
Biomaterials that regulate growth factor activity via bioinspired

interactions

Gregory A. HudallaA,^ and William L. MurphyA,B,C,*

ADepartment of Biomedical Engineering, University of Wisconsin, 5009 Wisconsin Institutes of

Medical Research, 1111 Highland Ave. Madison, WI 53705 (USA)

BDepartment of Pharmacology, University of Wisconsin, 5009 Wisconsin Institutes of Medical

Research, 1111 Highland Ave. Madison, WI 53705 (USA)

CDepartment of Orthopedics and Rehabilitation, University of Wisconsin, 5009 Wisconsin

Institutes of Medical Research, 1111 Highland Ave. Madison, WI 53705 (USA)

Abstract

Growth factor activity is localized within the natural extracellular matrix (ECM) by specific non-

covalent interactions with core ECM biomolecules, such as proteins and proteoglycans. Recently,

these interactions have inspired us and others to develop synthetic biomaterials that can non-

covalently regulate growth factor activity for tissue engineering applications. For example,

biomaterials covalently or non-covalently modified with heparin glycosaminoglycans can augment

growth factor release strategies. In addition, recent studies demonstrate that biomaterials modified

with heparin-binding peptides can sequester cell-secreted heparin proteoglycans and, in turn,

sequester growth factors and regulate stem cell behavior. Another set of studies show that modular

versions of growth factor molecules can be designed to interact with specific components of

natural and synthetic ECMs, including collagen and hydroxyapatite. In addition, layer-by-layer

assemblies of GAGs and other natural polyelectrolytes retain growth factors at a cell-material

interface via specific non-covalent interactions. This review will detail the various bioinspired

strategies being used to non-covalently localize growth factor activity within biomaterials, and

will highlight in vivo examples of the efficacy of these materials to promote tissue regeneration.
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1. Introduction

A primary goal of tissue engineering is to repair or replace tissues that have been damaged

due to disease or injury. Unlike bone, skin, and peripheral nerves, which demonstrate repair

after injury,[1–4] most tissues of the human body are incapable of restoring proper function

to extensively damaged tissue. Instead, significant tissue damage is commonly associated

with secretion of excess extracellular matrix components by myofibroblasts, a process

known as fibrosis.[5–9] This results in the formation of hard scar tissue that adversely affects

organ function. Traditionally, organ and tissue transplantation have been successful in

replacing or restoring function to extensively damaged tissues. However, organ
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transplantation is only an effective therapy for certain tissue types, and the number of

individuals requiring a transplant is often significantly greater than the number of organs or

tissues available for transplantation. In light of these limitations, the field of tissue

engineering emerged with a focus on restoring proper physiological function to damaged

organs by limiting scar formation and directing the growth of new, native tissue.[10, 11]

Since its inception, the field of tissue engineering has progressed toward developing

materials that controllably deliver cells and biomolecules to sites of tissue damage.[12] In

particular, a wide variety of naturally-derived macromolecules, synthetic polymers,

minerals, or combinations thereof have been used as “carriers” to localize cells and

biomolecules at the site of tissue damage, and their applicability in this regard has been

extensively reviewed elsewhere.[13–21] More recently, however, it has been widely proposed

that biomaterials engineered to specifically regulate biomolecule activity may, in turn,

control cell behavior during re-growth of functional tissue. As such, recent approaches have

moved beyond materials that serve as relatively inert cell and biomolecule “carriers” toward

materials that actively regulate biomolecule activity via specific, non-covalent interactions.

This review will highlight biomaterials that regulate the activity of growth factors, a class of

soluble signaling biomolecules, by mimicking non-covalent interactions commonly

observed within the natural extracellular matrix (ECM).

Due to the well-defined role of growth factors in tissue development (reviewed in[22]), tissue

engineering approaches often rely on biomaterials that deliver growth factors. For example,

numerous methods have encapsulated a growth factor within a material (e.g. plastic

microspheres or highly hydrated polymeric ‘hydrogels’) and allowed it to diffuse out from

the material and into the surrounding tissue.[18, 23–28] Although successful at delivering

biologically active growth factors in vivo, these approaches are typically complicated by

rapid, burst release that provides relatively short-term control over growth factor

availability. Moreover, growth factor localization is often limited by the propensity of these

molecules to transport through tissue. Other efforts have eliminated the transport component

by covalently linking a growth factor onto a biomaterial.[29–33] However, covalent linkage

may directly influence growth factor activity by changing protein conformation or by

masking the active sites required for growth factor binding to cell surface receptors.

Covalent immobilization also inhibits internalization of growth factor-receptor complexes,

which, in turn, may influence the response of a cell.[34–37]

Synthetic polymer hydrogels (e.g. poly(ethylene glycol), poly(acrylic acid), and

poly(NIPAAM)) and naturally-derived polymer hydrogels (e.g. collagen, gelatin, alginate,

and chitosan) have emerged as common biomaterials to deliver growth factors, as they

mimic the highly hydrated, macromolecular network structure of the natural ECM.[38]

Recently, numerous studies have incorporated functional epitopes derived from the solid-

phase of the ECM, such as cell adhesion ligands, into the solid-phase of hydrogel-based

biomaterials to further mimic the natural ECM.[39] Aside from cell adhesion ligands,

however, biological macromolecules within the ECM also present epitopes that bind to

growth factors to limit diffusion and, in turn, localize growth factor activity. Incorporation

of growth factor-binding sites into synthetic biomaterials has recently emerged as a

promising strategy to non-covalently localize growth factor activity. Additionally,

engineering growth factors or growth factor-mimicking peptides to include sites that bind to

the natural ECM has emerged as a useful strategy to localize growth factor activity within

natural biomaterials. This review will detail the recent development of biomaterials that

localize growth factor activity by mimicking non-covalent interactions observed in the

native ECM. Additionally, we will highlight studies that have used biomaterials that mimic

non-covalent growth factor-ECM interactions in tissue engineering strategies in vivo.
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2. ECM components in synthetic biomaterials to localize growth factor

activity

The ECM is a self-assembled network of diverse biomolecules that organizes cells, provides

mechanical support, and presents cell anchorage sites.[40] For example, specific subunits

within ECM proteins, such as the tri-peptide Arg-Gly-Asp (RGD), mediate cell adhesion to

the ECM,[41–45] while proteoglycans (PGs) are involved in cell-ECM[46–48] and cell-cell

adhesion.[49–51] In addition to their role in cell adhesion, PGs also influence growth factor

activity. Several specific examples from fundamental biology demonstrate the role of PGs.

