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Abstract

Integrin-binding peptides increase cell adhesion to naive hydroxyapatite (HA), however, in the
body, HA becomes rapidly modified by protein adsorption. Previously we reported that, when
combined with an adsorbed protein layer, RGD peptides interfered with cell adhesion to HA. In
the current study we evaluated mesenchymal stem cell (MSC) interactions with HA disks coated
with the collagen-mimetic peptides, DGEA, P15 and GFOGER. MSCs adhered equally well to
disks coated with DGEA, P15, or collagen I, and all three substrates, but not GFOGER, supported
greater cell adhesion than uncoated HA. When peptide-coated disks were overcoated with proteins
from serum or the tibial microenvironment, collagen mimetics did not inhibit MSC adhesion, as
was observed with RGD, however neither did they enhance adhesion. Given that activation of
collagen-selective integrins stimulates osteoblastic differentiation, we monitored osteocalcin
secretion and alkaline phosphatase activity from MSCs adherent to DGEA or P15-coated disks.
Both of these osteoblastic markers were upregulated by DGEA and P15, in the presence and
absence of differentiation-inducing media. Finally, bone formation on HA tibial implants was
increased by the collagen-mimetics. Collectively these results suggest that collagen-mimetic
peptides improve osseointegration of HA, most probably by stimulating osteoblastic
differentiation, rather than adhesion, of MSCs.
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Introduction

In order for hard tissue implants to integrate into existing bone, osteoblast precursor cells
must bind to the implant surface, differentiate, and form a new bone matrix to tether the
implant in place. One common strategy for improving implant integration is to functionalize
biomaterial surfaces with peptides that mimic the native extracellular matrix, with the goal
of providing attachment sites for adhesion receptors present on osteogenic cells. One of the
most widely-studied adhesion-promoting peptides is Arg-Gly-Asp (RGD), a tri-amino acid
sequence found within matrix proteins such as fibronectin (FN) and vitronectin (VN). RGD
is a principal ligand for the integrin family of adhesion receptors, although it is known that
other domains within FN and VN act synergistically with RGD to more strongly activate
integrins [1-8]. Many types of biomaterials have been modified with RGD, and /n vitro
studies consistently suggest that RGD-modified surfaces promote better cell attachment than
unmodified surfaces [9-15].

However, some types of biomaterials, including hydroxyapatite (HA), are very efficient at
adsorbing adhesive proteins present within body fluids at the surgical site, and therefore it
isn’t clear that functionalizing hydroxyapatite (HA) with RGD would be beneficial /n vivo.
We and others have shown that FN, VN and fibrinogen (Fbg) from the surgical environment
become adsorbed to the HA surface within minutes following implantation [16-19]. Thus, an
RGD-modified HA surface would be presented to cells within the context of an adsorbed
layer of endogenous integrin-binding proteins. To model the role of protein adsorption in
influencing cell attachment to RGD-modified HA biomaterials, we previously studied
mesenchymal stem cell (MSC) adhesion to RGD-modified HA disks that were either over-
coated with fetal bovine serum (FBS) [15], or implanted for 30 minutes into rat tibiae to
allow endogenous protein adsorption [19]. Surprisingly, these studies revealed that RGD
was detrimental to MSC attachment; more cells adhered to the FBS-coated [15] or tibial-
implanted [19] HA disks that lacked RGD pre-coatings. Moreover, the combined RGD/FBS-
coated HA surfaces elicited greater activation of the cell apoptotic marker, caspase 3, than
FBS-coated HA [19], suggesting that RGD had a negative effect on cell survival. Finally, a
comparison of uncoated and RGD-coated HA disks implanted for 5 days into rat tibiae
showed that the RGD coatings significantly inhibited the amount of new bone formed on the
implant surface, as well as the degree of direct bone-implant contact [19]. Taken together,
these results suggested that RGD inhibits the osseointegration of HA biomaterials, most
probably through diminished attachment and survival of MSCs.

The mechanisms underlying the inhibitory effects of RGD on cytocompatibility and implant
integration are not currently understood, however we hypothesize that synthetic RGD
peptides on the HA surface compete with adsorbed proteins such as FN, VN or Fbg for
binding to cell surface integrin receptors. FN, VN and Fbg are among the most abundant
adhesion molecules in blood [20-22], and all of these proteins bind to integrins through an
RGD-dependent mechanism [16, 23, 24]. It is possible that synthetic RGD peptides divert
integrin receptors away from binding adsorbed FN, VN or Fbg proteins, and thereby elicit
diminished integrin signaling, given that RGD peptides are weaker integrin ligands than
native full-length adhesion proteins [7, 25]. We further speculate that RGD will be
detrimental for biomaterials that have high affinity for adsorbing integrin ligands from the
tissue environment, but alternately beneficial for biomaterials that lack any other integrin
ligand (e.g., nonfouling types of materials).

