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Abstract
Implant osseointegration is a prerequisite for clinical success in orthopaedic and dental applications,
many of which are restricted by loosening. Biomaterial surface modification approaches, including
calcium-phosphate ceramic coatings and macro/microporosity, have had limited success in
promoting integration. To improve osseointegration, titanium surfaces were coated with the
GFOGER collagen-mimetic peptide, selectively promoting α2β1 integrin binding, a crucial event for
osteoblastic differentiation. Titanium surfaces presenting GFOGER triggered osteoblastic
differentiation and mineral deposition in bone marrow stromal cells, leading to enhanced osteoblastic
function compared to unmodified titanium. Furthermore, this integrin-targeted coating significantly
improved in vivo peri-implant bone regeneration and osseointegration, as characterized by bone-
implant contact and mechanical fixation, compared to untreated titanium in a rat cortical bone-
implant model. GFOGER-modified implants also significantly enhanced osseointegration compared
to surfaces modified with full-length type I collagen, highlighting the importance of presenting
specific biofunctional domains within the native ligand. In addition, this biomimetic implant coating
is generated using a simple, single-step procedure that readily translates to a clinical environment
with minimal processing and cytotoxicity concerns. Therefore, this study establishes a biologically
active and clinically relevant implant coating strategy that enhances bone repair and orthopaedic
implant integration.
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INTRODUCTION
Biomaterial surface properties regulate cellular and host responses to implanted devices,
biological integration of biomedical prostheses and tissue-engineered constructs, and the
performance of biotechnological arrays and cell culture supports [1-4]. Upon implantation,
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synthetic materials elicit an inflammatory response that results in a foreign body reaction and
fibrous encapsulation [1]. The foreign body reaction severely limits device integration and in
vivo performance of numerous biomedical devices, including chemical biosensors, electrical
leads/electrodes, therapeutic delivery systems, and orthopaedic and cardiovascular prostheses.
Extensive efforts have concentrated on surface treatments and coatings to improve host tissue-
implant integration. For instance, current orthopaedic and dental implant surface technologies
focus on micro/macroporous coatings for bone ingrowth and calcium-phosphate ceramic
coatings to promote integration with the surrounding bone [5,6]. However, while these
approaches are generally successful, they are restricted by slow rates of osseointegration and
poor mechanical anchorage in challenging clinical cases, such as those associated with large
bone loss and poor bone quality [7,8].

Recent surface modification approaches to improve bone formation and osseointegration
center on the immobilization of extracellular matrix components, including cell adhesive
proteins or synthetic peptides derived from matrix molecules such as type I collagen and
fibronectin [9-12]. The rationale for these strategies is that binding of cellular integrin receptors
to these bioactive adhesive motifs activates signaling pathways that promote osteoblastic
differentiation and matrix mineralization [13]. While full-length extracellular matrix proteins
represent attractive targets for functionalizing biomaterial surfaces because of their inherent
bioactivity, these whole-protein strategies are limited by immunogenicity and complexities
associated with purification and processing as well as the risk of pathogen transmission [14].
In addition, native extracellular matrix proteins often have binding sites for other biological
ligands, such as fibrinogen, complement, or von Willebrand factor, which may trigger sub-
optimal healing responses to the implanted biomedical device. To address these limitations,
significant efforts have focused on short synthetic analogs that present the bioadhesive motif.
The most common peptide-based strategy involves the surface deposition of peptides
containing the arginineglycine-aspartic acid (RGD) sequence, which mediates cell attachment
to several matrix proteins, including fibronectin, vitronectin, osteopontin, and bone
sialoprotein. However, these bio-inspired strategies have only yielded marginal increases in
implant osseointegration and mechanical fixation [12,15,16]. An explanation for the
disappointing results with RGD-functionalized implants is that this peptide, while specific for
integrins, lacks selectivity among integrins and therefore triggers non-discriminatory cell
attachment. Therefore, engineering peptides that selectively target integrin signaling cascades
implicated in specific tissue responses, for example osteogenesis, would allow the optimization
of surface coatings for enhanced integration and biological performance.