For example, non-covalent interactions between chondroitin sulfate PGs and the growth

factor midkine are required for midkine-mediated macrophage migration.[52] Additionally,

the glycosaminoglycans (GAGs) heparin and heparan sulfate mediate the dimerization of

FGFs, such as acidic FGF[53] and basic FGF[54], which is integral to FGF receptor

activation. FGF-heparin interactions also influence FGF binding specificity to various FGF

receptors, as high concentrations of heparin promote preferential binding of FGF-4 with

FGF receptor-1, while low heparin concentrations favor FGF-4 binding with FGF

receptor-2.[55] Conversely, some growth factor-PG interactions can also down-regulate

growth factor activity. The core protein of the PG perlecan binds to FGF-18 and inhibits its

mitogenic effect on growth plate chondrocytes.[56] Interactions between platelet-derived

growth factor (PDGF) and chondroitin sulfate inhibit phosphorylation of PDGF-receptor-β
and down-regulate fibroblast proliferation.[57] Additionally, binding of bone morphogenetic

protein-2 (BMP-2) to heparan sulfate down-regulates osteogenesis by C2C12 cells.[58]

Taken together, these examples show that PGs and their GAG subunits can non-covalently

bind to growth factors and either up-regulate or down-regulate their effects. In view of the

importance of PGs in fundamental biology, recent studies have relied on diverse covalent

and non-covalent methods to incorporate GAGs and PGs into synthetic biomaterials, which

we highlight in the following sections.

2.1 Covalent incorporation of GAGs and PGs into biomaterials

Numerous covalent mechanisms have been used to conjugate GAGs onto various reactive

functional groups presented by synthetic biomaterials. This section will highlight covalent

chemistries that are commonly used to conjugate GAGs onto biomaterials, which are

schematically represented in Figure 1A, and the use of these GAG-modified biomaterials in

tissue engineering applications.

2.1.1 Photo-crosslinkable GAGs—Photo-polymerization of synthetic polymer chains

into covalently cross-linked hydrogel networks is a common biomaterial design strategy due

to the efficiency of the crosslinking reactions under physiological conditions and the ability

to encapsulate viable cells directly into the hydrogel.[59, 60] In light of these benefits, Anseth

and co-workers prepared heparin GAGs bearing photo-crosslinkable vinyl moieties and

covalently incorporated them into poly(ethylene glycol) (PEG) hydrogels during photo-

crosslinking.[61] In turn, they used these materials to characterize the influence of heparin on

multiple cell types cultured on or within PEG hydrogels. For example, they characterized the

influence of heparin-modified PEG hydrogels on the inhibition of interstitial cell

myofibroblast activation by FGF-2.[62] Cells cultured on heparin-modified PEG hydrogels

showed decreased activation of mitogen-activated protein kinase (MAPK), a protein that is

part of the FGF-2 signaling cascade,[63] when compared to cells cultured on PEG hydrogels

lacking heparin. Furthermore, heparin-modified PEG hydrogels increased interstital cell

expression of alpha smooth muscle actin, a key marker of myofibroblast activation of

valvular interstital cells.[64] Together, these results demonstrated that heparin GAGs

covalently incorporated into a biomaterial regulate heparin-binding growth factor activity

which, in turn, influences cell behavior.
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In a second set of studies, Anseth and co-workers characterized the influence of heparin-

modified PEG hydrogels on human mesenchymal stem cell behavior.[61, 65, 66] Heparin

incorporated into the hydrogel promoted hMSC adhesion and also provided long-term

release of FGF-2 (∼5 weeks), which enhanced hMSC proliferation.[61] Moreover, heparin-

modified PEG hydrogels enhanced cellular production of alkaline phosphatase, as well as

up-regulation of osteopontin and collagen I gene expression - all markers that indicate

osteogenic differentiation.[67] When cells were cultured in osteogenic differentiation

medium that was first passed over a heparin column to deplete heparin-binding proteins and

then supplemented with fibronectin, BMP-2, or both, a similar increase in osteogenic

markers was observed, indicating that differentiation was dependent on fibronectin and

BMP-2 (a heparin-binding ECM protein and growth factor, respectively).[65] An additional

set of studies demonstrated that BMP-2 secreted by MSCs in response to fluvastatin was

also retained within heparin-presenting PEG hydrogels.[66] Together, these results

demonstrate that heparin-modified PEG hydrogels amplify the local activity of cell-secreted

growth factors, analogous to the heparin-mediated regulation of growth factor activity

observed in natural ECMs, and described in the introduction section above.

2.1.2 Other covalent conjugation mechanisms—A number of additional covalent

chemistries that proceed efficiently under physiological conditions are commonly used to

form hydrogels. For example, the Michael-type addition reaction between thiol groups and

α,β-unsaturated carbonyls (e.g. acrylates, methacrylates, and maleimides) has been used to

crosslink multi-arm polymer chains into hydrogel networks.[68] Scatena and co-workers

modified heparin GAGs to bear thiol groups that react with bi-functional PEG diacrylate to

form a hydrogel.[69] These PEG-heparin hydrogels were then used to deliver

osteoprotegerin, which is a heparin-binding growth factor that influences osteoclast

differentiation[70] and also promotes angiogenesis, the growth of new blood vessels from a

pre-existing vascular supply.[71] Osteoprotegerin was retained within the hydrogel for up to

500 hours in vitro. After subcutaneous implantation in mice, osteoprotegerin was maintained

at the implant site for 2 weeks, and a nearly two-fold increase in vascular density surrounded

the implant when compared to control PEG implants lacking heparin GAGs.