Regardless of mechanism, our prior results clearly showed that RGD peptides were not
beneficial for HA biomaterials, and we therefore questioned whether there were any other
adhesive peptides that would improve cell and/or tissue responses to HA. As an alternative
to RGD, many investigators have evaluated osteogenic cell attachment to materials
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functionalized with collagen-derived peptides. Collagen mimetic peptides are attractive for a
number of reasons. First, collagen | binds to different integrin receptors than FN, VN and
Fbg, and the integrin/collagen | interaction is thought to be RGD-independent. Hence,
collagen mimetic peptides would not be expected to compete with adsorbed FN, VN or Fbg
for binding to cell surface integrins. Secondly, it is unlikely that collagen | would adsorb to
the HA surface in substantial amounts upon surgical placement, given that collagen I is not
highly abundant within the blood. Finally, activation of the collagen-selective integrin,
a2p1, induces osteoblastic differentiation [26-29], and therefore it is possible that collagen-
derived peptides could serve as both cell attachment and differentiation factors. In light of
these considerations, the focus of the current study was to monitor the cytocompatibility and
osseointegration of HA biomaterials modified with collagen I-derived peptides. Three
collagen | mimetics were evaluated; DGEA [30] and GTPGPQGIAGQRGVYV (“P15”) [31],
which are linear peptides derived from the a1 helix of collagen I, and the GFOGER peptide
[32, 33], which spontaneously assumes a triple-helical structure due to the presence of GPP
repeats engineered onto the ends of the peptide. All of these peptides have shown some
degree of efficacy in directing osteogenic cell attachment, however, to our knowledge, a
side-by-side comparison of the peptides, when adsorbed to calcium phosphate biomaterials,
has never been performed.

Materials and Methods

Peptide preparation

The collagen | mimetic peptides DGEA (370.4 g/mol) and P15 (GTPGPQIAGQAGVYV,
1393.5 g/mol) were obtained from American Peptide, whereas the GFOGER peptide [32,
33] was a generous gift from Dr. Richard Farndale (Cambridge University). The RGD and
RGE peptides were also purchased from American Peptide. The RGD peptide used in this
study, GPenGRGDSPCA (948.1g/mol), is a cyclized peptide that has high affinity for
vitronectin receptors. The RGE peptide (RGES, 447.5g/mol) is a control for RGD, given
that the RGE sequence does not bind integrin receptors. All peptides were reconstituted in
ddH,0 at 1mg/ml, aliquoted and stored at -20°C.

Disk preparation

For /n vitro studies, clinical grade HA powder (Fisher Scientific) was pressed into disks
using a 15.875mm die, under 3000 psi. For /n vivo studies, clinical grade HA powder
(Fisher Scientific) was pressed into disks using a 3mm die, under 1000 psi. Pressed disks
were sintered at 1000°C for 3 hours and allowed to cool in the furnace at decreasing
intervals. Disks were then stored under sterile conditions. Peptides (1mg/ml) were coated
onto sintered HA disks as previously reported [15]. For peptide-only coatings, disks were
incubated at 4°C overnight in peptide solution. For sequential coatings, disks were incubated
in peptide solution at 37°C for 1 hour, and then overcoated with serum overnight at 4°C. The
disks were washed with PBS to remove unbound peptide, and warmed to 37°C prior to cell
seeding or /in vivo implantation.

Cell Isolation and culture

As previously described [34], human bone marrow cells were subjected to low speed
centrifugation, and resuspended in Dulbecco's modified Eagle's Medium (DMEM). The cell
suspension was then applied to a histopaque-1077 column, and centrifuged to establish a
density gradient. The MSC layer was extracted from the gradient, and the cells grown in
DMEM supplemented with 10% FBS (standard growth media). Cells from passage 3-13
were used for our experiments. MSCs grown in standard growth media maintain a
multipotent phenotype, with the ability to differentiate along the chondrogenic, osteogenic,
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and adipogenic lineages. Human bone marrow samples were obtained with prior approval
from the University of Alabama Institutional Review Board.

For differentiation experiments, osteogenic media (OS media), consisting of DMEM
supplemented with PenStrep, Amphotericin B, 10% FBS, 100nM dexamethasone, 10mM
sodium B-glycerolphosphate, and 0.05mM L-ascorbic acid-2-phosphate [35], was used.

Cell adhesion to peptide-coated disks

MSC adhesion to peptide-coated disks was evaluated using a standard fluorescence-based
assay [36]. As recommended by the vendor, cells were incubated in serum-free media
containing 2 .M CMFDA, a fluorescent dye (“Cell Tracker Green”, Molecular Probes).
After labeling, cells were detached from tissue culture flasks by trypsinization, followed by
incubation in trypsin inhibitor (Sigma). 1x10° labeled cells were re-suspended in serum-free
media, seeded onto HA substrates, and allowed to adhere for 1 hour. This time interval was
selected because cells are well-spread at 1 hour, and because at this time point, differences
in cell spreading can be attributed directly to the adhesion molecules that were pre-adsorbed
onto the surfaces (RGD, DGEA, etc). At later time points, cells secrete their own adhesion
molecules, which complicates analysis of the effect of surface treatments. After the 1-hr
binding interval, loosely-bound cells were removed by washing with phosphate-buffered
saline (PBS), and the remaining adherent cells were lysed (1% Triton-X-100 in 50mM Tris)
to release the fluorescent marker into solution. Fluorescence was quantified by reading
samples on a fluorometer.