The α2β1 integrin is highly expressed on osteoblasts and is one of the predominant adhesion
receptors for type I collagen [17]. α2β1 integrin-type I collagen interactions provide crucial
signals for the induction of osteoblastic differentiation and matrix mineralization [18-24]. For
example, α2β1-mediated osteoblast adhesion to type I collagen activates Runx2/Cbfa1 [25], a
transcription factor that regulates osteogenesis. Furthermore, the collagen-α2β1 integrin
interaction induces osteoblastic differentiation in multipotent bone marrow stromal cells [23,
24].

Integrin α2β1 recognizes the glycine-phenylalanine-hydroxyproline-glycine-
glutamatearginine (GFOGER) motif in residues 502-507 of the α1[I] chain of type I collagen
[26,27]. This sequence fully supported α2β1-dependent cell adhesion and exhibited divalent
cation-dependent binding to isolated α2β1 and recombinant α2 I-domain. Importantly,
recognition of this sequence is entirely dependent upon the presence of a triple helical
conformation, emphasizing the crucial role of collagen's tertiary structure in α2β1 integrin
binding [28]. In the present analysis, we generated biomaterial coatings presenting a triple-
helical, collagen-mimetic GFOGER peptide. We hypothesized that coating titanium implants
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with this peptide enhances peri-implant bone formation and mechanical osseointegration, thus
providing a simple, clinically relevant strategy for improving implant osseointegration.

METHODS
Cell isolation and culture

Primary bone marrow stromal cells were harvested from the long bones of young adult male
Wistar rats in accordance with an IACUC-approved protocol [29]. After excision, hindleg
femora and tibiae were cleared of soft tissue and rinsed in growth medium (α-minimal essential
medium supplemented with 10% fetal bovine serum, 1% penicillin–streptomycin, and 0.3 μg/
ml amphotericin B). The ends of the bones were removed and the marrow space was flushed
with culture medium (3-5 ml), using a syringe with an 18-gauge needle. Marrow isolates were
pooled, centrifuged, resuspended in growth medium, and seeded for adhesion-dependent
selection on tissue culture polystyrene dishes. Non-adherent hematopoietic cells were removed
during subsequent medium exchanges, which occurred every other day. Cells were subcultured
every two days according to standard techniques. For in vitro osteogenic assays, cells were
seeded at 10,000 cells/cm2 in growth medium. After 24 h, cultures were maintained in
osteogenic medium consisting of growth medium supplemented with 50 μg/ml L-ascorbic acid
and 3 mM sodium β-glycerophosphate.

GFOGER peptide surface coating
The peptide GGYGGGPC(GPP)5GFOGER(GPP)5GPC [O=hydroxyproline] was prepared by
the Emory University Microchemical Facility using solid phase t-Boc synthesis [30]. For in
vitro assays, glass chamber slides (16-well Lab-Tek Chamber Slides, Nalge Nunc) or tissue
culture-treated polystyrene dishes were coated with 300 Ǻ of pure titanium using an electron
beam evaporator at a chamber base pressure between 1-2 × 10−6 torr with a deposition rate of
1.5 Å/second. The GFOGER peptide was diluted to 20 μg/ml in Dulbecco's phosphate-buffered
saline (PBS) and incubated on the titanium surfaces for 1 h at 22°C. Surface density
measurements were obtained by surface plasmon resonance using a Biacore X instrument
[31].

