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Abstract
Engineered biointerfaces covered with biomimetic motifs, including short bioadhesive ligands, are
a promising material-based strategy for tissue repair in regenerative medicine. Potentially useful
coating molecules are ligands for the integrins, major extracellular matrix receptors that require
both ligand binding and nanoscale clustering for maximal signaling efficiency. We prepared
coatings consisting of well-defined multimer constructs with a precise number of recombinant
fragments of fibronectin (monomer, dimer, tetramer, and pentamer) to assess how nanoscale
ligand clustering affects integrin binding, stem cell responses, tissue healing, and biomaterial
integration. Clinical-grade titanium was grafted with polymer brushes that presented monomers,
dimers, trimers, or pentamers of the α5β1 integrin–specific fibronectin III (7 to 10) domain
(FNIII7–10). Coatings consisting of trimers and pentamers enhanced integrin-mediated adhesion in
vitro, osteogenic signaling, and differentiation in human mesenchymal stem cells more than did
surfaces presenting monomers and dimers. Furthermore, ligand clustering promoted bone
formation and functional integration of the implant into bone in rat tibiae. This study establishes
that a material-based strategy in which implants are coated with clustered bioadhesive ligands can
promote robust implant-tissue integration.

INTRODUCTION
An overarching goal in materials engineering and medicine is the development of
biomaterials to control cell function in order to promote tissue healing and regeneration (1,
2). Cell-biomaterial interactions are primarily governed by cell adhesion, which arises from
the binding of cellular integrin receptors to biomacromolecules adsorbed, tethered, or
deposited onto a surface or the extracellular matrix (3). Engagement of distinct integrin αβ
heterodimers activates specific signaling pathways that regulate survival, proliferation, and
phenotypic cellular programs (4, 5). For instance, binding of cell surface integrin to
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extracellular fibronectin promotes osteoblast survival, cell cycle progression, differentiation,
and matrix mineralization (6–9). Strategies to control integrin-mediated adhesion to
bioinspired materials have been developed to regulate tissue repair and maintenance. For
example, presentation of short oligopeptides such as the Arg-Gly-Asp (RGD) sequence
derived from fibronectin on substrates allows for the selective activation of integrin
signaling pathways (for example, αvβ3-mediated signaling by RGD) (2, 10–12). Other
approaches make use of macromolecular ligands, including extracellular matrix–derived
proteins such as collagen, elastin, and fibronectin (11, 12). These strategies have typically
relied on the immobilization of the bioadhesive ligand onto a solid support in a relatively
static arrangement, without the possibility of substantial ligand mobility or directed receptor
clustering. This presentation is in contrast to the state of cell membrane integrin receptors,
which are mobile and cluster together to attain maximal function (13, 14). Integrin clustering
drives the assembly of focal contacts that serve as mechanotransducers and signaling
nexuses for cells (5, 15, 16).

Synthetic clustering of multiple copies of the RGD sequence in polyvalent dendritic
polymers enhances cell attachment, migration, and targeting (17–20). For optimal effect,
clustered ligands should be spaced far enough apart to avoid steric hindrance to binding
(integrin receptor diameter, ~10 nm) but close enough to promote synergistic interactions.
Integrin ligand spacings on the order of 80 to 140 nm are required for the assembly of focal
adhesion domains (21, 22). However, in rats and dogs, coating of implants with individual
linear RGD-containing peptides does not promote or enhance implant integration or bone
formation compared to the surface treatments that are used in the clinic (23–26), including
porous and hydroxyapatite-coated implants. These findings suggest that such RGD-based
approaches have limited therapeutic application.

We hypothesized that immobilization of a flexible macromolecular assembly that presents
multiple tethered copies of bioligands could promote cellular integrin clustering and
signaling and thereby enhance integration of an implant. We therefore tested whether
recombinant constructs displaying specified numbers of the 7 to 10 type III repeats of
fibronectin (FNIII7–10)–binding domain (27) could promote implant integration into bone.