Cell morphology

5x10% MSCs were seeded in serum-free media onto disks for 1 hour. Unbound cells were
washed away with PBS, while the adherent cells were fixed in 3.7% formaldehyde,
permeabilized with 0.2% Triton-X-100, and then stained with Alexa-488 phalloidin
(Molecular Probes). The cells were then mounted with 4.7mM n-propyl-gallate mounting
fluid, and visualized using a Nikon fluorescent microscope.

Western blot analysis of adsorbed serum proteins

Disks which had been coated with FBS or sequentially coated with peptide/FBS overnight
were washed in PBS to remove loosely-bound proteins. Proteins remaining on the surface
were solubilized in boiling sodium dodecyl sulfate (SDS)-buffer (50mM Tris, 2% SDS, 5%
B-mercaptoethanol) for 30 minutes, with constant agitation. The supernatant was collected
and stored at —80°C. Desorbed proteins were resolved on a 7% polyacrylamide gel. Proteins
were transferred to a polyvinyldifluoride (PVDF) membrane, and exposed to antibodies for
FN (Chemicon), or VN (Abcam); followed by an HRP-conjugated secondary antibody
(Amersham Life Sciences). Proteins were detected using chemiluminescence reagents
(Amersham Life Sciences or Millipore).

MSC differentiation

Disks which had been coated with FBS or sequentially coated with peptide/FBS were
washed with PBS to remove loosely-bound proteins. 2x10°> MSCs were seeded onto the
disks in serum-free media and allowed to attach for 24 hours. The media was then switched
to standard growth media, and the cells were allowed to grow for 72 hours in order to reach
confluence. After this interval, the growth media was replaced by osteogenic media, and the
cells were allowed to grow for an additional 2 weeks (the osteogenic media was replaced
every 2 days). Following incubation in osteogenic media, samples were stained for alkaline
phosphatase (ALP) activity, or alternately, the supernatants were collected for osteocalcin
(OCN) ELISA.
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Samples exposed to osteogenic media were washed 3 times in PBS, and then a colorimetric
ALP activity kit (Sigma) was used to detect ALP on each substrate. Images of the relative
activity were taken.

Supernatants from the samples exposed to osteogenic media were collected and then tested
for OCN secretion using a commercially available kit (Biomedical Technologies, Inc.). The
supernatants were incubated on a capture antibody-coated plate in the presence of antiserum.
The plates were washed, and detection reagent was then added. The colorimetric product
was analyzed at 450nm, and readings were compared with a standard curve.

Tibial implantation

Cell adhesio

Male Sprague-Dawley rats were anesthetized, and an osteotomy was created in the right
proximal tibia as previously reported by our group [19]. 3mm HA disks, either left uncoated
or coated with collagen I mimetic peptides, were placed into the defects, and extracted at
either 30 minutes or 5 days. All protocols were performed in accordance with guidelines
established by the University of Alabama Institutional Animal Care and Use Committee.

n on disks retrieved from tibiae

HA disks were retrieved from rat tibial osteotomies after a 30 min-implantation and used for
in vitro cell adhesion assays. As described [19], the retrieved disks were washed with PBS,
and then human MSCs were seeded onto the disks and allowed to adhere for 1 hr. The disks
were washed again to remove loosely-bound cells, and the adherent cells were stained with
Alexa-488 phalloidin (Cell Signaling) and 4',6-diamidino-2-phenylindole (DAPI) (Cell
Signaling) Cell adhesion was quantified by counting the number of cells in a microscopic
field. Five implants were evaluated per treatment group, with multiple microscopic fields
examined per implant.

Protein adsorption from retrieved tibial implants

HA disks were retrieved following a 30-min implantation, and washed with PBS. Disks
were then incubated in boiling-SDS buffer as described above. Samples were resolved by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes.
Membranes were incubated with antibodies specific for FN (Chemicon), VN (Chemicon), or
Fbg (Abcam). Secondary antibodies to each of the primaries were then added (Amersham),
and signal was detected using chemiluminescence (Amersham Life Science or Millipore).

Bone formation on implanted HA disks

Statistics

Following 5 days of implantation, tibiae, with disks in place, were retrieved, and embedded
in poly(methyl methacrylate) (PMMA) for Goldner's trichrome staining, which stains
mineralized tissue green [19]. 5 implants were analyzed for each of the three treatment
groups (15 animals total), with at least two tissue sections per implant evaluated.