Cell adhesion assay
Cell adhesion to functionalized and untreated titanium surfaces was measured using a
centrifugation assay that applies controlled detachment forces [32]. Titanium-coated glass
chamber slide wells were reassembled using a silicone-based adhesive and coated with 20 μg/
ml GFOGER peptide or 20 μg/ml GRGDSPC peptide (BACHEM). Control titanium slides
were coated with 10% fetal bovine serum (to model serum protein adsorption) or blocking
buffer (5% non-fat dry milk in PBS to produce a non-adhesive support). Stromal cells were
loaded with the fluorescent dye calcein-AM (2 μg/ml, Molecular Probes), detached using
trypsin + EDTA, and resuspended serum-free in PBS with 2 mM dextrose. Cells were seeded
onto the substrates (10,000 cells/well) for 1 h at 37°C. For blocking experiments, cells were
incubated in the presence of 20 μg/ml anti-rat α2 antibody (hamster anti-rat CD49b monoclonal
antibody, clone Ha1/29, BD Pharmingen) or 20 μg/ml anti-rat αv antibody (mouse anti-rat
integrin αv chain monoclonal antibody, clone 21, BD Pharmingen). Isotype control antibodies
had no effect on cell adhesion (data no shown). Initial fluorescence intensity was measured to
quantify the number of adherent cells prior to application of centrifugal force. After filling the
wells with PBS and sealing with transparent adhesive tape, substrates were inverted and spun
at a fixed speed in a centrifuge to apply a centrifugal force corresponding to 12g. After
centrifugation, media was exchanged and fluorescence intensity was read to measure remaining
adherent cells. For each well, adherent cell fraction was calculated as the ratio of post-spin to
pre-spin fluorescence readings.
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Osteoblast-specific gene expression
Gene expression was analyzed by qRT-PCR. Total RNA was isolated at 7 days in culture using
the Qiagen RNeasy RNA isolation kit. During RNA isolation and purification, samples were
treated with DNaseI (27 Kunitz units/sample) for 15 min at room temperature to eliminate any
genomic DNA contamination. The concentration of purified RNA was quantified using a
NanoDrop (NanoDrop Technologies) and 1 μg of total RNA was used to synthesize cDNA
templates by oligo(dT) priming using the Superscript First-Strand cDNA Synthesis System.

Quantitative RT-PCR (qRT-PCR) was performed with the ABI Prism 7700 Sequence
Detection System (Applied Biosystems; 40 cycles; melting for 15 s at 95°C; annealing and
extending for 60 s at 60°C) using SYBR Green DNA intercalating dye. Gene transcript
concentration in the sample cDNA template solutions was quantified by preparing a functional
range of dilutions from an absolute standard for each gene. Linear standard curves were then
generated by plotting the log of the known concentration versus the CT value (the cycle number
at which the fluorescence reached a threshold level). Oligonucleotide primers were designed
using Primer Express software (Applied Biosystems). The following forward and reverse
primers (accession number in parenthesis) were used: Runx2 (NM009820): 5'-
GGCCTTCAAGGTTGTAGCCC-3', 5'-CCCGGCCATGACGGTA-3'; OCN (X04141): 5'-
ACGAGCTAGCGGACCACATT-3', 5'-CCCTAAACGGTGGTGCCATA-3'; BSP (J04215):
5'-TGACGCTGGAAAGTTGGAGTT-3', 5'-GCCTTGCCCTCTGCATGTC-3'.

Alkaline phosphatase (ALP) biochemical activity and calcium incorporation assays
ALP activity was quantified at 7 days in culture using a modification of the Sodek and Berkman
method [33]. Briefly, cells were rinsed with PBS and scraped in cold 50 mM Tris-HCl. After
sonication and centrifugation, the protein concentration was quantified using a Pierce Micro
BCA protein assay kit. Equal amounts of protein (2.5 μg) were added to 60 μg/ml 4-methyl-
umbelliferyl-phosphate fluorescent substrate in diethanolamine buffer (pH 9.5). After a 60 min
incubation at 37°C, the fluorescence was read at an excitation of 360 nm and an emission of
465 nm on an HTS 7000 Plus BioAssay Reader (Perkin Elmer). Enzymatic activity was
standardized using purified calf intestinal alkaline phosphatase.

Calcium content was determined by dissolving mineralized deposits with 1 N acetic acid
overnight. Appropriately diluted sample (25 μl) was added to 300 μl of arsenazo III-containing
Calcium Reagent (Diagnostic Services Ltd). The absorbance of the resulting samples was
measured at 650 nm and compared to a linear standard curve of CaCl2 in 1 N acetic acid.