RESULTS
FNIII7–10 presents the PHSRN (Pro-His-Ser-Arg-Asn) and RGD integrin-binding sites of
fibronectin in an arrangement that results in high binding specificity for integrin α5β1 (23,
28). In previous studies, we have shown that the presentation of FNIII7–10 on a substrate
enhances osteoprogenitor cell differentiation and implant osseointegration when compared
to a coating of simple immobilized RGD-containing oligopeptides (23). By combining the
FNIII7–10 fragment, a flexible linker derived from tenascin (TNfnIII3–8), and a multiplex-
forming coiled-coil sequence at the C terminus (Fig. 1A), we assembled the bioadhesive
domains into a supramolecular construct that presented defined numbers of copies of the
cell-adhesive domain on a flexible linker (Fig. 1A). Constructs presenting one, two, three, or
five nanoclustered adhesive ligands were generated with different coiled-coil domains. The
linker within the FNIII7–10 multimeric construct provided flexibility to allow for the
rearrangement of the bioadhesive ligands within a range of about 10 to 50 nm.

We expressed recombinant constructs in Escherichia coli and purified them with anion-
exchange chromatography. The hydrodynamic radii of the multimers were assessed by
dynamic light scattering to verify the assembly of the subunits into the expected dimers,
trimers, and pentamers. Size histograms (Fig. 1B) show the expected hydrodynamic radius
for the monomer (8.5 nm), dimer (12 nm), trimer (22 nm), and pentamer (41 nm) constructs.
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Smaller peaks corresponding to partially assembled multimers were observed for the trimer
and pentamer preparations, but these constituted <15% of the total amount of material.

To precisely control the presentation of biological ligands on clinically relevant materials,
while preventing nonspecific adsorption of biomacromolecules, we used a nonfouling
oligo(ethylene glycol)-substituted polymer brush system on clinical-grade titanium (Ti).
This thin polymeric coating, generated by surface-initiated atom transfer radical
polymerization of poly[oligo(ethylene glycol) methacrylate] [poly(OEGMA)] brushes on Ti,
provides a robust coating that can be engineered to present well-defined densities of
covalently tethered biological ligands in a background that is resistant to nonspecific bio-
macromolecule adsorption and cell adhesion (29). This coating technology is compatible
with in vivo applications and can be used to rigorously evaluate biomaterial integration and
function in animal models (23). Multimeric FNIII7–10 constructs were covalently tethered
onto these materials, and the density of tethered multimers was controlled by varying the
ligand concentration in solution and measured via surface plasmon resonance (SPR) (fig.
S1) (28).

The ability of α5β1 integrin to bind to our multivalent constructs was examined by SPR in a
cell-free system. In a first set of experiments, SPR chips coated with polymer brushes were
modified with the different multimers to present the same density of the FNIII7–10 integrin-
binding sites (Fig. 2A) (that is, surfaces modified with five times as much monomer as
pentamer present the same density of FNIII7–10 ligand). Binding of soluble integrin α5β1 to
these surfaces was the same for all multimers. In a complementary set of experiments,
polymer-coated SPR chips presenting equimolar densities of constructs were used (Fig. 2B).
For the same construct densities, integrin binding increased linearly (R2 = 0.994) with the
valency. These results demonstrate that the multivalent constructs support integrin α5β1
binding, that integrin-binding sites within the constructs are accessible for receptor binding,
and that they are not subject to steric inhibition.