Kiick and co-workers also relied on the Michael-type addition reaction to covalently

conjugate heparin GAGs to PEG hydrogels. They modified low molecular weight heparin

GAGs with malemide moieties that can react with thiol-terminated multi-arm PEG chains to

form hydrogel networks.[72–74] The FGF-2 release rate from heparin-modified PEG

hydrogels was significantly slower than the release rate from control PEG hydrogels lacking

heparin. The FGF-2 release rate also correlated with hydrogel erosion when heparin was

incorporated into degradable PEG hydrogels.[72]

Although these examples demonstrate facile incorporation of a single GAG within a PEG

hydrogel, natural ECMs typically include multiple PGs and GAGs. In particular, the ECM

often includes members of the three PG ‘families’: the large aggregating chondroitin sulfate

proteoglycans (e.g. lecticans), the small leucine-rich chondroitin sulfate proteoglycans, and

the heparan sulfate proteoglycans, which are decorated with various, biochemically-distinct

GAGs (e.g. heparan sulfate, chondroitin sulfate, dermatan sulfate, and keratin sulfate),[75, 76]

as well as hyaluronan, the only GAG lacking a protein core.[77] Hyaluronic acid and

chondroitin sulfate GAGs are of particular interest for tissue engineering applications, as

they are important components of natural tissue development processes.[78–80] Recently,

Prestwich and co-workers prepared heparin, hyaluronic acid, and chondroitin sulfate GAGs

modified with thiol groups that can react with PEG diacrylate to form hydrogels.[81]

Mixtures of thiol-modified heparin and hyaluronic acid or thiol-modified heparin and

chondroitin sulfate reacted rapidly with PEG diacrylate to form hydrogels. FGF-2 release

from heparin-modified PEG-hyaluronic acid and PEG-chondroitin sulfate hydrogels was
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significantly slower than FGF-2 release from heparin-free hydrogels (Fig. 1C). The FGF-2

released from the heparin-modified hydrogels was bioactive, as it stimulated NIH 3T3

fibroblast proliferation in vitro. Importantly, FGF-2-loaded heparin-modified hydrogels

significantly increased blood vessel in-growth after subcutaneous implantation when

compared to FGF-2-loaded heparin-free hydrogels (Fig. 1D–E). Taken together, these

results indicate that multiple, distinct GAGs covalently incorporated into biomaterials

enhance blood vessel growth, likely by enhancing growth factor activity in vivo.

Although the Michael-type addition reaction allows for GAG conjugation to biomaterials,

GAGs typically do not contain the thiol or α,β-unsaturated carbonyl moieties required for

the reaction to proceed.[82] So, immobilization of GAGs via Michael-type addition requires

chemical modification of the GAG chain. Instead of relying on GAG chemical modification,

many groups have conjugated GAGs onto biomaterials through covalent mechanisms that

rely on reactive groups already present on native GAGs. For example, Mizushima and co-

workers used carbodiimide condensation to crosslink carboxylate moieties in heparin to

carboxylate moieties in alginate via an ethylenediamine linker.[83] Heparin conjugated to

alginate hydrogels significantly decreased FGF-2 release rate in vitro, and heparin-modified

alginate gels loaded with FGF-2 significantly increased angiogenesis in the dorsal area of

the rat two weeks after implantation. In another set of studies, Kuo and co-workers used

carbodiimide condensation to conjugate heparin to chitosan-alginate polyelectrolyte

complexes used as drug delivery vehicles.[84, 85] The amount of FGF-2 bound to heparin-

modified chitosan-alginate complexes was dependent on the amount of heparin present, and

the FGF-2 release rate was significantly slower than the release rate from heparin-free

complexes. Additionally, the released FGF-2 promoted human foreskin fibroblast

proliferation during in vitro culture. Alginate and chitosan are of significant interest for

tissue engineering applications, as they are naturally-derived, bio-compatible

polysaccharides that are not susceptible to enzymatic degradation and readily crosslink to

form hydrogels in the presence of multivalent ions.[86], [87, 88] These examples demonstrate

that polysaccharide biomaterials modified with heparin localize growth factor activity in

vitro and in vivo, and suggests that modifying other natural polysaccharides with heparin

may be of interest for tissue engineering applications.

Taken together, the multiple examples presented here demonstrate that heparin GAGs

covalently incorporated into biomaterials significantly decrease the release rate of heparin-

binding growth factors. The heparin-growth factor interactions within these biomaterials

also help to maintain long-term growth factor bioactivity. Growth factor bioactivity typically

decreases rapidly in protease-rich tissues and fluids, so maintaining long-term bioactivity is

an important goal.[89, 90] Implanting heparin-modified biomaterials has led to enhanced

blood vessel growth in multiple studies. Therefore, materials that localize and maintain

growth factor bioactivity may favor regeneration of complex tissue architectures that require

a functional blood supply.

2.2 Non-covalent incorporation of GAGs and PGs into biomaterials

Although covalent chemistries are useful for introducing GAGs into synthetic biomaterials,

natural PGs instead integrate into the ECM through non-covalent interactions with various

proteins.[91, 92] Recent studies have mimicked these non-covalent interactions to introduce

GAGs or PGs into natural and synthetic biomaterials, which we highlight in the following

sections and schematically represent in Figure 2A.

2.2.1 Non-covalent incorporation of GAGs into biomaterials—GAGs and PGs are

localized within the natural ECM through specific non-covalent interactions with natural

ECM components. There are several examples from nature that illustrate this point. For
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example, the ECM glycoprotein fibronectin contains a heparin-binding domain within

domain III-13,[93] and the ECM glycoprotein laminin binds to heparin, heparan sulfate,

dermatan sulfate, and chondroitin sulfate.[94] A number of recent studies have mimicked

non-covalent PG incorporation into the ECM to incorporate GAGs and PGs into

biomaterials. Sakiyama-Elbert and co-workers covalently linked a peptide derived from the

heparin-binding domain of antithrombin to the backbone of fibrin hydrogels, which in turn

bound to heparin GAGs that were present during hydrogel crosslinking.[95] Importantly,

these heparin-binding fibrin hydrogels significantly decreased the release rate of heparin-

binding proteins, including nerve growth factor,[96] (Fig. 2B), glial-derived neurotrophic

factor,[97] platelet-derived growth factor-BB,[98] and neurotrophin-3.[99, 100] The utility of

these hydrogels in tissue engineering was demonstrated in four separate examples,

summarized as follows: 1) heparin-binding fibrin hydrogels loaded with FGF-2 significantly

enhanced neurite outgrowth from explanted chick dorsal root ganglia;[95] 2) heparin-

modified fibrin matrices loaded with neurotrophin-3 promoted neural process extension

across a glial scar border at a spinal cord lesion site;[100] (Fig. 2C) 3) nerve growth factor

delivery from heparin-binding fibrin hydrogels enhanced peripheral nerve regeneration in a

rat sciatic nerve defect;[101] and 4) platelet-derived growth factor BB released from heparin-

binding fibrin matrices improved gliding properties of sutured tendons in a canine

model.[102]

Stupp and co-workers used non-covalent interactions to introduce heparin GAGs onto self-

assembling peptide amphiphile biomaterials. In particular, they engineered peptide

amphiphiles to include a heparin-binding site that is displayed on the surface of peptide

nanofibers.[103] Heparin-bound nanofibers loaded with vascular endothelial growth factor

(VEGF) or FGF-2 significantly enhanced blood vessel growth within the rat cornea when

compared to nanofibers lacking a heparin-binding domain. A second study demonstrated

that heparin-bound peptide nanofibers loaded with VEGF and FGF-2 significantly enhanced

islet cell engraftment in diabetic mice and, in turn, resulted in a significantly higher level of

normoglycemia.[104] Therefore, natural and synthetic biomaterials engineered to mimic

natural GAG-ECM interactions can enhance growth factor activity and improve tissue

regeneration, similar to the aforementioned biomaterials (section 2.1) that were covalently

modified with heparin GAGs.

