Immobilized sonic hedgehog N-terminal signaling domain
enhances differentiation of bone marrow-derived
mesenchymal stem cells
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Abstract: The signaling domain of Sonic hedgehog (Shh),
a potent upstream regulator of cell fate that has been
implicated in osteoblast differentiation from undifferentiated mesenchymal cells in its endogenous form, was investigated in an immobilized form as a means for accelerating
differentiation of uncommitted cells to the osteoblast phenotype. A recombinant cysteine-modiﬁed N-terminal Shh
(mShh) was synthesized, puriﬁed, and immobilized onto
interpenetrating polymer network (IPN) surfaces also
grafted with a bone sialoprotein-derived peptide containing the Arg-Gly-Asp (RGD) sequence (bsp-RGD (15)), at
calculated densities of 2.42 and 10 pmol/cm2, respectively.
The mitogenic effect of mShh was dependent on the mode
of presentation, as surfaces with immobilized mShh and
bsp-RGD (15) had no effect on the growth rate of rat bone
marrow-derived mesenchymal stem cells (BMSCs), while
soluble mShh enhanced cell growth compared to similar
surface without mShh supplementation. In conjunction

INTRODUCTION
The paradigm of biomimetic surface engineering
(BSE) stipulates that monolayer biological coatings,
inspired from natural sources, are sufﬁcient to direct
speciﬁc cell-material interactions and control wound
healing in the peri-implant region. Early implementations of BSE focused on surface modiﬁcation with
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with media supplemented with bone morphogenetic protein-2 and -4, mShh and bsp-RGD (15)-grafted IPN surfaces enhanced the alkaline phosphatase activity of BMSCs
compared with tissue culture polystyrene and bsp-RGD
(15)-grafted IPN surfaces supplemented with soluble
mShh, indicating enhanced osteoblast differentiation. The
adhesive peptide bsp-RGD (15) was necessary for cell
attachment and proliferation, as well as differentiation in
response to immobilized mShh. The addition of immobilized Shh substantially improved the differentiation of
uncommitted BMSCs to the osteoblast lineage, and therefore warrants further testing in vivo to examine the effect
of the stated biomimetic system on peri-implant bone formation and implant ﬁxation. Ó 2007 Wiley Periodicals, Inc.
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immobilized peptides,1–3 where maintenance of stable phenotypes, including osteoblasts, chondrocytes,
and neurites was observed in vitro.3–7 However,
translation of these in vitro efforts into the clinical
domain have largely failed, where in vivo studies
investigating RGD-peptide modiﬁed implants provide only weakly statistically signiﬁcant evidence to
support the concept that peptide-modiﬁed interfaces
have a positive effect on bone regeneration in the
peri-implant region.8–12 For example, a 15-amino
acid sequence derived from bone sialoprotein that
contains the adhesion and mitogenic ligand RGD
(bsp-RGD (15)) has been presented to cells using an
intrinsically nonfouling interpenetrating polymer
network (IPN).12,13 In spite of impressive in vitro
studies demonstrating the effectiveness of bsp-RGD
(15) in fostering osteoblast differentiation,14,15 this
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peptide was not sufﬁcient to enhance peri-implant
bone formation in a rat femoral ablation implant
model.12 Similarly, studies by Elmengaard et al.,9
who examined both loaded and unloaded RGDcoated titanium implants placed in the distal femur
and proximal tibiae of canines, respectively, did not
show a statistically signiﬁcant difference in push-out
strength between the implants treated with a RGD
peptide coating compared with controls. These data
suggest that a RGD-containing peptide grafted to an
implant surface is neither sufﬁcient for accelerating
the rate of bone formation in the peri-implant region
nor for enhancing the interfacial shear strength
between the implant and bone.
In light of these ﬁndings, a change in design of
the biomimetic surface was proposed, as improvement in peri-implant bone formation and interfacial
bonding may require use of more potent molecules,
such as growth factors and morphogenetic proteins.
Precedence for growth factor immobilization comes
from observations with epidermal growth factor
(EGF), which retained its biological activity when
tethered to a surface via poly(ethylene glycol) (pEG),
but not when physically adsorbed.16 We chose to
investigate Sonic hedgehog (Shh) as an alternative to
the oft studied bone morphogenetic proteins (BMPs)
and transforming growth factor-b that stimulate
bone remodeling in the peri-implant region.17
Shh is a potent signaling protein that regulates
proliferation, differentiation, and cellular patterning
across a wide range of cell types. Shh signals cells
through the two transmembrane proteins, Patched
(Ptc), which is the direct binding target of Shh and
Smoothened (Smo), a protein with homology to Gprotein-coupled receptors whose activity is inhibited
by the unbound form of Ptc.18 Together, these proteins regulate the transcriptional levels of the Ptc
gene itself as well as the Gli family of transcriptional
effectors that govern the cellular response.18 Shh has
strong osteogenic potential, and the developmental
relationship between the family of hedgehog proteins and BMPs has been established.19–24 This association is also apparent from in vitro tissue culture
and recent in vivo studies,25 which suggest a synergistic cooperation between BMPs and Shh in the
promotion of osteoblast differentiation from progenitor cells. Shh also retains its activity in surgically-treated defects where these cells are present, as
Shh-expressing cells implanted into a rabbit cranial
defect model within an alginate/collagen matrix statistically improved bone regeneration compared with
matrices loaded with cells not expressing Shh.26
These observations support the selection of Shh as a
novel molecule to promote bone regeneration in
the peri-implant region, where BMP-2, BMP-4, and
BMP-7 are upregulated during the wound healing
process.27,28
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In this study, we examined whether tethered Shh
could yield the same osteogenic effect as soluble
Shh, and if immobilization affected the differentiating and mitogenic effect of Shh. Since the activation
of Smo via Shh does not seem to require internalization of Shh, we propose that grafting of Shh to a surface should not attenuate its activity.
The ﬁrst component of the study was dedicated
towards developing a ligand density characterization
assay, modeled after a cleavable ﬂuorescent protocol
designed to quantitatively detect bound bsp-RGD
(15).29 Subsequently, a cell culture model reﬂective
of the cellular complexity found in the bone marrow
environment was implemented to assess the mitogenic and differentiating effects of conjugated mShh.
Adult bone marrow-derived mesenchymal stem cells
(BMSCs) were used, as these cells can differentiate
into several phenotypes, thus providing a discerning
measure of whether differentiation conditions are
modulated by the grafted Shh. In addition, the cell
population harvested from the bone marrow is
heterogeneous in nature and better reﬂects the cell
distribution and level of maturity at the implant
interface in the rat femoral ablation model, which
we have previously used to assess the effect of biomimetic coatings in vivo.12,30,31 The effect of soluble
BMP-2/4 supplemented to the growth media was
also investigated, as it was previously observed that
bone formation enhancement due to soluble Shh was
further enhanced by BMP-2/4-dependent pathways
in vivo.32