Implantation procedure
Custom-machined, commercially pure titanium implants were sonicated in de-ionized water
for 20 min to remove surface debris. Implants were then dipped in 4% HF for 30 sec to remove
the existing oxide layer and then incubated in 35% HNO3 for 30 min at 50 °C to regenerate a
new oxide coating. Samples were transferred to 1.8 N NaOH for 1 min to terminate the
oxidation reaction. Implants were then rinsed and boiled in de-ionized water for 1 h. To create
the bioactive coating, the implants were incubated in 20 μg/ml GFOGER peptide or purified
bovine type I collagen solution (Vitrogen-100; Cohesion, Palo Alto) for 1 h. Control titanium
rods were incubated in PBS.

Implantations were conducted in accordance with an IACUC-approved protocol. Both hind
legs of anesthetized, mature Sprague-Dawley male rats (250-350 g) were shaved and scrubbed
with alcohol. The medial aspect of the proximal tibial metaphysis was exposed through an
antero-medial skin incision, leaving the medial collateral ligament intact. Using a saline-cooled
drill, two defects were created in each tibia. Sterile implant rods were press fit into the defects.
Periosteum was mobilized and sutured over the implantation site, and the skin was closed with
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wound clips. Subjects were euthanized after 4 weeks and proximal tibiae were fixed in neutral
buffered formalin for histology or recovered without fixation and maintained in PBS-moistened
gauze for immediate mechanical testing.

Based on power calculations, we estimated that a minimum of eight implants per experimental
group are required to detect differences of 10% in mechanical testing and a minimum of four
implants per experimental group are required for histomorphometry for a total of 11 implants
per experimental group. In this model, each animal receives four implants, two in each tibia.
The sample conditions were distributed according to a randomized block design, in which the
three conditions were randomized according to proximal/distal and left/right tibia placement,
but were constrained into blocks containing one each of the conditions. We used a total of 12
animals with 16 implants per condition (histology [7], mechanical testing [9]). An additional
animal with one implant per condition was included as an extra.

Histomorphometry analyses and mechanical testing
Excised tibiae were fixed in 10% neutral buffered formalin for 1 week. The formalinfixed tibiae
were dehydrated in a graded series of alcohol incubations and then embedded in poly(methyl
methacrylate). Ground sections of 50-80 μm were generated using the Exakt Grinding System.
Two longitudinal ground sections were generated per tibia, each containing two titanium plugs
inserted transverse to the tibia's long axis. Sections were then stained with Sanderson's Rapid
Bone Stain™ and a van Gieson counter stain. Bone-implant contact (BIC) was measured as
the percentage of implant's circumference that was in direct contact with bone tissue.

Implant mechanical fixation to the bone was measured with a pull-out force test using a
biomechanical testing apparatus (EnduraTEC Bose ELF 3200). The ends of each excised tibia
were secured in a custom designed holding apparatus with the exposed head of each implant
facing in the direction of the pull motion and centered along the axis of motion. A 0.014”
diameter piano wire was threaded through the implant head and both wire ends attached firmly
to an 11 lb. INTERFACE load cell. Samples were pre-loaded with 2 N to ensure proper and
identical wire tautness among implants. Tests were performed at a constant force rate of 0.2
N/sec using WINTEST application software. The direction of the pull was parallel to the long
axis of the implant. The pull-out force (N) was the maximum load achieved before failure and
was determined from the recorded load vs. displacement data.

Statistics
Data are reported as mean ± standard error. Results were analyzed by one-way ANOVA using
SYSTAT 8.0 (SPSS). If treatment level differences were determined to be significant, pair-
wise comparisons were performed using Tukey post-hoc test. A 95% confidence level was
considered significant. All of the in vitro assays were performed as two separate experiments
in triplicate.

