spinal fusion model (170). Including ceramic particles in other matrix
materials that retain rhBMP-2 at the implant site longer than collagen and using diffusional
barriers could have the potential to decrease the effective dose even further.

5. Future Directions
5.1 Delivery of multiple factors

Bone healing is a complex process that has been controlled by multiple soluble signals. To
better replicate the natural bone healing process, investigators have delivered of multiple
factors involved in bone healing. A common theme in these studies is the delivery of pro-
osteogenic and pro-angiogenic growth factors (171, 172). For example, rhBMP-2 has been
delivered with VEGF (173), bFGF (174), and IGF-1 (175) to promote bone healing. While
delivering multiple growth factors from the same scaffold could be a promising approach for
future bone regeneration applications, many growth factors have approximately the same
molecular weight and isoelectric point which has made it challenging to deliver growth
factors from the same construct without using complex material processing techniques.
Also, it might be more clinically relevant to systemically deliver molecules that are currently
FDA approved for other indications that also aid in growth factor-mediated bone healing.
One approach could be to systemically deliver molecules that block endogenous inhibitors
of BMP signaling. For example, monoclonal antibody molecules have been used to block
the inhibitory activity of sclerostin in a phase I clinical trial (176). Erythropoietin has also
been identified as an important mediator of both hematopoiesis and bone formation in vivo
(177). Erythropoietin has been used in the clinic to treat anemia for almost 25 years and its
safety profile has been well-characterized (178). Another systemic molecule that has
regulated bone metabolism is the parathyroid hormone. Intermittent administration of
parathyroid hormone significantly enhanced the bone mineral density in rhBMP-2
containing composite scaffolds (179). An emerging technique for the simultaneous delivery
of many factors is to genetically manipulate human mesenchymal stem cells that can evade
the host immune response, produce pro-osteogenic growth factors, and participate in
osteogenesis (180-182). In one illustrative study, human mesenchymal stem cells were
infected with an adenovirus carrying the gene for rhBMP-2 and implanted in a collagen-
ceramic composite scaffold in rat femoral defects. Significantly, these genetically modified
cells exhibited the same capacity as the rhBMP-2 protein to induce bone healing. This
approach to deliver growth factors could eliminate the need for supraphysiologic
concentrations of growth factors currently used in the clinic (183). Together, local and
systemic co-delivery of soluble factors has the potential to increase the safety and efficacy
of growth factor-mediated bone healing techniques.

5.2 Developing new combination devices for difficult-healing areas
Future scaffold-growth factor combination devices will need to control growth factor
release, have the appropriate form, and fixation. The use of rhBMP-7, also referred to as
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osteogenic protein-1 (OP-1), during long bone healing could provide lessons for treating
difficult to heal areas. OP-1 consists of lyophilized rhBMP-7 on collagen granules
suspended with carboxymethyl cellulose that when mixed with water forms an implantable
paste. In one illustrative study on the importance of fixation, 30 patients were treated with
either OP-1 or autologous bone and were stabilized with either external fixation or internal
pi-plates. Two of the four patients treated with OP-1 and external fixation presented
osteolysis around the bone regeneration site. The observed osteolysis lead to long bone
nonunion and could be attributed to inability of the OP-1 paste to contribute to the stability
of the regeneration site. The investigators then sought to improve the stability of the
regeneration site with internal fixation techniques. Although bone healing proceeded in both
OP-1 and autograft-treated patients with internal fixation, autograft treatments healed in 7
weeks compared to 19 weeks for OP-1-treated nonunions (184). It is also significant to note
that fixation techniques with poor stability had a significant impact on the role that
infections play during growth factor mediated bone regeneration (185, 186). These results
suggested that healing difficult areas with growth factors could be improved by increasing
the stability of the bone regeneration site and will require improved scaffold design and
carriers.