MATERIALS AND METHODS
Production of mShh
Established recombinant DNA techniques were used to
synthesize a modiﬁed form of the complete Shh molecule
(mShh).33 PCR was used to engineer mShh to include a
cysteine residue on its C-terminus for covalent attachment
to the IPN using previously described bioconjugation
methods.34 In addition, valine and isoleucine residues
were introduced to the N-terminus to increase potency by
mimicking the hydrophobic palmitic acid modiﬁcation of
endogenous Shh, and a 63 histidine (His) tag was added
to the C-terminus for puriﬁcation via nickel afﬁnity chromatography. These modiﬁcations were veriﬁed through
DNA sequencing of the expression vector, and cloning
details are available upon request.

Characterization of mShh-IPN conjugation
The IPN was grafted onto TCPS stripwells as described
previously,35 and the ability to create a speciﬁc covalent
attachment between the sulfhydryl group of mShh and
maleimide-terminated IPN surfaces was veriﬁed and charJournal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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TABLE I
Descriptions and Abbreviations of Surfaces and Media
Supplementations Used
Base Surface
Description
TCPS

IPN
IPN/RGD

IPN/RGD/Shh
IPN/Shh

Media
Supplementations

Group
Abbreviation

None
mShh
BMP-2, BMP-4
mShh, BMP-2, BMP-4
None
None
mShh
BMP-2, BMP-4
mShh, BMP-2, BMP-4
None
BMP-2, BMP-4
None
BMP-2, BMP-4