2.2.2 Non-covalent incorporation of recombinant PGs into a biomaterial—
Heparin GAGs are not the only component of PGs that bind to growth factors. For example,

the core protein of the PG perlecan binds to FGF-18 and thereby decreases proliferation of

growth plate chondrocytes.[56] Thus, biomaterials that non-covalently bind to PGs, rather

than GAGs alone, are of significant interest for tissue engineering applications. Farach-

Carson and co-workers recently demonstrated that a PG synthesized using recombinant

DNA technology (a “recombinant PG”) could bind to a collagen-based hydrogel and

mediate growth factor binding. Specifically, recombinant perlecan domain I, which is the

chondroitin sulfate and heparan sulfate bearing domain, bound to collagen I hydrogels in a

heparan sulfate-dependent manner, and bound to collagen II hydrogels in a heparan sulfate-

and chondroitin sulfate-dependent manner.[105, 106] In turn, the recombinant perlecan

domain I mediated FGF-2 binding to collagen I matrices and BMP-2 binding to collagen II

matrices. The bound FGF-2 significantly enhanced the proliferation of MG63 osteoblasts

and human bone marrow stromal cells. The bound BMP-2 enhanced C3H10T1/2 cell

chondrogenic differentiation on collagen II fibrils or within poly(lactic acid) matrices

modified with collagen II fibrils. This body of work demonstrates that a synthetic polymer

and a natural ECM protein mixed into a composite biomaterial can mimic natural ECM-PG

interactions and enhance growth factor activity. Mixing synthetic polymers and natural

proteins into composite biomaterials may provide a simple method to prepare ECM-

mimicking biomaterials without requiring chemical modification to the protein or polymer.
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2.2.3 Biomaterials that sequester natural, cell-secreted PGs—During natural

tissue development and wound healing, numerous cell types secrete PGs that integrate into

the ECM and regulate cell function. For example, heparin PGs secreted by mast cells

increase endothelial cell migration during angiogenesis,[107] presumably by causing

competitive release of pro-angiogenic growth factors bound to heparan sulfates in the

natural ECM.[108] Additionally, cartilage-specific proteoglycan expression is negligible in

the early stages of chick wing bud development, but it is then significantly increased at sites

of early cartilage differentiation.[109] Moreover, human mesenchymal stem cells (hMSCs)

produce PGs that are primarily located inside the cell during culture in maintenance

medium, but secrete PGs throughout the extracellular environment during culture in

osteogenic induction medium.[110] Recently, we and others proposed that biomaterials

modified with heparin-binding sites could sequester cell-secreted PGs that, in turn, direct

cell behavior in a manner that is analogous to cell-secreted PGs within the natural ECM. For

example, Thomson and coworkers covalently immobilized FGF-2, a heparin-binding growth

factor, onto self-assembled monolayers and demonstrated that immobilized FGF-2

sequesters PGs present in mouse embryonic feeder (MEF) layer conditioned medium. The

sequestered PGs mediated human embryonic stem cell adhesion onto the substrate.[111]

We recently developed chemically well-defined cell culture substrates that sequester cell-

secreted PGs via a short peptide derived from a natural heparin-binding domain.

Specifically, self-assembled monolayers (SAMs) modified with a peptide derived from the

heparin-binding domain of FGF-2 specifically sequestered heparin PGs from stem cell

growth medium. When this heparin-binding peptide was immobilized alongside a

fibronectin-derived cell adhesion peptide, Arg-Gly-Asp-Ser-Pro (RGDSP), the two peptides

worked synergistically to promote hMSC adhesion and spreading in a heparin-dependent

manner,[112] similar to native cell adhesion mediated by the integrin- and heparin-binding

domains of fibronectin.[46]

We also used these substrates to characterize the influence of sequestered serum-borne PGs

on cell proliferation. SAMs modified with a heparin-binding peptide enhanced FGF-2-

mediated endothelial cell proliferation. Cell proliferation increased as a function of the

heparin-binding peptide density on the SAM. Additionally, the sequestered PGs enhanced

FGF-mediated hMSC proliferation while maintaining hMSC phenotype.[113] These results

were observed during culture in standard stem cell culture medium supplemented only with

10% fetal bovine serum (FBS). Strikingly, the increase in stem cell proliferation via PG

sequestering was equivalent to the increase caused by adding FGF-2, which has previously

been shown to promote hMSC proliferation.[114] This result indicates that sequestering cell-

secreted heparin PGs is sufficient to enhance hMSC proliferation without adding growth

factors to the medium, and suggests that biomaterials engineered to sequester cell-secreted

biomolecules may allow for optimized stem cell expansion without the need for expensive

supplements, such as recombinant growth factors.

Serum-borne PGs sequestered by a substrate can also enhance hMSC differentiation in the

absence of recombinant growth factor supplements.[113] Specifically, hMSCs cultured on

heparin-binding SAMs in osteogenic induction medium showed significantly increased

alkaline phosphatase activity when compared to cells cultured on SAMs unable to sequester

heparin. Interestingly, the increase in alkaline phosphatase activity was dependent on

BMP-2, a heparin-binding growth factor, as cells cultured on heparin-binding SAMs in

medium supplemented with a BMP receptor inhibitor showed no increase in alkaline

phosphatase activity. Collectively, our results demonstrate that by simply changing the

culture medium formulation, heparin-sequestering biomaterials can up-regulate different

signaling pathways (e.g. FGFR-mediated or BMPR-mediated) and, in turn, amplify different

stem cell behaviors, such as proliferation or osteogenic differentiation. These observations
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suggest that the influence of heparin-binding biomaterials on stem cell behavior in vivo may

depend not only on the heparin-binding growth factors secreted by the implanted stem cell

type, but also on heparin-binding growth factors secreted by cells adjacent to the implant

site. Thus, further in vitro studies using heparin-binding biomaterials to characterize the

influence of different heparin-binding growth factors, either alone or in combination, on

hMSC behavior may be useful for predicting cell response to the highly variable and

circumstantial heparin-binding growth factor composition likely to be present in vivo. It is

noteworthy that sequestered PGs that present diverse GAG chains with varying sulfation

profiles may be capable of binding a broader range of growth factors than heparin alone,

leading to new strategies to control growth factor activity.