The amount of total new bone surrounding 5 day implants, as well as the amount of bone in
direct contact with the implant perimeter, were quantified from Goldner's stained sections
using Bioquant imaging software as previously described [19].

| n vitro assays were performed at least three independent times, with each experiment
performed in triplicate. 177 vivo experiments were performed with five animals per treatment
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group, with at least two fields or sections analyzed for quantification. Data sets were
assessed using students t-test parametric analysis. A confidence level of 95% (p<0.05) was
considered significant.

MSC adhesion to HA disks coated with collagen | mimetic peptides

To determine the efficacy of collagen-derived peptides in promoting cell adhesion, we
monitored MSC attachment to HA disks coated with DGEA, P15, GFOGER or collagen I.
These experiments revealed that DGEA and P15 were able to support a level of cell
adhesion equivalent to that of collagen I, and all three of these integrin ligands stimulated
greater binding than uncoated HA disks (Figure 1A). However, in contrast to DGEA and
P15, the GFOGER peptide failed to stimulate cell adhesion above that of uncoated HA.

Cell spreading on HA disks coated with DGEA, P15, GFOGER or collagen |

To evaluate cell morphology, MSCs were seeded onto HA disks that had been pre-coated
with DGEA, P15, GFOGER, or collagen I. Following a 1 hour attachment interval, cells
were stained with phalloidin to visualize the actin cytoskeleton. As shown in Figure 1B,
DGEA, P15 and collagen | were all able to induce some degree of cell spreading, whereas
GFOGER was completely ineffective. These results suggest that DGEA and P15 engaged
integrin receptors and elicited sufficient integrin activation to promote some restructuring of
the actin cytoskeleton.

It was surprising that the GFOGER peptide was ineffective in promoting cell adhesion and
spreading, given prior reports in the literature suggesting that this triple helical peptide
promotes robust integrin activation [32, 33, 37-39]. This result could be due to a number of
factors including; poor GFOGER adsorption to HA, a change in the GFOGER tertiary
structure upon HA adsorption, or inactivity of the peptide preparation. To insure that there
were no problems with our peptide preparation, we examined cell attachment to GFOGER-
coated tissue culture plastic, the material substrate on which the peptide had originally been
tested [38]. We found that, when adsorbed to tissue culture plastic, the GFOGER peptide
induced cell adhesion and spreading equivalent to that stimulated by intact collagen I,
indicating that the peptide was active (data not shown). However, because of the poor
performance of the GFOGER peptide when adsorbed to HA, this peptide was not studied
further in the current investigation.

MSC adhesion to HA disks coated sequentially with peptide and FBS

Because HA is known to rapidly adsorb significant quantities of proadhesive proteins such
as FN, VN and Fbg from the /n vivo environment [16-19], it is unlikely that cells within a
patient would ever encounter peptide-coated HA in the absence of an adsorbed protein layer.
In order to mimic the process of endogenous protein adsorption, peptide-coated HA disks
were overcoated with FBS, which we have previously shown deposits abundant FN and VN
onto HA surfaces [15]. MSCs were then seeded onto these sequentially-coated surfaces and
evaluated for attachment. As shown in Figure 2A, MSC adhesion to the DGEA/FBS and
P15/FBS-coated surfaces was equivalent to that of adhesion observed on HA coated with
FBS alone, suggesting that adsorbed serum proteins are sufficient to induce maximal cell
attachment. In contrast, RGD peptides significantly inhibited cell adhesion when presented
in combination with serum proteins. The RGE control peptide, which has a similar charge
and structure as RGD, but does not engage or activate integrin receptors, had no effect on
cell adhesion. Thus, the binding of RGD, but not collagen-derived peptides, to cell surface
integrins has a detrimental effect on cell adhesion.

Biomaterials. Author manuscript; available in PMC 2013 June 12.
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Cell spreading on HA disks coated sequentially with peptide and FBS

To determine whether DGEA or P15 peptides had any effect on cell spreading when
presented in combination with adsorbed serum proteins, cells were seeded onto disks coated
with DGEA, P15, collagen I, RGD or RGE, followed by an FBS-coating (Figure 2B). After
a 1 hour incubation, cell morphology was evaluated by staining cells with phalloidin. These
experiments revealed extensive cell spreading on disks coated with DGEA/FBS, P15/FBS,
collagen I/FBS, RGE/FBS or FBS alone. In contrast, the RGD/FBS-coated samples did not
support any degree of cell spreading, suggesting that the presence of RGD in combination
with adsorbed serum proteins blocks integrin-mediated signaling.