The effects of ligand clustering on cellular responses were examined by culturing human
mesenchymal stem cells under osteogenic conditions (growth medium supplemented with
Osteogenic Single-Quots kits) on biomaterials presenting multimeric constructs. These stem
cells have the potential to differentiate into various lineages and represent a promising cell
source for regenerative medicine (30). Biomaterial surfaces were engineered to present
equivalent average density (150 fmol/cm2) of the FNIII7–10 domain as quantified by SPR.
Because of differences in molecular weight among constructs, the saturation density of
tethered constructs was different for each construct (fig. S1). The density of FNIII7–10 used
(150 fmol/cm2) represents the highest density of the integrin-binding domain that could be
tethered onto the polymer coating while still having equivalent average densities of the
FNIII7–10 domain for all of the multimeric constructs. Integrin binding in adherent cells was
quantified with a biochemical cross-linking and extraction method (31). Surfaces that
presented trimeric and pentameric ligands exhibited twice as much integrin binding as the
monomeric and dimeric ligands at equivalent ligand densities (P < 0.05) (Fig. 3A). No
differences in integrin binding were observed between monomeric and dimeric ligands, or
between trimers and pentamers, suggesting a threshold response rather than a monotonic
increase with valency. Cells did not adhere to control surfaces that presented no multimeric
constructs or in the presence of antibodies against the integrin subunit α5. Using Ti surfaces
coated with passively adsorbed monomeric and pentameric ligands, we also examined the
effects of ligand nanoclustering on integrin binding at higher multimer surface densities (fig.
S2). Adsorption of multimers on unmodified Ti yielded about five times higher FNIII7–10
surface density (680 fmol/cm2) compared to tethered multimers on polymer brush–coated
Ti. Experiments to determine binding of soluble integrin to substrates modified with
adsorbed monomer and pentamer constructs confirmed equivalent integrin receptor
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accessibility for these coated densities (fig. S2A). Consistent with our observations with
ligands tethered onto polymer brushes, cells on surfaces that presented pentameric
constructs exhibited greater levels of integrin binding (fig. S2B) and adhesion strength (fig.
S3C) than the monomeric ligand at equivalent FNIII7–10 densities. Together, these results
demonstrate that nanoclustering enhances integrin binding to adhesive ligands presented on
biomaterial surfaces.

The differences in binding of soluble integrins (linear with total FNIII7–10 density) (Fig. 2B)
and cell-bound integrins (enhanced binding to trimer and pentamer over monomer and dimer
at equal overall densities of FNIII7–10) (Fig. 3A and fig. S2) demonstrate that ligand
clustering improves cell-adhesive activity. The effects of ligand clustering on cell signaling
were explored further by quantification of phosphorylation of focal adhesion kinase (FAK)
by Western blotting (Fig. 3B). FAK is a central signaling molecule that is activated by
phosphorylation and is involved in integrin-mediated signal transduction, focal adhesion
formation, and the osteogenic differentiation pathway (32). We used a phosphotyrosine-
specific antibody to examine the phosphorylation of Y397, a tyrosine autophosphorylation
site critical for FAK function. We previously demonstrated that blocking the binding of
integrin α5β1 to fibronectin inhibits FAK-Y397 phosphorylation and osteoblastic
differentiation (23, 33). Here, FAK-Y397 exhibited more phosphorylation on pentamer-
presenting surfaces than on the other multimer-functionalized materials (P < 0.05) (Fig. 3B).
This result is consistent with the valency-dependent threshold effects observed for integrin
binding.

We next examined the effects of ligand clustering on lineage commitment and osteoblastic
differentiation for mesenchymal stem cells. Cells cultured on surfaces displaying trimeric
and pentameric bioadhesive ligands exhibited significantly more alkaline phosphatase
activity than did cells on materials functionalized with monomeric or dimeric constructs (P
< 0.01) (Fig. 3C). Deposition of calcium phosphate mineral within a collagen matrix is
considered an endpoint marker of differentiation. Mineralization, as measured by Ca2+

levels, was up-regulated in human stem cells cultured on biomaterials presenting trimers and
pentamers of FNIII7–10 compared to substrates functionalized with monomeric and dimeric
constructs (P < 0.04) (Fig. 3D), in agreement with our results on alkaline phosphatase
activity. Together, these results demonstrate that adhesive ligand multivalency (trimers and
pentamers) enhanced integrin binding, signaling, and osteoblastic differentiation in human
stem cells.