TCPS
TCPS S
TCPS 24
TCPS S24
IPN
IPN/RGD
IPN/RGD S
IPN/RGD 24
IPN/RGD S24
IPN/RGD/Shh
IPN/RGD/Shh 24
IPN/Shh
IPN/Shh 24

A slash in the group name denotes immobilization.
acterized using a ﬂuorescent microplate assay. The mShh
N-terminal signaling domain was left with a 63 His tag
towards its C-terminus, which was subsequently used to
speciﬁcally bind the protein to nickel-activated horseradish
peroxidase (HRP) (Pierce, Rockford, IL). Various concentrations of mShh conjugated with HRP were incubated in
IPN-covered black microplates (Greiner Bio-One) overnight
at 48C using 0.2M carbonate–bicarbonate coating buffer at
pH 9.4 (Pierce), supplemented with 100 nM tris(2-carboxyethyl) phosphine hydrochloride (TCEPHCl) to prevent
disulﬁde bond formation. Remaining unreacted maleimide
groups were not quenched as the high pH removed the
concern of possible reactivity. After rinsing in PBS with
0.15M NaCl and 0.5% v/v Nonidet P-40 to remove loosely
bound protein, QuantaBlu (Pierce), a ﬂuorogenic probe for
HRP, was introduced to yield a soluble product with excitation/emission wavelengths of 325/420 nm. About 100 lL
of the 25 nM HRP probe working solution was added to
each well for 15 min at 258C. Following several more
rinses, 100 lL of the QuantaBlu solution was added for 30
min at 258C, whereupon the ﬂuorogenic reaction was
stopped using a solution provided by the manufacturer.
The ﬂuorescent solution (100 lL) was then transferred
from the transparent stripwells to a black microplate and
read using a SpectraMax Gemini XS ﬂuorimeter (Molecular
Devices, Sunnyvale, CA). Molar quantities of mShh grafted
to IPN surfaces were converted from HRP probe solution
standards based on a dissociation constant, kD, of 1 lM
between the imidazole group and nickel,36 and a factor of
3 to account for the number of nickel groups per HRP
probe. Given an input HRP probe concentration of 25 nM,
the conversion factor from bound HRP molar density to
immobilized mShh molar density was 3.22.

Rat BMSC isolation and expansion

sacriﬁced by anesthetizing in a CO2 chamber for 5 min followed by cervical dislocation. After the hind legs were
denuded of muscle and the femurs extracted from the carcass, the epiphyses of the femur were removed to expose
the bone marrow. A 23-gauge needle ﬁlled with Dulbecco’s
modiﬁed Eagle’s media (DMEM) supplemented with
100 U/mL penicillin/streptomycin, 2.5 lg/mL fungizone,
1 mM sodium pyruvate, and 10 mM HEPES was used to
ﬂush the marrow contents into a sterile 50-mL tube. Tube
contents were ﬁltered using a 40-lm nylon cell strainer,
centrifuged at 900g for 5 min, and resuspended in 10 mL
Iscove’s modiﬁed Eagle’s media containing 100 U/mL penicillin/streptomycin, 2.5 lg/mL, fungizone, 1 mM sodium
pyruvate, and 20% FBS. Cells present within each tube
were plated and fed every 2–3 days with fresh DMEM containing 100 U/mL penicillin/streptomycin, 2.5 lg/mL fungizone, 1 mM sodium pyruvate, and 15% FBS. After proliferating to *50% conﬂuence, cells were passaged and the
feeding process was repeated to remove nonadherent cells.
Cells were used after the second passage (P2).