MSC adhesion to HA disks adsorbed with proteins from the tibial microenvironment

To better model the process of protein adsorption on a biomaterial surface, we placed
uncoated or peptide-coated disks into rat tibial osteotomies for 30 minutes to allow the
adsorption of native proteins present within the bone microenvironment. The disks were
then retrieved, washed extensively with PBS, and MSCs were subsequently seeded onto the
disks and evaluated for degree of cell attachment (Figure 3). Similar to results generated
from disks overcoated with FBS, neither DGEA nor P15 inhibited cell adhesion to disks
coated with endogenous proteins. Notably, we previously reported that RGD inhibits at least
75% of cell adhesion when presented in the context of adsorbed tibial proteins [19].

The effect of collagen | mimetic peptides on protein adsorption from serum and the tibial
microenvironment

We next tested whether DGEA or P15 had any effect on the adsorption of proadhesive
proteins. To this end, disks were coated with DGEA/FBS, P15/FBS, or FBS alone. The disks
were then washed to remove loosely-bound proteins, and the adsorbed proteins were
subsequently desorbed by incubation in boiling SDS buffer. Desorbed samples were
immunoblotted for FN and VVN. As shown in Figure 4A, all of the surfaces adsorbed similar
amounts of FN and VN.

We also evaluated protein adsorption to peptide-coated disks placed into tibial osteotomies.
Specifically, uncoated, DGEA-coated, or P15-coated HA disks were implanted for 30
minutes; the disks were then retrieved, proteins desorbed and analyzed by immunoblotting.
Similar to results obtained with serum overcoatings (Figure 4A), peptide-coated and
uncoated disks adsorbed similar amounts of FN, VN and Fbg from the tibial
microenvironment (Figure 4B).

The influence of collagen-mimetic peptides on alkaline phosphatase activity

Results presented in Figures 2 and 3 indicated that, unlike RGD, the DGEA and P15
peptides did not inhibit cell attachment or spreading on protein-coated HA. However,
DGEA and P15 did not enhance cell adhesion either, suggesting that there is little benefit to
using these peptides as cell attachment factors. However, there is a growing literature
suggesting that activation of a collagen-selective integrin, the a2p1 species, induces MSC
differentiation along the osteoblastic lineage [26-29]. Accordingly, we were interested in
whether collagen-derived peptides might serve as differentiation factors for MSCs. To test
this hypothesis, cells were seeded onto peptide-coated disks overcoated with FBS, or disks
coated with FBS alone as a control. The cells were then grown for 2 weeks in osteogenic
media, and stained for ALP activity. As shown in Figure 5A, the disks coated with DGEA/
FBS and P15/FBS supported greater levels of ALP activation than disks coated with FBS
alone, indicating a greater degree of osteoblastic differentiation.

Biomaterials. Author manuscript; available in PMC 2013 June 12.
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The influence of collagen-mimetic peptides on osteocalcin secretion

To confirm that DGEA and P15 stimulated osteoblastic differentiation of MSCs, we
examined secretion of OCN using an ELISA assay (Figure 5B). As a negative control, we
allowed cells seeded onto FBS-coated disks to grow for two weeks in standard growth
media, which maintains cells in an undifferentiated state. A comparison of the FBS-coated
samples incubated in either growth media or osteogenic media revealed a 12-fold increase in
OCN secretion from the cells exposed to osteogenic media, reflecting osteoblastic
differentiation. Importantly, the cells adherent to DGEA/FBS and P15/FBS-coated surfaces
secreted more OCN than cells adherent to FBS coatings alone when incubated in the
presence of osteogenic media. These results, combined with the measurements of ALP
activity, suggest that DGEA and P15 are able to enhance MSC differentiation along the
osteoblast lineage.

The influence of collagen-mimetic peptides on ALP activity and OCN secretion in the
absence of osteogenic media

Results shown in Figure 5 indicated that DGEA and P15 were able to upregulate the
expression of osteoblastic markers when presented to cells in the presence of osteogenic
media. However, some studies have suggested that activation of a2p1 integrins can
stimulate osteoblastic differentiation even in the absence of other differentiation-inducers
[26-29]. Hence, we tested whether DGEA and P15 were able to stimulate osteoblastic
differentiation in the absence of osteogenic media. To this end, cells adherent to peptide-
coated disks were incubated in standard growth media for two weeks and then ALP activity
and OCN levels were measured. We found that cells grown on HA disks coated with
DGEAJ/FBS or P15/FBS exhibited greater ALP activity and OCN secretion than cells grown
on disks coated with FBS alone (Figure 6A and B). These results suggest that DGEA and
P15 are able to activate collagen-binding integrins enough to induce some degree of
osteoblastic differentiation in the absence of standard differentiation factors.