Enhancements of tissue repair and device integration represent the ultimate goal for
biomaterial-based therapeutic strategies. As a relevant test of such behavior, we examined
the effects of our multivalent ligands on implant osseointegration. Ti rods functionalized
with the multimeric constructs (FNIII7–10 average density, 150 fmol/cm2) were press-fit into
circular defects drilled into rat proximal tibia (Fig. 4A). This model mimics dental and
orthopedic clinical procedures, such as endosteal dental implants and joint arthroplasties,
where the mechanical and biological integration of the implant and surrounding bone is
critical to function. Therefore, this in vivo model provides a platform to rigorously evaluate
the effects of implant coating in a relevant dental and orthopedic setting (23, 34, 35). Tibiae
were harvested after 4 and 12 weeks and analyzed for bone-implant contact by
histomorphometry (4 weeks) and implant-bone fixation by mechanical testing (4 and 12
weeks). Histological sections revealed more extensive and contiguous bone in close
apposition to the trimer- and pentamer-functionalized implants than for the monomer- and
dimer-coated implants (Fig. 4B). Control implants presenting poly(OEGMA) brushes
without tethered bioadhesive ligands displayed limited bone-implant contact. No evidence of
multinucleated cells, fibrous capsule, or chronic inflammation was observed for any of the
groups. Histomorphometric analysis demonstrated a 50% increase in bone-implant contact
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area for the trimer-and pentamer-functionalized implants compared to monomer-coated rods
(P < 0.04), a 250% increase compared to the polymer brush–coated Ti in the absence of
tethered ligand (P < 0.01), and a 75% increase over unmodified Ti (33 ± 3% bone-implant
contact), the current clinical standard (P < 0.02) (Fig. 4C).

Mechanical fixation provides a rigorous metric of functional implant osseointegration.
Pullout mechanical testing at 4 and 12 weeks of implantation revealed ligand valency–
dependent differences (P < 0.01; Fig. 4D). Trimer- and pentamer-functionalized implants
exhibited a 250% enhancement in fixation over monomer- and dimer-tethered implants (P <
0.002), and ~400% improvement relative to the unmodified polymer coating (P < 0.001).
Furthermore, implants presenting trimers and pentamers required twice as much force to be
pulled out as did unmodified Ti (17 ± 4.2 N pullout force at 12 weeks, P < 0.001), the
current clinical standard.

DISCUSSION
Our results demonstrate that clinical implants coated with nanoclustered biological ligands
enhance integrin binding and signaling, stem cell differentiation, and in vivo implant
integration relative to coatings displaying equivalent densities of monovalent ligand. We
attribute the effects of ligand multivalency and clustering on these biological responses to
enhancements in binding of integrin α5β1. How does ligand clustering exert its influence
over binding to integrins in a cell membrane? For integrins located in the cell membrane,
ligand clustering results in greater integrin binding by increasing the local density of ligand
and increasing the effective affinity by spatially constraining the receptors to the plane of the
membrane. We observed this cooperative binding behavior for integrin receptors in cells but
not for freely diffusing soluble receptors. These findings agree with simulations of integrin
binding and clustering (36, 37). Our observation of a threshold for optimal binding (trimer
and pentamer exhibit greater in vitro and in vivo biological responses than monomer and
dimer) is consistent with previous suggestions that a trimer is the minimal matrix complex
causing integrin-cytoskeleton connections (27, 38).

Integrin clustering is a critical step in the cell adhesion process that promotes recruitment of
cytoskeletal components and activation of signaling molecules (13, 14). Our data show that
integrin clustering can be exploited by engineering materials that present well-defined,
multivalent adhesive ligands. This affords control over mesenchymal stem cell lineage
commitment and differentiation, as well as biomaterial integration. Moreover, our work
demonstrates that substrate manipulation alone can be used to directly influence essential
functions of the entire tissue, confirming the utility of a material-based strategy in
regenerative medicine. The use of recombinant multimeric constructs has important
advantages over the stochastic presentation of many other adhesive RGD-based peptides,
including the ability to have precise control over valency ligand spacing and integrin-
binding specificity. Specifically, this study establishes bioadhesive ligand clustering as a key
parameter for the rational engineering of bioactive materials for regenerative medicine and
demonstrates methods to exploit this strategy.

MATERIALS AND METHODS
Multimer preparation and characterization

Recombinant multimeric FNIII7–10 proteins presenting the central cell-binding domain of
fibronectin were expressed as described (27). DNA constructs were transformed into E. coli
BL21(DE3), and cells were lysed with lysozyme. Protein was precipitated with ammonium
sulfate. Pellets were resuspended in buffer (0.02 M tris, 0.1 M NaCl) and run through a
Sephacryl 500 column. Peak fractions were then run through a RESOURCE Q column
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(Amersham Pharmacia). High-purity proteins were eluted at 0.22 M NaCl (pentamer and
trimer), 0.24 M NaCl (dimer), and 0.27 M NaCl (monomer). Dynamic light scattering was
performed on purified protein samples dialyzed in ultrapure water at protein concentrations
of 2 mg/ml.