Experimental groups
IPN surfaces were prepared in three conﬁgurations
(Table I), using the maleimide-terminated surface to graft
biofunctional groups in accordance with previously established procedures15,35: (1) bsp-RGD (15) (Cys-Gly-Gly-AsnGly-Glu-Pro-Arg-Gly-Asp-Thr-Tyr-Arg-Ala-Tyr-NH2) (G ¼
10 pmol/cm2); (2) bsp-RGD (15) and Shh-grafted IPN; and,
(3) Shh-grafted IPN. In the second group, bsp-RGD (15)
was coupled onto IPNs in concert with mShh at an input
concentration of 1 lM, with 100 nM TCEPHCl added.
TCPS control and the three experimental IPN-biomolecule
conﬁgurations were further distinguished by various sets
of media conditions. For wells without immobilized mShh,
media conditions were supplemented at day 2 with either
50 nM soluble mShh, a combination of 150 ng/mL BMP-2
and 150 ng/mL BMP-4 (R&D systems, Minneapolis, MN),
both mShh and BMP-2/4, or no supplementation (Table I).
For wells with immobilized Shh, media conditions were
supplemented with BMP-2/4 or nothing. A control IPN
group was included with no media supplementation. Proliferation, viability, and differentiation were then tested on
the various surfaces using the BMSC cell population
according to the schedule displayed in Table II.

Cell proliferation measurement
Cell proliferation was assessed using alamarBlue ﬂuorescent metabolic activity dye (BioSource, Camarillo, CA).

TABLE II
Schedule of In Vitro Assays for Testing the Effect of
Immobilized Versus Soluble mShh
Timepoints

Adult BMSC isolation procedures were approved by the
UC Berkeley Animal Care and Use Committee. SpragueDawley rats *6 months of age and weighing 425–450 g
were obtained from Harlan (Indianapolis, IN). Rats were
Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

Proliferation assay
Differentiation assay
Viability assay

Days 1, 3, 5, 7 (n ¼ 8 per group)
Days 3 (n ¼ 3), 5, 7 (n ¼ 8)
Day 7 (n ¼ 1)
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RFU values were ﬁtted to a Verhulst logistic growth
model37 [Eq. (1)] to extract initial attachment (No), carrying
capacity (K), and growth rate (r) parameters.
NðtÞ ¼

1þ



K
No

K

 1 expðrtÞ

ð1Þ

Cell morphology and viability
After 7 days in culture, cells grown on 24-well plates
were assessed for viability using a Live/Dead Viability/
Cytotoxicity kit (Invitrogen, Carlsbad, CA). Wells were
rinsed twice with 300-lL incomplete Dulbecco’s phosphate
buffered saline (idPBS), aspirated, and incubated for
30 min at room temperature with 300-lL idPBS containing
2-lM Calcein AM and 1-lM ethidium homodimer-1
(EthD-1). Samples were viewed in epiﬂuorescence mode
using a Nikon Eclipse TE300 inverted microscope (Nippon
Kogaku K. K., Tokyo, Japan) with a 103 objective, 103
eyepiece, and excitation/emission ﬁlters appropriate for
visualizing calcein (494/518 nm) and EthD-1 (494/
635 nm). Images were collected using a Kodak digital camera. Overlay and post-processing of images was performed
using Photoshop 5.0 (Adobe Systems, Mountain View, CA)
to generate a composite live/dead micrograph.

Figure 1. Calibration curve indicating mShh grafting density as a function of input concentration.

reaction of conjugated HRP were converted to molar
graft density and plotted in Figure 1, with the linear
curve (R2 ¼ 0.998) extending over the entire range of
the dataset. A control experiment using IPN surfaces
preblocked with cysteineHCl prior to mShh conjugation abolished mShh binding. At 1-lM mShh input
concentration, GmShh ¼ 2.42 6 0.47 pmol/cm2 on
IPN surfaces.

Cellular differentiation assay
Osteoblast differentiation was measured using 9H-(1,3dichloro-9,9-dimethylacridin-2-one-7-yl) phosphate (DDAOphosphate) (Molecular Probes) and its ﬂuorescent product,
dimethylacridone (DDAO), which returns the total amount
of alkaline phosphatase (ALP) present in a cell lysate.13
Total ALP activity was further normalized by total protein
content using the Micro BCA protein assay reagent kit
(Pierce) in accordance with manufacturer instructions.

Statistics and data analysis
Statistics were performed using JMP 5.0 (SAS Institute,
Cary, NC). Proliferation and differentiation data for groups
of three or more were assessed at each timepoint separately and analyzed using one-way ANOVA followed by
post hoc Tukey HSD test to establish group-wise signiﬁcance at the a ¼ 0.05 level. Pair-wise analysis was performed using Student’s t test on TCPS and IPN þ RGD
groups featuring mShh-only supplementation and mShh þ
BMP-2/4 supplementation.