The effect of collagen-mimetic peptides on bone/implant contact and new bone synthesis
surrounding tibial implants

In order to examine if the differentiation-inducing features of collagen-mimetic peptides had
any effect on implant osseointegration, uncoated, DGEA-coated, or P15-coated HA disks
were placed into rat tibial osteotomies and monitored for bone formation. Specifically,
implants were left in place for 5 days; the tibiae were then removed (with implants in place),
and embedded in PMMA. Sections of the embedded tibiae were stained with Goldner's
Trichrome, a stain which labels mineralized tissue green (Figure 7A). When the amount of
new bone was quantified (Figure 7B), we found that both DGEA and P15 stimulated greater
bone formation around the HA implants. In addition, DGEA was able to increase the amount
of bone directly contacting the perimeter of the implants. P15 showed a trend toward
increased bone-implant contact, but this was not statistically significant. Taken together
these results suggest that collagen-mimetic peptides improve bone tissue responses to HA
biomaterials.

Discussion

Previous studies have shown that the addition of adhesive proteins, such as FN [40-43], VN
[41], and Fbg [44], to the surface of HA biomaterials increases cell adhesion. Furthermore,
we and others have reported that HA adsorbs abundant adhesive proteins, including FN, and
VN, from serum [15, 34, 45] as well as from the tibial microenvironment [19]. We also
found that HA adsorbs significantly more VN and FN from serum than titanium or stainless
steel, and these adsorbed proteins are present on the HA surface in conformations
appropriate for binding purified integrin receptors and MSCs [34]. The importance of
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proadhesive blood proteins in regulating cell attachment to HA has been confirmed by other
studies. For example, Zreigat et al. [46], showed that human bone-derived (HBD) cells do
not adhere to hydroxyapatite if vitronectin is depleted from serum.

In light of these results, we questioned the utility of synthetic adhesive peptides, and
proposed instead that adsorbed endogenous integrin-binding proteins may be sufficient for
promoting optimal osteogenic cell attachment and survival. Indeed we previously reported
that cell adhesion to serum-coated HA is significantly better than cell adhesion to RGD-
coated HA [15], and this result was observed with 5 different species of serum [1] and both
linear and cyclic RGD peptides [15]. Moreover, when RGD was combined with adsorbed
serum [15] or tibial proteins [19], it was unexpectedly found that RGD peptides were
strongly detrimental to cell attachment and survival. RGD also significantly inhibited the
osseointegration of HA disks implanted into rat tibiae [19].

The unfavorable cell and tissue responses to RGD-coated HA biomaterials prompted an
evaluation of whether other adhesive peptides would be beneficial for HA. In the current
study, three peptides derived from collagen | were examined; DGEA, P15, and GFOGER.
These peptides are a2p1 integrin-binding motifs, [30-33, 47], and all have been shown to
increase MSC adhesion to a variety of biomaterials [31-33, 48, 49]. Interestingly, we found
that GFOGER was unable to promote cell adhesion or spreading on HA surfaces, although
the mechanism underlying this negative result is not currently understood. In contrast,
DGEA and P15 coatings supported a level of cell adhesion equivalent to that of HA coated
with full-length collagen I. In addition, the DGEA and P15 peptides did not inhibit cell
adhesion when presented in combination with adsorbed adhesive proteins from either serum
or the tibial microenvironment. This striking disparity between the effects of RGD vs.
collagen-derived peptides on MSC adhesion suggests that collagen-derived peptides interact
with MSCs through different mechanistic pathways. We hypothesize that the binding of
DGEA and P15 to collagen-specific integrins, including the a.2p1 receptor, would not
compete with adsorbed blood proteins such as FN, VN and Fhg for cell surface integrins,
given that these latter proteins bind distinct integrin species including a5p1, avp3 and
allbp3. As well, FN, VN and Fbg all bind integrins through RGD-dependent mechanisms,
whereas the interaction between a2p1 and collagen | is RGD-independent.

While it was encouraging that DGEA and P15 did not inhibit cell adhesion when presented
within the context of an adsorbed protein layer, it was noted that these peptides did not
enhance cell adhesion either. Adsorbed serum or tibial proteins (including FN, VN and Fbg)
appeared to promote maximal cell adhesion and spreading, suggesting that the use of
collagen-derived peptides as attachment factors is of limited value. However, our results
alternately suggested that DGEA and P15 may serve as effective differentiation factors.
Activation of the a2p1 integrin receptor has been reported to upregulate many markers of
osteoblastic differentiation including osteopontin mRNA [29] and protein [26, 50], ALP
activity [26, 50], OCN protein [26, 50] and matrix mineralization [26, 27, 50]. In our
studies, MSCs grown on HA disks coated with DGEA or P15 exhibited higher ALP activity
and greater secretion of OCN, as compared MSCs grown on serum-coated HA. This
enhanced osteoblastic activity was observed both in the presence and absence of osteogenic
media, indicating that collagen-derived peptides can stimulate some degree of osteoblastic
differentiation even in the absence of other differentiation-inducing agents. Consistent with
these results, DGEA and P15-coated HA disks implanted into rat tibiae promoted better
bone in-growth and DGEA stimulated greater bone-implant direct contact than unmodified
HA. Collectively these results are in excellent agreement with many other studies
implicating collagen and collagen-derived peptides in osteogenesis. In particular, the P15
peptide has been extensively studied, and has been used for many clinical applications. P15-
coated anorganic bovine mineral (ABM), used for periodontal defects, has been shown to

Biomaterials. Author manuscript; available in PMC 2013 June 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hennessy et al.