Biomaterial supports
Poly(OEGMA) brushes (135 Å thick) were grown on commercial clinical-grade Ti as
described (29). For ligand tethering, brushes were first incubated in a 4-nitrophenyl
chloroformate (NPC) solution containing triethylamine, followed by incubation in ligand
solution for 1 hour, and residual activated NPC sites were quenched in 20 mM glycine in
phosphate-buffered saline (PBS). Brush synthesis and functionalization reactions were
verified by x-ray photoelectron spectroscopy and Fourier transform infrared spectroscopy.
Ligand surface density measurements were obtained via SPR with a Biacore X instrument.

Cells
Human mesenchymal stem cells were obtained from Lonza, cultured in Lonza MSCM and
SingleQuots, and passaged every 3 to 4 days before 60% confluency. Osteogenic
SingleQuots kits (PT-4120, Lonza) were used in Lonza Basal Medium (replaced every 3 to 4
days) for subsequent osteoblast differentiation assays.

Integrin binding, adhesion, and FAK signaling assays
SPR measurements were conducted with soluble human α5β1 integrin by means of a Biacore
X instrument. Gold-coated SIA chips (Biacore) were coated with 50 Å Ti, and brushes were
deposited on the surface as described (29). Surfaces were activated with NPC for 20 min.
Ligands were tethered on chips by flowing a solution containing them at 8 μl/min for 30
min. A solution (200 μg/ml) of human recombinant soluble α5β1 (R&D Systems) was passed
over the multimer-functionalized chips for 10 min in integrin-activating conditions (PBS + 1
mM Mn+2), the surfaces were washed, and the baseline was allowed to stabilize before the
amount of bound integrin was quantified. Resonance units (RUs) were converted to surface
density values (10 RUs = 1 ng/cm2).

Integrin binding in cells was quantified with a cross-linking–extraction–reversal procedure
with 3,3′-dithiobis[sulfosuccinimidyl propionate] cross-linker (31). For FAK activation
assays, human mesenchymal stem cells were plated on multimer-tethered substrates for 2
hours at 37°C under serum-free conditions. Cells were lysed in radioimmunoprecipitation
assay buffer [1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 150
mM tris-HCl (pH 7.2), phenylmethylsulfonyl fluoride (350 μg/ml), leupeptin (10 μg/ml),
and aprotinin (10 μg/ml)], and equal amounts of total protein were loaded on 8% SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) gels, separated by SDS-PAGE, and
transferred to nitrocellulose membranes. FAK activation was assessed by subsequent
Western blotting with antibodies specific for FAK phosphotyrosines (Invitrogen) and
normalized to total FAK levels.

Osseointegration study
Implantations into the tibiae of mature Sprague-Dawley male rats were conducted in
accordance with an Institutional Animal Care and Use Committee–approved protocol (35).
Ti rods and polymer brushes were prepared as described (23). Multimeric constructs were
tethered to yield equimolar densities of the FNIII7–10 domain (150 fmol/cm2). Two 2-mm-
diameter defects were drilled into the medial aspect of the proximal tibial metaphysis of
each leg, and implants were press-fit into the defects (four implants per animal). After
euthanasia, tibiae were explanted and either fixed in neutral buffered formalin (histology) or
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wrapped in PBS for immediate mechanical testing. Formalin-fixed tibiae were embedded in
poly(methyl methacrylate), dehydrated, and stained with Sanderson’s Rapid Bone Stain
(Surgipath) and Van Gieson counterstain (Surgipath). This procedure stained mineralized
bone (yellow-orange) and soft tissue and osteoid (blue-green). Bone apposition was
quantified as the percentage of the implant’s surface in contact with the bone, and six to
eight fields per implant were quantified. Pullout testing was performed to quantify implant
mechanical fixation to surrounding bone tissue with an EnduraTEC Bose ELF 3200. The
ends of each excised tibia were secured, and the exposed head of the implant was connected
to a load cell via a customized grip apparatus. Preloaded samples (<2 N) were then subjected
to a constant pull rate of 0.2 N/s. The pullout force (N), parallel to the long axis of implant,
was the maximum load achieved before implant detachment or failure.