It is also possible to locally influence stem cell behavior by spatially patterning heparin-

binding peptides. We recently developed a method to spatially pattern peptides within an

otherwise bio-inert SAM.[115] In particular, poly(dimethyl siloxane) (PDMS) microchannels

placed onto a SAM substrate allow for injection of aqueous solutions of peptide within

spatially defined locations on a substrate, which, in turn, spatially controls peptide

conjugation to the SAM. Using this method, we demonstrated that a spatially patterned

heparin-binding peptide locally increases hMSC proliferation in standard cell culture

medium.[113] Interestingly, the degree of increased proliferation observed in patterned

regions was similar to that observed on SAMs presenting a heparin PG-binding peptide over

the entire SAM surface. Therefore, the influence of bound heparin PGs on hMSC behavior

is dependent on spatial co-localization of cells and heparin PGs. Spatially patterning sites of

PG binding onto a biomaterial may provide a mechanism to spatially control diverse hMSC

processes by localizing the activity of cell-secreted molecules, analogous to the natural

ECM.

2.3 Engineered peptides that mimic GAGs and PGs

In light of the importance of GAGs and PGs in tissue development, recent efforts have also

developed synthetic peptides that mimic GAGs. Synthetic peptides bearing sulfate groups on

various amino acid side-chains have been synthesized as an analog to sulfated heparin PGs.

For example, Hubbell and co-workers screened a library of sulfated tetrapeptides against the

heparin-binding growth factor VEGF, and identified a sequence SY(SO(3))DY(SO(3)) that

bound to VEGF with an affinity 100-fold stronger than suramin, a heparin mimic.[116] Kiick

and co-workers prepared synthetic sulfated peptides that bound with specific, high-affinity

to multiple heparin-binding peptides, as well as the heparin-binding growth factor

VEGF.[117] Although not explicitly demonstrated to date, these results suggest that

incorporating these peptides into biomaterials may provide an alternate mechanism to non-

covalently bind growth factors.

2.4 Summary

The numerous covalent and non-covalent mechanisms described herein highlight the

diversity of strategies to introduce GAGs or PGs into synthetic and natural biomaterials.

While many of these examples rely on materials modified with xenogeneic GAGs or

recombinant PGs to localize recombinant growth factor activity, recent work has shown that

biomaterials presenting a heparin-binding peptide can sequester native, cell-secreted heparin

PGs and, in turn, locally enhance cell-secreted growth factor activity. Importantly, the

multiple demonstrations that GAG- and PG-modified biomaterials enhance cell proliferation

and differentiation in vitro and enhance tissue regeneration in vivo represent an extensive

toolkit for emerging tissue engineering approaches.
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3. Growth factors engineered to bind components of the natural ECM

In typical tissue engineering applications, biomaterials are introduced at the site of tissue

damage or disease to promote functional tissue regeneration. Since an ECM composed of

natural biomolecules exists within the tissue adjacent to an implant site, matrices comprised

of ECM-derived proteins, such as collagen and gelatin, have emerged as promising

biomaterials to allow for implant assimilation into the surrounding tissue.[118] Additionally,

mineral-based biomaterials have been widely used in bone tissue engineering applications as

a mimic of the mineralized ECM of hard tissues.[119] As such, there has been a recent

interest in strategies to enhance growth factor activity within collagen- and mineral-based

biomaterials. This section highlights engineered growth factors that non-covalently bind to

native ECM components.

3.1 Growth factor fusion proteins with collagen-binding domains

The ECM protein collagen is the most abundant protein in humans. Recently, Tabata and co-

workers demonstrated that FGF-2 interacts with collagen sponges and, in turn, is released in

a sustained manner in vitro and in vivo.[120] When subcutaneously implanted in mice,

FGF-2-loaded collagen sponges enhanced blood vessel growth, and implantation in an

ischemic hindlimb resulted in significantly increased blood flow.

Unlike FGF-2, however, most growth factors of interest for tissue engineering applications

lack collagen-binding domains.[121] As such, numerous groups have engineered growth

factors to include domains that bind to members of the collagen protein family, which are

schematically represented in figure 3A. For example, Zenati and co-workers prepared a

fusion protein of hepatocyte growth factor (HGF) and the collagen-binding domain of

fibronectin.[122] Collagen-rich cardiac patches loaded with collagen-binding HGF

significantly improved cardiac function (e.g. linear local shortening and mean electrical

activity), and also significantly increased the number of cells expressing the cardiac muscle

markers α-smooth muscle actin and α-actinin when implanted into a surgically created

defect within the porcine right ventricular wall ENREF 124 (Fig. 3B).

In a different study, Kitajima and co-workers prepared a fusion of epidermal growth factor

(EGF) with the collagen-binding domain of fibronectin.[123] NRK49F rat kidney cells

proliferated more robustly on collagen substrates exposed to collagen-binding EGF

compared to those exposed to native EGF. Importantly, this result indicates that collagen-

binding EGF is retained in an active form within collagen matrices. Collagen sponges

loaded with collagen-binding EGF also significantly enhanced epidermal wound healing of

diabetic mice, an animal model of impaired wound healing, when compared to collagen

sponges loaded with native EGF (Fig. 3C).

In a third study, Dai and co-workers prepared a fusion of VEGF with a collagen type 1-

binding heptapeptide.[124] Collagen-binding VEGF specifically bound to type 1 collagen and

enhanced human umbilical vein endothelial cell proliferation in vitro. Collagen matrices

loaded with collagen-binding VEGF were highly vascularized 14 days after subcutaneous

implantation in a rat model. Additionally, collagen-binding VEGF loaded matrices delivered

to a rat cardiac infarct border zone after myocardial infarction improved myocardial

function, as measured by echocardiography and hemodynamic analysis.

Together, these results demonstrate that the activity of growth factors engineered to contain

a collagen-binding domain is localized to collagen-based materials in vitro and in vivo.