Page 10

increase bone regeneration at dental implant sites in humans [51-58]. In addition, in a side-
by-side comparison study, P15-coated ABM performed better than open flab debridement
[56, 57], Puros, a form of allograft, [58] and C-Graft 228, a calcified biomaterial derived
from algae [58]. Finally, P15-coated ABM has been successfully used in maxillary sinus
augmentation to induce bone growth [59].

Collagen I and HA are the two principal components of native bone, and therefore HA
biomaterials modified with collagen-derived peptides represent a matrix that mimics the
endogenous surface that MSCs would likely encounter /in vivo. Both HA [60-62] and
collagen 1 [26, 29, 50] have been reported to enhance osteoblastic differentiation of MSCs,
and composite biomaterials encompassing collagen I and calcium phosphates including HA
and tri-calcium phosphate have been shown to significantly increase osteoblastic
differentiation [63, 64] and bony ingrowth [63, 65]. In the aggregate, these studies indicate a
promising role for collagen-related biomaterials in bone regeneration. However there are
some concerns regarding the use of collagen I. Collagen I can be immunogenic in some
instances, and has the potential to transmit pathogens when xenografted. These obstacles
could theoretically be circumvented by using collagen-derived peptides such as DGEA and
P15. As well, synthetic peptides are significantly less expensive to produce than native
collagen I, providing a more cost-effective strategy for optimizing biomaterials used for
bone repair.

Beyond identifying collagen-derived peptides as a promising substrate for enhancing HA
bioactivity, our study is noteworthy because it highlights the importance of considering
endogenous processes such as protein adsorption when evaluating cell responses to
biomaterials. In our studies, we modeled protein adsorption by coating HA with either
serum, or implanting disks for 30 minutes into tibial osteotomies to allow protein adsorption
from the bone microenvironment. We recognize that this is an approximation of initial
events at the implant site, and that other factors undoubtedly influence the characteristics of
material surfaces presented to endogenous MSCs. For example, it is possible that protein-
adsorbed material surfaces might be remodeled by other cells within the wound site (e.g.,
blood cells) prior to the arrival of MSCs. Nonetheless, it is important to note that our /n vitro
studies incorporating a protein adsorption modeling step are far more predictive of /n vivo
biomaterial performance than studies comparing peptide-modified HA with uncoated HA
(the latter being the standard approach for evaluating adhesive peptides in vitro). For
instance, when compared with unmodified HA (i.e., no protein adsorption), HA substrates
coated with RGD, DGEA or P15 significantly increase MSC adhesion [14, 31, 49, 66, 67],
suggesting that all of these integrin-binding peptides would enhance implant integration.
However, our studies of HA disks implanted into rat tibiae clearly show that RGD inhibits,
whereas DGEA and P15 stimulate, the amount of new bone deposited around HA implants.
These /n vivoresults are, in fact, very consistent with /n vitro studies incorporating a protein
adsorption step. Our current working model (Figure 8) is that RGD competes with adsorbed
proteins for integrin receptors, and thereby elicits diminished overall integrin signaling,
whereas DGEA and P15 enhance integrin signaling from the cell surface by binding integrin
receptors that are distinct from those that would be bound by endogenous adsorbed proteins.

Conclusions

When compared with unmodified HA substrates, MSCs adhere significantly better to HA
surfaces coated with RGD, DGEA and P15, consistent with the known role of these peptides
as integrin-binding attachment factors. However, as HA is a highly adsorptive biomaterial, it
is unlikely that cells would ever encounter an HA surface in the absence of an adsorbed
protein layer. Our prior and current studies show that, when presented within the context of
adsorbed adhesion proteins, the collagen-derived peptides, DGEA and P15, enhance the
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seointegration of HA implants, whereas RGD is strongly detrimental. Our results further
ggest that the beneficial effects of DGEA and P15 are due to the role of these peptides as

differentiation, rather than adhesive, factors.
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Figure 1. DGEA and P15 increase cell adhesion and cell spreading on HA