Many of the approaches used in the clinic have adapted the collagen sponge carrier for
rhBMP-2 with different cages and fixation devices for varying locations. The cutting of
sponges to be pressed inside or around a previously established fixation device has been a
commonly reported approach. However, mechanical loading can induce fluid exclusion and
trigger the release of encapsulated growth factors (143). One approach that could enable the
incorporation of growth factors and carriers into pre-existing devices with established
fixation techniques are polymer solutions that assemble in vivo. For example, Zhang and
colleagues have formed self-assembling hydrogels from the RADA16 peptide fused with
pro-osteogenic peptides. These hybrid peptides self-assembled to form hydrogels that
promoted stem cell differentiation and proliferation in vitro (187). Similar RADA16-based
hydrogels have been used to modulate the release of bFGF, VEGF, and brain derived
neurotrophic factor (BDNF) over the course of days depending upon the growth factor and
presence of charged molecules in the network (188). Also, MMP-degradable peptide
sequences can be included in these peptide sequences to increase the rate of cell infiltration
(189). Significantly, these peptides readily formed hydrogels in PEEK cages that promoted
bone formation when implanted in a rat bone defect when compared to an open cage (190).
Therefore, this self-assembling peptide system could provide broad-based flexibility
depending on the bone regeneration site with preexisting implants.

Although flexibility in carrier design could enable broad-based utility in diverse bone
regeneration applications, to get to market devices must address a specific indication.
Therefore, future growth factor-scaffold combination devices will need to be designed to
meet quantitative technical demands (191). Computer-aided design has been used to form
scaffolds with optimized mechanical properties to match the surrounding bone, permeability
properties to address the metabolic requirements of cells, and fixation to meet mechanical
and surgical needs. Solid freeform fabrication techniques are currently the most used
manufacturing technique of computer-aided designed scaffolds and have even been applied
in humans (32, 192). Other modules can be added to these scaffolds without affecting their
form or fixation approaches. For example, Murphy and colleagues have developed
approaches to increase the osteoconductivity of designed scaffolds using approaches to
surface functionalize scaffolds with biomimetic hydroxyapatite (193, 194). If mineralized
scaffolds do not meet the technical requirements for bone regeneration, then other biologics
can be incorporated into the manufacturing process or coating processes. This approach to
incorporating growth factors into scaffolds limits the need for separate carrier materials. For
example, hybrid peptides have been developed that contain a mineral binding domain and a
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growth factor mimicking domain to induce bone regeneration (61, 63). In one relevant
approach, growth factor mimicking peptides were adsorbed to mineralized PCL scaffolds
formed using computer aided design techniques. The growth factor release rate could be
tuned by varying the mineral content on the surface of the scaffold (195).

CVD-based approaches have also been used to functionalize scaffolds formed using
computer aided design techniques. For example, PCL scaffolds were formed using computer
aided design and functionalized with amine groups using CVD. Then, biotin was covalently
immobilized to the scaffold and the functionalized scaffolds were incubated with a solution
of avidin and biotin functionalized adenoviruses to non-covalently immobilize the
adenovirus to the scaffold. Wax masking techniques enabled the selective immobilization of
the adenoviruses on distinct areas of the scaffold. This technique could be used to selectively
functionalize areas of the scaffold within the bone regeneration site and leave fixation points
unmodified (196) or be used to pattern therapeutic adenovirus gradients (197). The
adaptability of using computer aided design to form scaffolds with orthobiologic delivery, as
a design parameter will be critical for the development of combination devices for specific
applications.

5.3 Emerging approaches to covalently tether rhBMP-2 to scaffolds
Covalently tethering growth factors to scaffolds could enable localized growth factor
delivery in specific areas of rationally designed scaffolds and limit growth factor release
during bone regeneration. In covalent systems growth factors have been tethered either
directly or via a linker molecule that has provided space between the scaffold and the growth
factor. Once immobilized, growth factors have bound with cell surface receptors and
initiated intracellular signaling pathways. The biological effects of covalent tethering has
been extensively studied in cell culture systems due to their increased protein stability,
length of receptor activation, receptor clustering, and co-localization of the growth factor
with cells. This co-localization has been characterized to mimic how growth factors are
naturally presented to cells in the body from extracellular matrices or cell surfaces.
Therefore, Ito and colleagues have referred to this as “artificial juxtacrine stimulation
(198).” Many proteins have been tethered to substrates including epidermal growth factor
(EGF), nerve growth factor (NGF), BMPs, VEGF, FGFs, IGF-1, TGF-β1, hepatocyte
growth factor (HGF), notch ligand, leukemia inhibitory factor (LIF), stem cell growth factor
(SCF), interleukins, tumor necrosis factor-α (TNF-α), erythropoietin (Epo), Neurotrophin-3,
Transferrin, and E-cadherin. However, chemistries used to covalently immobilize growth
factors can lead to protein denaturing, inactivation, or incomplete immobilization. The
techniques available to immobilize growth factors are dependent upon both the functional
groups in the scaffold and the growth factor's biochemistry. Also, the concentration of
growth factors incorporated is controlled by the surface area of the scaffold (199). These
results suggest that approaches to covalently immobilize growth factors to scaffolds will be
protein and application specific.