RESULTS
Characterization of mShh grafting
mShh was conjugated via maleimide groups
attached to IPN-grafted surfaces at concentrations
ranging from 0 to 1000 nM (0–1900 ng/well) (N ¼
8). The RFU values measured from the ﬂuorogenic

In vitro results
Viability
Calcein/EthD-1 ﬂuorescent images of BMSCs after
7 days, under the different conditions outlined in Table I, are displayed in Figure 2. On TCPS surfaces
[Fig. 2(A–D)] with various media supplements
(none, BMP-2/4, soluble mShh and mShh þ BMP-2/
4, respectively), cells were well-spread. There were
few dead cells and no signiﬁcant differences between the groups. On IPN/RGD surfaces [Fig. 2(E–
H)] with media supplementation identical to images
A–D, there were qualitatively a greater number of
cells compared with TCPS for the same media condition. Soluble mShh supplementation increased cell
number, as IPN/RGD with soluble mShh (IPN/RGD
S) had more cells than IPN/RGD with no supplement [Fig. 2(E,G)], and IPN/RGD with soluble mShh
þ BMP-2/4 (IPN/RGD S24) had more cells than
IPN/RGD with BMP-2/4 (IPN/RGD 24) [Fig.
2(F,H)]. A marked increase in cell density was apparent for the IPN/RGD/Shh surface with soluble
BMP-2/4 supplementation [Fig. 2(J)]. This increase
was dramatic compared to the IPN/RGD surface
with soluble mShh in the media [Fig. 2(G)]. Surfaces
without the bsp-RGD (15) ligand (i.e., IPN/Shh
groups without and with BMP-2/4 supplementation,
images K and L, respectively) supported little cell
attachment or growth.
Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 2. Calcein/EthD-1 ﬂuorescent images of BMSC cells at 7 days in culture, where the base layer description is followed by a code indicating the media supplementation: S ¼ mShh supplementation, 2 ¼ BMP-2 supplementation, 4 ¼
BMP-4 supplementation. A–D: TCPS, TCPS 24, TCPS S, TCPS S24. E–H: IPN/RGD, IPN/RGD 24, IPN/RGD S, IPN/RGD
S24. I–J: IPN/RGD/Shh, IPN/RGD/Shh 24. K,L: IPN/Shh, IPN/Shh 24. Scale bar ¼ 200 lm. Group descriptions are
detailed in Table I. [Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Proliferation
The proliferation data on the different surfaces
were grouped by media supplementation (Fig. 3).
For TCPS groups, only minor differences in alamarBlue RFU values were present at day 1, and by
day 7 there were no signiﬁcant differences in proliferation, despite the addition of various media supplements. The IPN-based groups without bsp-RGD
(15) (IPN, IPN/Shh, and IPN/Shh 24) were not able
to support cell growth regardless of media supplementation. The IPN/RGD and IPN/RGD/Shh
groups supported cell growth and exhibited only
minor statistical differences between each other.
Without media supplements, the IPN/RGD/Shh
surface had fewer cells than TCPS after 7 days.
However, when BMP-2/4 was added there were no
differences between the surfaces. When soluble
mShh was supplied to the IPN/RGD and TCPS
surfaces, no differences were observed by days 5
and 7, regardless of further supplementation with
BMP-2/4. Logistic curves were ﬁt to the data, and
Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

growth rates relative to TCPS are listed in Table III.
Full supplementation (i.e., BMP-2/4) provided the
highest growth rates, while no supplementation
yielded the lowest growth rates. Surfaces containing
bsp-RGD (15) had higher growth rates compared
with TCPS under similar media conditions, and the
surface with the highest growth rate was IPN/RGD/
Shh with BMP-2/4 supplementation (Table III).