Formation of multiple tissue types, including myocardium and epidermis, with this approach

suggests a widespread potential to use this method in tissue engineering strategies related to

other collagen-rich tissues and biomaterials.
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3.2. Mimicking growth factor binding to ECM proteins

Numerous ECM proteins regulate growth factor activity and, unlike the ubiquitous GAG-

growth factor interactions discussed in section 2 above, these interactions often have well-

defined binding specificity. For example, VEGF binds to fibronectin in a pH-dependent

manner,[125] and fibronectin-bound VEGF enhances endothelial cell proliferation and

migration.[126] VEGF-mediated differentiation of endothelial progenitor cells (EPCs) into

endothelial colonies is also enhanced by fibronectin when compared to ECM proteins that

do not bind VEGF, such as collagen I, collagen IV, or vitronectin.[127] Hepatocyte growth

factor bound to fibronectin or vitronectin up-regulates HGF-mediated endothelial cell

migration when compared to free HGF.[128] Connective tissue growth factor (CTGF) bound

to fibronectin mediates oval cell adhesion and migration, as well as oval cell activation

during liver regeneration.[129] Insulin-like growth factor-2 (IGF-II) bound to vitronectin

enhances protein synthesis and cell migration of skin keratinocytes, but only enhances

protein synthesis of corneal epithelial cells.[130]. The latter example nicely demonstrates that

growth factor-ECM interactions can cause different cell types to respond differently to the

same growth factor.

Interestingly, ECM proteins can also inhibit growth factor activity via specific binding. For

example, latent complexes of various TGF-β isoforms and accessory proteins are stored in

the ECM via interactions with ECM proteins, such as fibronectin and fibrillins.[131, 132] In

addition, von Willebrand factor type C (VWC) domains, which are present in chordin and

other ECM proteins, inhibit BMP-2 activity by binding to the receptor-binding domain of

the growth factor.[133] Interestingly, chordin inhibition increases osteogenic differentiation

of mesenchymal stem cells,[134] which suggests that chordin or VWC domains may be

useful to regulate stem cell fate within biomaterials.

These examples of natural ECM proteins as regulators of growth factor activity may be

applicable also to synthetic biomaterials. Recently, Anseth and co-workers modified PEG

hydrogel matrices with a peptide that binds to tumor necrosis factor-α (TNF-α).[135] TNF-α
bound to the TNF-α-binding peptide in a dose-dependent manner, leading to decreased

TNF-α-mediated apoptosis of multiple cell types (PC12 cells, hMSCs, and pancreatic islets)

encapsulated within the hydrogel. Although this study only provides one example of

modifying a synthetic biomaterial with a peptide that binds to a target growth factor, the

multitude of growth factor binding sites present within different ECM proteins suggests that

this approach may provide a level of control that is unattainable with heparin PG- or GAG-

modified biomaterials.

3.3. Growth factors engineered to bind to mineral-based biomaterials

The ECM of hard tissues (e.g. bone and teeth) is characterized by a collagen-rich organic

phase and a phase of inorganic calcium-phosphate (Ca-P) minerals, principally

hydroxyapatite. Numerous proteins present within hard tissue ECMs, such as bone

sialoprotein, osteopontin, and osteocalcin, demonstrate high affinity binding to

hydroxyapatite minerals via amino acids with phosphate- or carboxylate-terminated side

chains.[136, 137] However, most growth factors involved in hard tissue development lack a

specific mineral-binding domain. Recently, we and others have localized growth factor

activity to mineralized ECMs and mineral-based biomaterials by preparing modular growth

factors that contain a growth factor unit and mineral-binding unit (schematically represented

in figure 4A). We highlight these engineered, mineral-binding growth factors and their

application in tissue engineering in the following sections.

3.3.1 GAGs, proteins, and peptides engineered to bind to mineral-based
materials—Uludag and co-workers proposed that incorporating a mineral-binding
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bisphosphonate moiety into non-mineral binding heparin would allow for heparin binding to

mineralized matrices. The bisphosphonate-heparin affinity for hydroxyapatite depended on

the bisphosphonate density on the GAG chain,[138] and heparin-bisphosphonate promoted

FGF-2 and BMP-2 binding to hydroxyapatite in a heparin dose-dependent manner.

Interestingly, Uludag and co-workers also demonstrated that bisphosphonate-modified

albumin bound to hydroxyapatite, and its release rate from hydroxyapatite was significantly

decreased when compared to native albumin.[139] When injected into the medullary cavity of

an ovariectomized rat tibia, the concentration of bisphosphonate-modified albumin was 12-

fold greater than the concentration of bisphosphonate-free albumin after 3 days.[140]

Although albumin is not a growth factor, this suggests that growth factor activity can be

localized within mineralized ECMs via bisphosphonate-modification.

Recent efforts have also relied on the concept of recombinant ‘fusion proteins’ to create

mineral-binding growth factors. Jang and co-workers demonstrated that FGF-2 fused to the

mineral-binding domain of osteocalcin bound onto hydroxyapatite with significantly higher

affinity than native FGF-2.[141] Osteoblast cells cultured in the presence of the osteocalcin-

FGF-2 fusion protein demonstrated increased proliferation and differentiation when

compared to cells cultured in the presence of native FGF-2.

We recently developed a class of modular peptides with a mineral-binding sequence and a

growth factor-derived sequence using a standard solid-phase peptide synthesis

approach.[142, 143] Specifically, we generated a series of modular peptides with mineral-

binding sequences inspired by osteocalcin and a BMP-2-derived sequence previously shown

to promote osteogenic differentiation and ectopic bone formation.[144] Hydroxyapatite

binding affinity of these modular peptides was dependent on the number of carboxyglutamic

acid residues included in the osteocalcin-inspired mineral-binding sequence (Fig. 4B).

Hydroxyapatite-bound BMP-2 peptides increased hMSC differentiation into bone-forming

cells, as measured by increased alkaline phosphatase activity, mineralized tissue formation,

BMP-2 expression, and osteocalcin expression (Fig. 4C–D). Importantly, our observation

that mineral-binding modular peptides bind to hydroxyapatite and enhance hMSC

differentiation in vitro suggested that these modular peptides could be advantageous for

bone tissue engineering applications.