rhBMP2 has been covalently tethered to biomaterials to improve its stability and increase its
retention in regeneration sites. For example, rhBMP-2 has been covalently tethered to
succinylated type 1 atelocollagen to improve rhBMP-2 stability in complex biologic
environments. Tethering rhBMP-2 to the biopolymer increased the length of osteogenic
gene expression in a mouse bone marrow stem cell line compared to untethered rhBMP-2
(200, 201). In a separate approach, rhBMP-2 has been directly immobilized to PCL
scaffolds that were treated to present amine groups. Less than 10% of the immobilized
rhBMP-2 was released over the course of 15 days in vitro compared to 25% of adsorbed
rhBMP-2 (59). Similar results were observed when rhBMP-2 was covalently tethered to
PLG scaffolds using acrylate-PEG-N-hydroxysuccinimide (NHS) spacer molecules. The
acrylate groups reacted with –OOH groups on PLG scaffolds treated with UV light and
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hydrogen peroxide and the –NHS groups reacted with primary amines on rhBMP-2. In this
tethered system 90% of the rhBMP-2 was retained in the scaffold over the course of a 28
day in vitro exposure to DMEM with 10% FBS. Alternatively, 10% of adsorbed rhBMP-2
was maintained in scaffolds over the same period (202). To test if surface functional groups
altered protein bioactivity, lysozyme and rhBMP-4 were covalently immobilized to
functionalized titanium surfaces presenting either amine or carboxylic acid groups.
Lysozyme's bioactivity was eliminated when covalently tethered to surfaces presenting
amines, but maintained 60% of its bioactivity when conjugated to carboxylic acid presenting
surfaces. When the procedures optimized for lysozyme were extended to rhBMP-4 these
functionalized surfaces induced osteogenic gene expression in C3H10T1/2 cells even after
the surfaces were washed overnight (203). In a separate titanium-based approach, surfaces
were modified with polymers containing phosphonic ester groups which bind to metals and
epoxy groups which react with amine groups on rhBMP-2. In these studies, only a fraction
of the tethered rhBMP-2 was accessible to cells because it was tethered inside the polymer
network. The accessibility of rhBMP-2 in this system could be improved by including PEG
spacer molecules in the polymer to give cells better access to the growth factor (204). These
approaches present the broad-based utility of covalently tethering rhBMP-2 to biomaterials
through surface exposed primary amines and carboxylic acids. It will be crucial to extend
the in vitro release kinetics delineated in these studies to in vivo studies to ensure their
clinical safety and success.