Statistics
Results are presented as mean ± SEM. Results were analyzed by analysis of variance
(ANOVA) in SYSTAT 8.0 (SPSS). If deemed significant, pairwise comparisons were
performed with Tukey post hoc test, and a confidence level of 95% was considered
significant. In vitro assays were conducted in at least triplicate and replicated in two separate
experiments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Multimeric constructs with precise nanoclustered integrin-binding domains. (A) Constructs
consisting of the FNIII7–10 integrin-binding domain at the N terminus, flexible spacer arm
comprising the FNIII domains 3 to 8 from tenascin, and a distinct oligomerization sequence
at the C terminus: K6 peptide for dimer, cartilage matrix protein (CMP) for trimer, and
cartilage oligomeric matrix protein (COMP) for pentamer. Schematic of trimer tethered to a
surface and interacting with integrins via the FNIII7–10–binding domain. (B) Histograms of
construct hydrodynamic diameter (D) for purified multimer fractions. A mixture of complete
and incompletely assembled multimers was detected; the majority (>85%) of multimers
were completely assembled as the desired dimer, trimer, and pentamer constructs.
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Fig. 2.
The integrin-binding sites within the multivalent ligand constructs are accessible for receptor
binding and support robust α5β1 binding. Binding of soluble human α5β1 integrin to
multimers immobilized on polymer brushes (orientation uncontrolled). (A) Equimolar
average densities of FNIII7–10–binding domains. (B) Surfaces presenting equimolar
densities of multimers. Integrin binding increased linearly with ligand valency (R2 = 0.994).
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Fig. 3.
Human mesenchymal stem cell responses to biomaterials presenting multivalent adhesive
ligands at equimolar average density of FNIII7–10 domains. (A) Integrin binding to
multimeric constructs in whole cells (1 hour, 37°C), showing threshold response [pentamer
(P) and trimer (T) versus monomer (M) and dimer (D): *P < 0.05, n = 6]. (B)
Phosphorylation of FAK-Y397 in whole-cell lysates (2 hours, 37°C) is enhanced on surfaces
presenting higher-valency ligands [pentamer (Pent) versus monomer (Mon), dimer (Dim),
and trimer (Tri): *P < 0.05, n = 4]. (C and D) Biomaterials presenting trimers and pentamers
enhance alkaline phosphatase (ALP) activity (pentamer and trimer versus monomer and
dimer: *P < 0.01) and mineralization as measured by extracellular Ca2+ in 14-day cultures
of mesenchymal stem cells (pentamer and trimer versus monomer and dimer: *P < 0.04).
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Fig. 4.
Nanoclustered ligand coatings enhance functional in vivo implant osseointegration. (A)
Bone implantation model for assessment of implant integration by measuring bone-implant
contact and mechanical fixation. Photograph shows placement of two implants. (B)
Micrographs of bone-implant longitudinal sections showing mineralized bone (red/orange)
and implant (black) contact. Scale bars, 0.2 mm. (C) Quantification of bone-implant contact
at 4 weeks after implantation demonstrating valency-dependent enhancements (pentamer
versus monomer and dimer: #P < 0.04; pentamer versus no ligand: *P < 0.0001, n = 4;
trimer versus monomer, dimer, and no ligand: *P < 0.05, n = 4; monomer versus no ligand:
*P < 0.01, n = 4). (D) Biomaterials presenting trimers and pentamers significantly increased
mechanical fixation (4 weeks: pentamer, trimer, and monomer versus no ligand: *P < 0.01,
n = 8; 12 weeks: pentamer versus monomer and dimer: #P < 0.002, n = 7; pentamer, trimer,
and monomer versus no ligand: ¥P < 0.01, n = 7).
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