In a second set of studies, we characterized the influence of mineral-binding BMP-2

peptides on bone-tendon healing in vivo. Interference screws, which are commonly used to

join bone and tendon in close proximity for anterior cruciate ligament reconstruction,[145]

often provide limited bone-tendon healing in the absence of additional biological factors,

such as recombinant bone morphogenetic protein-2.[146] We “dip-coated” mineral binding

BMP-2 peptides onto interference screws and characterized the influence of local BMP-2

activity on bone-tendon healing in a sheep bone-tendon healing model.[147] Screws coated

with the modular BMP-2 peptide significantly increased mesenchymal precursor cell density

and new bone formation at the bone-tendon healing site 6 weeks after surgery. This

localized effect of the modular BMP-2 peptide suggests the potential of this approach to

improve bone-tendon healing over a longer term. More recent studies in our group have

shown that intra-operative “dip-coating” of hydroxyapatite-coated titanium implants

dramatically improves new appositional bone formation at the implant-bone interface in a

sheep model, suggesting that these modular peptides may be clinically translatable in

multiple contexts.

Up-regulation of stem cell differentiation into bone-forming cells is an important facet of

bone regeneration. However, blood vessel growth is perhaps equally critical for bone tissue

engineering, and there has been limited clinical success in promoting concerted bone and

blood vessel regeneration to date.[148] VEGF is commonly used to promote blood vessel
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growth into biomaterials. Recently, Pedone and co-workers demonstrated that the ““VEGF-

mimicking” peptide KLTWQELYQLKYKGI binds to VEGF receptors and promotes

endothelial cell proliferation.[149] To localize VEGF activity within mineral-based

biomaterials, we prepared a modular, mineral-binding version of the VEGF-mimicking

peptide. The modular VEGF peptide bound strongly and rapidly to the surface of

hydroxyapatite biomaterials, and promoted endothelial cell proliferation and migration (Fig.

5).[150] This demonstration that modular VEGF can promote endothelial cell functions

involved in early blood vessel growth, coupled with the observation that modular BMP-2

promotes osteogenic differentiation, suggests that growth factor-inspired peptides bound to

hydroxyapatite may work in concert to induce osteogenesis and angiogenesis. Importantly,

these studies also showed that modular versions of VEGF and BMP-2 can be applied to

biomaterials simply by “painting” or “dipping” procedures, which facilitate spatial control

and intra-operative activation of biomaterials in clinical applications.

3.4 Summary

Importantly, the strategies described in this section allow for growth factor activity to be

localized on protein- and mineral-based biomaterials, whose chemical composition is often

difficult to modify without altering bulk material properties or biochemical function. The

range of in vivo tissue engineering examples also show that combining natural biomaterials

with engineered growth factors is a widely applicable strategy.

4.1 Non-covalent polyelectrolyte assemblies

GAGs are anionic polymers of carboxylated and sulfated saccharides that can associate into

highly ordered structures via ionic interactions with polycationic polymers. Polyelectrolyte

assemblies play an important role in tissue mechanics and as biophysical barriers in the

ECM. For example, the glycocalyx, which is a polyelectrolyte assembly of primarily

heparan sulfate and hyaluronan that is present on the surface of most eukaryotic cells, plays

an important role in platelet-endothelial cell adhesion and as a barrier in the blood vessel

lumen.[151] The aggrecan aggregate, on the other hand, is an assembly formed between the

PG aggrecan, a binding protein, and hyaluronan, that is found within the ECM of articular

cartilage and the intervertebral disk. The aggrecan aggregate organizes other ECM

components (e.g collagen fibrils), modulates transport of GAG-binding proteins (e.g. growth

factors), and confers the cartilage ECM with a relatively high compressive modulus by

maintaining high water content.[152] Together, these natural polyelectrolyte assemblies

provide an interesting physical model to design ECM-mimicking biomaterials for tissue

engineering applications.

Layer-by-layer assembly, a process of forming materials by sequentially adsorbing

oppositely charged polymers onto a substrate, provides a method to mimic the

polyelectrolyte assemblies within natural ECMs. For example, heparin (an anionic GAG)

and chitosan (a cationic polysaccharide) can be sequentially adsorbed onto a variety of

materials, including poly(ethylene terepthalate),[153] titanium,[154] stainless steel,[155]

polycaprolactone,[156] and poly(L-lactide),[157] resulting in ordered polyelectrolyte layers.

The layer-by-layer process controls the polyelectrolyte assembly’s physical properties, such

as thickness and mechanics, by simply varying the number of oppositely charged polymer

adsoption steps. To date, polyelectrolyte assemblies have been extensively used as

biomaterials to carry cells or deliver DNA/RNA, and their application in this regard has

been extensively reviewed elsewhere.[158] Layer-by-layer assemblies can also be used to

deliver biologically active proteins, including growth factors.

In an early example of polyelectrolyte assemblies for protein delivery, Schaaf and co-

workers demonstrated that protein A incorporated into poly(lysine) and poly(glutamate)
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assemblies is presented to macrophages in an active conformation, and the rate of protein A

presentation can be controlled by changing the thickness of the adsorbed layers or by

varying the molar ratio of poly-l-lysine and poly-l-glutamate (i.e. enzymatically degradable

amino acid polymers) with poly-d-lysine and poly-d-glutamate (i.e. non-degradable amino

acid polymers) polymers in the assembly.[159] Although protein A is not a growth factor,

and neither poly(lysine) nor poly(glutamate) are ECM-derived polyelectrolytes, this initial

demonstration suggested that a similar approach may be used to deliver growth factors from

ECM-derived GAG assemblies as well. Toward that end, Lavalle and co-workers

demonstrated that photoreceptor cell adhesion and differentiation on poly-l-lysine and

chondroitin sulfate assemblies are improved by adsorbing basic fibroblast growth factor,

which non-covalently binds to chondroitin sulfate GAGs.[160] More recently, Picart and

colleagues showed that poly(L-lysine)/hyaluronan assemblies loaded with recombinant

BMP-2 induce myoblast differentiation into osteoblasts.[161] Interestingly, the bioactivity of

BMP-2 was not due to film degradation or protein release, as only ∼3% of the total protein

included in the film was released into culture medium. Instead, the bioactivity of BMP-2

within these films was likely related to the specific interaction of BMP-2 with hyaluronan

GAGs, which mimics the influence of the same GAGs on BMP-2 within natural ECMs.

4.2 Summary

Together, these studies demonstrate that layer-by-layer polyelectrolyte films, which are

inspired by the polyelectrolyte assemblies in natural ECMs, can non-covalently localize

growth factor activity for in vitro cell culture applications. Although not demonstrated to

date, these studies suggest that polyelectrolyte assemblies containing ECM-derived GAGs

may be advantageous for in vivo tissue engineering therapies.