Differentiation
ALP activity normalized to protein content after 3,
5, and 7 days in culture is displayed in Figure 4. The
IPN, IPN/Shh, and IPN/Shh 24 surfaces showed
consistently lower ALP activity compared with
TCPS. With no supplements, the IPN/RGD surface
featured a peak at day 5, while the IPN/RGD/Shh
surface showed a continuous rise from day 3 to 7.
The IPN/RGD/Shh 24 surface was the highest
group at days 3 and 5, with day 5 reaching the highest amount of ALP (27 lU/lg) across all groups and
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Figure 3. AlamarBlue RFU values for BMSCs, categorized by media supplemention. Groups were statistically compared
within each timepoint. Groups not connected by the same letter are signiﬁcantly different, with A statistically higher than B.

time. Among only the IPN/RGD groups, at days 3
and 5, IPN/RGD S24 surface returned the highest
ALP activity. There was no difference in ALP activity between the IPN/RGD S and TCPS S surfaces.

DISCUSSION
We evaluated the effect of immobilized versus
soluble mShh in concert with osteogenic factors previously demonstrated to have a synergistic effect
with Shh on mesenchymal cell differentiation. A heterogeneous population of primary cells isolated from
adult rats, BMSCs, was used to more accurately
model the femoral ablation impant model we have

previously employed to investigate candidate biomimetic osteogenic surfaces.31,38 Because our ultimate
goal was to develop a system capable of maximally
stimulating bone regeneration and implant ﬁxation,
two steps were in order. First, we set out to quantify
the amount of mShh immobilized. Thereafter, we
were able to determine the impact of immobilized
mShh on BMSC behavior, among the inﬂuence of
both adhesion motifs (e.g., bsp-RGD (15)) as well as
factors naturally present within the wound bed (e.g.,
BMP-2 and -4).
Conjugation of mShh to surfaces was successfully
performed and characterized. Based on the N-terminal Shh crystal structure39 (body-centered orthorhombic, a ¼ 53.7 Å, b ¼ 79.0 Å, c ¼ 35.4 Å) and
assuming coverage one unit cell thick, maximal mShh

TABLE III
Logistic Growth Rates for BMSCs After 7 days, Relative to TCPS
r
TCPS
TCPS
TCPS
TCPS
TCPS
TCPS
IPN

S
2
S2
24
S24

1.000
2.087
2.167
1.472
2.378
2.903
N/A

r
IPN/RGD
IPN/RGD S
IPN/RGD 24
IPN/RGD S24

1.747
4.441
4.420
3.486

r
IPN/RGD/Shh
IPN/RGD/Shh 24

3.472
4.830

IPN/Shh
IPN/Shh 24

N/A
N/A

No ﬁts were possible with IPN and IPN/Shh groups.
Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 4. BMSC normalized ALP activity, categorized by media supplementation. Although data was arranged to illustrate timecourse behavior, groups were statistically compared within each timepoint. Groups not connected by the same
letter are signiﬁcantly different, with A statistically higher than B.

monolayer grafting density is theoretically 15.7 pmol/
cm2. At 1 lM mShh input concentration for conjugation to the IPN, the grafting density was estimated
to be 2.42 pmol/cm2, or *15% of the theoretically
calculated maximum monolayer grafting density. A
limitation on this estimate was the need for a conversion factor from molar concentration to surface
density, which was based on literature values for
nickel-imidazole binding.36 The maximal mShh
measured in this study was set due to practical material and cost considerations, although a saturated
maximum limit was not reached. The amount of
mShh conjugated to the IPN at 1 lM input concentration was equivalent to the amount of mShh nonspeciﬁcally adsorbed at 50 nM input concentration
to TCPS (data not shown). Attendant to the stated
equivalence is the assumption that the accessibility
of the His tag to the HRP probe was not substantially different between these two scenarios. As such,
in vitro experiments compared an input grafting concentration of 1 lM mShh to the IPN surfaces against
groups treated with 50 nM soluble mShh. In doing
so, the functional amount of mShh either immobilized or adsorbed was assumed to be equivalent and
allowed for direct comparisons of bioactivity between adsorbed mShh on TCPS surfaces and immobilized mShh on IPN surfaces.
Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