A) MSC:s labeled with Cell Tracker dye were allowed to adhere for 1 hour to HA disks pre-
coated with collagen | (Col 1), DGEA, P15 or GFOGER. The adherent cells were
subsequently lysed and adhesion was quantified by measuring fluorescence. Values were
folded to uncoated HA (dotted line) (*=p<0.05 to uncoated HA). B) Representative images
of MSCs allowed to adhere for 1 hour to collagen | (Col 1), DGEA, P15 or GFOGER-coated
HA. Cells were labeled with Alexa-488 phalloidin (Cell Signaling Technologies).
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Figure 2. DGEA and P15 do not inhibit cell adhesion when presented in the context of adsor bed
serum proteins
A) HA disks were coated with collagen | (Col 1), DGEA, P15, RGD or RGE followed by an

over-coating with serum (FBS) to allow protein adsorption. As a control, some disks were
coated with FBS only. Fluorescently-labeled MSCs were then seeded onto the disks and
monitored for cell adhesion as previously described. Values were folded to uncoated HA
(dotted line) (*=p<0.05 to FBS). B) Representative images of Alexa-488 phalloidin stained
MSCs adherent to HA disks coated with FBS alone or to disks coated first with either
collagen I (Col 1), DGEA, P15, RGD or RGE, followed by an FBS over-coating.
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Figure 3. DGEA and P15 do not inhibit cell adhesion when presented in the context of adsor bed
proteins from thetibial microenvironment

A) HA disks were either left uncoated (UNC, panels 1-2) or coated with DGEA (panels 3-4)
or P15 (panels 5-6). The disks were then implanted into the rat tibiae for 30 minutes to allow
protein adsorption, retrieved, and washed extensively with PBS. MSCs were seeded onto the
surfaces, and allowed to adhere for 1 hour. Cells were then fixed and labeled with Alexa-488
phalloidin (1,3,5) and DAPI (2,4,6). Representative images are shown. B) Adherent cells
were quantified by counting cells from multiple microscopic fields from 5 separate implants
per group. Data are reported as fold to the uncoated HA implants. No significant difference
was observed in the number of adherent cells for the 3 surface treatments.
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Figure 4. DGEA and P15 pre-coatings do not affect protein adsor ption from serum or thetibial
microenvironment

A) Representative western blots of FN and VN desorbed from disks coated with either FBS
alone, or with DGEA or P15, followed by FBS. B) Western blots of FN, VN and Fbg
desorbed from uncoated, DGEA-coated or P15-coated, HA disks implanted for 30 minutes
into rat tibiae.
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Figure 5. DGEA and P15 increase osteoblastic markersin the presence of osteogenic media

A) MSCs were seeded onto disks coated with FBS alone, or on disks sequentially coated
with either DGEA/FBS or P15/FBS. Cells were allowed to grow in osteogenic media (OS
media) for 2 weeks. A representative image of an alkaline phosphatase (ALP) activity assay
is shown. B) MSCs adherent to peptide/protein-coated disks were grown in OS media for 2
weeks as previously described. As a control, some cells were grown on FBS-coated disks in
growth media rather than OS media. Following a 2-week incubation in either OS or growth
media, culture supernatants were collected and evaluated for osteocalcin (OCN) secretion by
ELISA. Values are reported as fold to the samples incubated in growth media (*=p<0.05
relative to FBS samples in growth media and t=p<0.05 relative to FBS in OS media).
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Figure 6. DGEA and P15 increase osteogenic markersin the absence of osteogenic media

A) Representative image of an alkaline phosphatase activity assay for MSCs incubated in
growth media on HA disks pre-coated with FBS, DGEA/FBS, or P15/FBS. B)
Quantification of osteocalcin (OCN) secretion from samples incubated in standard growth
media for two weeks. (*=p<0.05 to FBS).
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Figure 7. DGEA and P15 increase bone formation around HA implants

A) Representative images of Goldner's Trichrome-stained sections from tibiae implanted
with uncoated (UNC), DGEA-coated, or P15-coated, HA disks. B) Quantification of the
amount of new bone formed (black bars) and the amount of bone directly contacting the
implant perimeter (white bars) around uncoated (UNC), DGEA-coated or P15-coated
implants (*=p<0.05 to UNC)
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Figure 8. Model describing the effects of integrin-binding peptides on osseointegration of HA

implants

A) Integrin activation by adsorbed proteins, such as FN and VN, plays a key role in MSC
adhesion, survival and osteoblastic differentiation. When RGD is present on the HA surface,
we hypothesize that integrins such as av3 bind the RGD rather than full-length FN or VN,
leading to poor cell adhesion and survival. Collagen-binding integrins such as a21 would
not likely be engaged with ligand, given that minimal amounts of collagen | would adsorb to
the HA surface from blood (given that fibrillar collagen I is not abundant in blood). The
combination of weak signaling from RGD-dependent integrins (e.g. avp3, a5p1, allbp3),
and a lack of signaling from collagen-selective integrins, is proposed to contribute to poor
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implant integration. B) Conversely, the presence of either DGEA or P15 on the HA surface
provides a ligand for collagen-selective integrins that, upon activation, initiate signaling
mechanisms promoting osteoblastic differentiation. As well, RGD-dependent integrins
would engage the native FN, VN or Fbg adsorbed from blood, resulting in strong adhesive
and survival signaling. Collectively, signaling from these multiple integrin species is
hypothesized to enhance osseointegration of HA biomaterials.
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