5. Conclusions

A key component of many tissue engineering approaches involves growth factor delivery to

sites of damaged or diseased tissue. Within the natural ECM, PGs and proteins influence

growth factor activity in diverse ways. Inspired by the natural ECM, several investigators

have developed biomaterials that localize growth factor activity. GAGs and PGs in synthetic

hydrogels decrease the rate of heparin-binding growth factor release and enhance blood

vessel growth within soft tissues. Growth factors engineered to include collagen-binding

domains are localized to collagen-rich matrices, where they improve myocardial repair after

myocardial infarction and enhance epidermal wound healing. Additionally, growth factors

and peptide-based growth factor mimics engineered to include a mineral-binding domain

promote cell proliferation and differentiation on mineral-based biomaterials. Layer-by-layer

assemblies of GAGs and other natural polyelectrolytes non-covalently retain growth factors

at a cell-material interface. Together, these examples highlight the potential of bioinspired,

non-covalent interactions to regulate growth factor activity for diverse tissue engineering

applications.

Throughout this review, we also highlight examples of biomaterials that mimic nature’s

sequestering interactions to control native growth factor activity. The examples introduce a

new paradigm, in which growth factors are not necessarily released from a biomaterial, but

instead a biomaterial is designed to bind to growth factors that are already present in

standard cell culture or in vivo. One particular advantage of this approach relates to temporal

dynamics. Biomaterials engineered to adapt to temporal fluctuations in growth factor

expression, as well as the proteins and proteoglycans that regulate their activity, may

ultimately mimic natural ECMs and control cell behavior over time. Recently, we and others

developed biomaterials that specifically bind to and sequester cell-secreted biomolecules,

and the equilibrium nature of these interactions suggests that the type and density of

sequestered biomolecules will vary as a function of cell behavior. Thus, biomaterials
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engineered to mimic the various sequestering interactions in natural ECMs may provide

ECM mimics that dynamically regulate tissue development and regeneration.
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Figure 1. Figure 1: Heparin covalently incorporated into hydrogels controls heparin-binding
growth factor release and enhances tissue regeneration in vivo

Schematic representations of (A) covalent incorporation of heparin GAGs into hydrogels

comprised of biomedical polymers (Y is often COOH, OH, SH, acrylate, or methacrylate, X

is often NH2, COOH, acrylate, or methacrylate) and (B) augmented release of heparin-

binding growth factors ( ) from heparin-modified hydrogels in vitro. C) bFGF release

profiles from hyaluronic acid-PEG-heparin and chondroitin sulfate-PEG-heparin hydrogels.

Hematoxylin and eosin staining (D) and neovascularization index (E) of skin and

subcutaneous tissue at implant site 14 days after sham, bolus FGF-2 injection, implantation
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of hyaluronic acid-PEG-heparin, chondroitin sulfate-PEG-heparin, or control hydrogels.

Reproduced with permission from[81] 2005 Elsevier.
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Figure 2. Heparin non-covalently incorporated into hydrogels controls heparin-binding growth
factor release and enhances tissue regeneration in vivo

(A) Schematic representation of non-covalent binding of heparin GAGs within a hydrogel

biomaterial presenting a heparin-binding domain. (B) Release profile of nerve growth factor

from unmodified (■) and heparin-modified (●) fibrin matrices. Reproduced with permission

from[96] 2000 Elsevier. (C) Heparin-modified fibrin matrices loaded with neurotrophin-3

promote extension of neural processes (red) across the glial scar border (white) at a spinal

cord lesion site. Reproduced with permission from[100] Wiley Interscience 2009.
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Figure 3. Engineered collagen-binding growth factors enhance tissue regeneration in vivo

A) Schematic representation of collagen-binding domain-growth fusion proteins bound to

collagenous matrices. B) Implantation site of collagen-binding hepatocyte growth factor

loaded patches stained positively for endothelial cells and cardiomyocytes at 60 days. The

density of capillaries at the patch implant site is also significantly greater than the density at

control or Dacron patch site implantation. Reproduced with permission from[122] 2008

Elsevier. C) Day 4 post-implantation anti-EGF (left) and azan staining (right) of collagen

sponges loaded with collagen-binding epidermal growth factor (top) or epidermal growth

factor (bottom) (sponges were implanted on day 3 after epidermal wounding in diabetic

mice). Reproduced with permission from[123] 2001 Oxford.
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Figure 4. Modular peptide containing a mineral-binding sequence and a sequence derived from
bone morphogenetic protein-2 bind to mineral-based biomaterials and enhance hMSC
osteogenic differentiation

A) Schematic representation of modular BMP-2 peptide bound to hydroxyapatite (HA). B)

Fluorescent photomicrograph and binding curve demonstrating controllable binding of

modular BMP-2 peptides to HA. (C) Both the BMP-2 peptide alone (left) and the modular,

mineral-binding BMP-2 peptide (right) enhanced hMSC osteogenic differentiation when

added in solution, indicating that the mineral-binding sequence did not interfere with

biological activity (differentiation demonstrated by enhanced alkaline phosphatase staining

and alizarin red staining for mineralized tissue). (D) The modular BMP-2 peptide up-
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regulated osteogenic differentiation when bound to a hydroxyapatite biomaterial, here

indicated by upregulated mRNA expression of osteogenic markers. Reproduced with

permission from[143] 2009 Wiley Interscience.
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Figure 5. A modular peptide containing a mineral-binding sequence and a sequence that mimics
the vascular endothelial growth factor active site enhances endothelial cell proliferation and
migration during culture on mineral-based biomaterials

Fluorescent photomicrographs (A) or cell number (B) of C166-GFP endothelial cells after

48 hour culture on hydroxyapatite slabs coated with a mineral binding VEGF peptide

(mVEGF), mVEGF plus a VEGF signaling inhibitor (SU5416), or the VEGF peptide

without a mineral-binding sequence (VEGF-mimetic). C) Fluorescent photomicrographs of

C166-GFP endothelial cell migration in a “wound assay” on hydroxyapatite slabs coated

with a mineral-binding VEGF peptide, a soluble VEGF peptide, or basal medium. D)

Fluorescent photomicrographs demonstrating that modular mineral-binding peptides can be

dip-coated (top) or ‘painted’, as demonstrated by writing VEGF on slab with fluorescent

mVEGF peptide (bottom), onto mineral-based biomaterials. Reproduced with permission

from[150] Wiley Interscience 2010.
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