Researchers have developed site-specific covalent modification techniques from other
proteins to rhBMP-2 to improve its bioactivity and stability after processing. For example,
fully folded rhBMP-2 contains no free cysteines with reactive sulfhydryl groups. Therefore,
Sebald and colleagues generated 3 rhBMP-2 mutants with free cysteines at specific locations
to enable site-specific conjugation of polymers to the growth factor. They demonstrated that
rhBMP-2 pegylated at a mutant cysteine located near the N-terminus retained its ability to
bind to its receptor and initiate intracellular signaling pathways. Alternatively, a fraction of
rhBMP-2′s bioactivity was lost when it was pegylated at locations near its receptor binding
site (205). The same group then adapted previously established techniques (206) to
selectively tether PEG molecules to the N-terminus of rhBMP-2 using acidic pH conditions
in combination with PEG molecules terminated with reactive aldehyde or NHS groups. The
selective modification of the N-terminal amine groups at acidic pH conditions could be
attributed to their pKa values (7.6-8.0) compared to the pKa value of ε-amines of lysine side
chains (10-10.2). The reaction of rhBMP-2 with aldehyde- or NHS- terminated PEG
produced mono- and di- conjugated rhBMP-2 and aldehyde -PEG had a greater reaction
efficiency compared to NHS- PEG. Mono-pegylated rhBMP-2 had increased solubility
compared to unmodified rhBMP-2, decreased binding affinity for its receptor, and exhibited
higher bioactivity than unmodified rhBMP-2 (207). Separately, there has been extensive
work developing reactive non-canonical amino acids, which could enable the development
of new techniques to covalently tether rhBMP-2 into scaffolds (208). Although these site-
specific covalent tethering techniques have not yet been extensively applied to scaffolds
they could hold significant promise in future bone regeneration approaches.
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Figure 1.
Description of key BMP-2 properties that instruct the design of scaffolds for controlled
delivery applications. Crystal structures of monomeric BMP-2 with its basic residues
highlighted (top left) and acidic residues highlighted (top right) (PDB: 3BMP). The
physicochemistry of BMP-2 has been an important consideration for understanding its
delivery from scaffolds (middle). Varying the pH and ionic strength of the buffer has had a
significant impact on BMP-2 solubility (bottom).
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Figure 2.
Schematic representation of BMP-2 adsorption to ceramic scaffolds with the properties that
generally have increased the mass of BMP-2 adsorbed to its surface (PDB: 3BMP).
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Figure 3.
Schematic representation of BMP-2 incorporation into a dried polymer network that swells
to form a hydrogel and properties that generally increase the mass of BMP-2 incorporated
into the hydrogel network (PDB: 3BMP).
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Figure 4.
Results of studies that characterized how electrostatic attraction has controlled protein
release from hydrogels. A) Increasing the electrostatic attraction between proteins with
different isoelectric points (pI) and hyaluronic acid hydrogels decreased the protein release
rate (20) with permission. B) Increasing the collagen concentration in hydrogel networks
increased the interactions with a model protein, interferon (IFN), and increased its in vitro
retention (119) with permission. C) Protein release from uncharged polymer networks
including PEG networks formed from PEG-diacrylate (PEGDA) has proceeded rapidly in
vitro (120) with permission.
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Figure 5.
Results of studies that compared rhBMP-2 release from acidic and basic gelatin hydrogels in
vitro. A) rhBMP-2 release was faster from acidic gelatin hydrogel disks compared to basic
gelatin hydrogel disks in PBS (134) with permission. rhBMP-2 release was also faster from
acidic gelatin hydrogel microparticles (B) crosslinked with 10 or 40mM glutaraldehyde at
low or high rhBMP-2 doses compared to basic gelatin hydrogel microparticles (C) (121)
with permission.
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Figure 6.
Influence of convective fluid flow on growth factor release in vitro. A) Mechanical strain
(top) triggered the release of VEGF from alginate hydrogels over the course of 6 loading
cycles (bottom) (143) with permission. B) Schematic representation of dynamic hydrogels in
which specific biochemical ligands induced protein-conformational changes, hydrogel
volume decreases, and growth factor release (87) with permission. C) Temporal control over
BMP-2 release from dynamic hydrogel networks was controlled by varying the timing that
hydrogels underwent trifluoperazine (TFP)-induced volume decreases (50) with permission.

King and Krebsbach Page 40

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 7.
Comparison of rhBMP-2 release from absorbable collagen sponges (ACS), biphasic ceramic
particles (BCP), or ACS-BCP compression resistant matrices (CRM) and its effect on
ectopic bone formation. A) rhBMP-2 release has been similar from BCPs and ACS-BCP
composite matrices. Alternatively, rhBMP-2 release has been faster from ACS-based
materials than from BCP-containing materials (67) with permission. B-C) Decreasing the
rhBMP-2 burst release by including ceramic materials with ACS also decreased ectopic
bone formation in a canine cranial defect model as demonstrated by histological score and
micro-computed tomography (154) with permission.
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