The most signiﬁcant result of our study was that
the IPN/RGD/Shh surface supplemented with BMP2/4 (IPN/RGD/Shh 24) had the highest growth rate
and ALP activity among all groups at day 5, and
resulted in signiﬁcantly higher ALP normalized activity than IPN/RGD supplemented with soluble
mShh and BMP-2/4 (IPN/RGD S24), its comparable
soluble mShh analog, at all time points. At 3, 5, and
7 days, the values (in units of lU ALP/lg protein)
were 13.5 6 0.7 vs. 11.6 6 0.8 (p ¼ 0.001), 27.1 6 1.6
vs. 20.9 6 0.5 (p < 0.001), and 11.1 6 0.3 vs. 7.2 6
0.3 (p < 0.001), respectively, using the Tukey-Kramer
HSD test of signiﬁcance against all tested groups.
Thus, the transforming effect of immobilized mShh
was enhanced relative to soluble mShh for the
BMSC culture model.
Regarding the activity of the peptide, bsp-RGD
(15), the IPN/RGD surface without supplements was
able to support elevated ALP activity compared with
TCPS. Therefore, it appears that bsp-RGD (15) functions as a mild promoter of differentiation, which is
consistent with our previous observations.3,14,15 The
IPN/RGD surfaces also had higher growth rates
than TCPS surfaces in each media supplementation
category (Table III). Therefore, in contrast to a previously published report which found that RGD coatings alone failed to support mesenchymal stem cell
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proliferation and spreading,40 the growth rate on
bsp-RGD (15) was greater than on TCPS. The difference in observation may be attributed to either the
method of peptide presentation or the peptide
sequence itself. Regarding the latter, Harbers and
Healy15 showed that residues surrounding RGD as
well as the overall conformation of the peptide signiﬁcantly inﬂuenced the matrix mineralization
behavior of osteoblast-like cells, and that short peptide sequences dominated by the RGD group have
dramatically reduced activity.
In contrast to positive in vitro observations with
bsp-RGD (15), we and others have shown that interfaces decorated with RGD-containing peptides do
not improve peri-implant bone formation and interfacial bonding in vivo.9,10,12 Interestingly, the magnitudes of the interfacial shear strength data at
4 weeks from these studies were similar in magnitude, *0.14–0.38 MPa, suggesting a common failure
mode. The dichotomy between in vitro and in vivo
observations could be due to the attenuation of the
RGD signal by other stronger mitogens and morphogens contained within the ﬁbrin clot initially surrounding the implant. As such, this study explored
the potential use of Shh as a more powerful agent in
directing cell behavior. Furthermore, although bspRGD (15) was intended to impart speciﬁcity to osteoblasts at the implant site it likely upregulated mitogenic responses in other cells present that exploit the
avb3 integrin for cell adhesion. Thus, it is possible
that other peptides targeting differential integrin
speciﬁcity (e.g., the collagen receptor, a2b1) may
prove to be beneﬁcial in inﬂuencing bone healing in
the peri-implant region.41,42
We have demonstrated positive mitogenic and differentiating effects of immobilized mShh, in conjunction with soluble BMP-2 and BMP-4, on adult rat
BMSCs. Differentiation of this uncommitted and heterogeneous cell population into the osteoblast phenotype was substantially enhanced with grafted
mShh compared with mShh in soluble form. Moreover, we have described a straightforward method
for quantifying the surface density of a His-tagged
recombinant protein (e.g., mShh). Future work will
explore whether the immobilized mShh/IPN-RGD
surface can improve bone implant contact and bone
formation in the rat femoral ablation model in vivo.
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Hall TMT, Porter JA, Beachy PA, Leahy DJ. A potential catalytic site revealed by the 1.7-Å crystal structure of the aminoterminal signalling domain of Sonic hedgehog. Nature 1995;
378:212–216.
Sawyer AA, Hennessy KM, Bellis SL. Regulation of mesenchymal stem cell attachment and spreading on hydroxyapatite by RGD peptides and adsorbed serum proteins. Biomaterials 2005;26:1467–1475.
Reyes CD, Garcia AJ. Engineering integrin-speciﬁc surfaces
with triple-helical collagen-mimetic peptide. J Biomed Mater
Res A 2003;65:511–523.
Reyes CD, Garcia AJ. Alpha2beta1 integrin-speciﬁc collagenmimetic surfaces supporting osteoblastic differentiation.
J Biomed Mater Res A 2004;69:591–600.