RESULTS
GFOGER peptide promotes α2β1 integrin-specific cell adhesion to titanium supports

We previously designed a triple-helical, collagen-mimetic peptide [GGYGGGPC
(GPP)5GFOGER(GPP)5GPC] that contains the GFOGER adhesion motif from type I collagen
that is recognized by the α2β1 integrin [30]. Circular dichroism analysis demonstrated that this
peptide adopts a stable triple-helical conformation similar to the native structure of type I
collagen. This collagen-mimetic peptide specifically targets the α2β1 integrin receptor and
promotes density-dependent cell adhesion, focal adhesion kinase signaling, and osteoblastic
differentiation in the MC3T3-E1 immature osteoblast cell line [30,34].
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To reproduce titanium implant surfaces in vitro, polystyrene culture dishes were coated with
a 300 Ǻ titanium layer via electron beam evaporation. The GFOGER peptide was then passively
adsorbed onto the titanium at a concentration of 20 μg/ml, creating the integrin-targeted
bioactive coating. We selected this concentration because it produced a saturated coating of
GFOGER. Surface plasmon resonance spectroscopy revealed a surface density of 123.2 ± 6.2
ng/cm2. Primary rat bone marrow stromal cells were used to validate this surface treatment
strategy in vitro since this heterogeneous population contains osteoprogenitors and human bone
marrow stromal cells are currently used in clinical applications. A centrifugation cell adhesion
assay demonstrated greater stromal cell adhesion on the GFOGER-peptide surfaces compared
to titanium surfaces pre-exposed to linear RGD peptide or 10 % serum (Fig. 1). Because this
adhesion assay is performed under serum-free conditions, the serum-exposed titanium surface
was included to correspond to the untreated titanium surfaces in subsequent in vitro assays
performed in the presence of serum. Control experiments demonstrated no differences in
adhesion between cells plated under serum-free conditions on surfaces pre-exposed to 10%
serum and cells seeded on untreated titanium in the presence of serum. Hence, the untreated
(in the presence of serum) and serum-exposed surfaces are equivalent in terms of cell adhesion.
Cell adhesion to the RGD-treated surface was equivalent to background levels observed on
titanium blocked with non-adhesive proteins, reflecting the inability of this short peptide to
passively adsorb onto titanium. Surface plasmon resonance measurements confirmed that low
levels of RGD passively adsorbed onto titanium (equivalent to detection limit of instrument,
2 ng/cm2; for serum-exposed surfaces, the density of adsorbed biomolecules was 195 ng/
cm2). Importantly, a blocking anti-α2 antibody completely eliminated cell adhesion to
GFOGER-treated surfaces, verifying the peptide's specificity for the α2β1 integrin. However,
this α2β1 blocking antibody had no effect on adhesion to serum-exposed titanium,
demonstrating that stromal cell adhesion to untreated titanium is not mediated by α2β1 integrin.
Since untreated titanium adsorbs abundant RGD-containing serum proteins, such as
vitronectin, adhesion to these surfaces most likely involves the αvβ3 integrin, which recognizes
RGD in a wide variety of proteins and synthetic peptides [35]. Indeed, a function-perturbing
anti-αv antibody had no effect on adhesion to the GFOGER peptide but completely blocked
adhesion above background on the serum-exposed titanium. These results demonstrate that the
bioactive GFOGER peptide specifically targets the α2β1 integrin. These adhesion results also
show that untreated titanium surfaces, which directly adsorb serum proteins, preferentially
engage the αvβ3 integrin. Because GFOGER peptide-coated and control titanium surfaces each
interact with unique integrins, these surfaces may recruit different cell populations at the
implant site and/or have diverse effects on cellular maturation and bone formation in vivo.

GFOGER peptide triggers enhanced osteoblastic differentiation and mineralization
To investigate the osteoblastic differentiation potential of these surfaces, we used qRTPCR to
probe osteoblast-specific gene expression in 7 day cultures of bone marrow stromal cells (Fig.
2). Expression levels of Runx2/Cbfa1, a transcription factor essential for bone formation and
osteoblastic differentiation [36], were elevated on the GFOGER-treated surfaces compared to
untreated titanium (Fig. 2). The upregulation of this key osteoblast-specific transcription factor
demonstrates the ability of the bioactive GFOGER-peptide surface to trigger the transcriptional
machinery necessary for osteoblastic differentiation. To determine whether this pattern of
increased Runx2 gene expression parallels similar increases in the expression of other
osteoblast-specific genes, the transcript levels of osteocalcin and bone sialoprotein were also
examined. For both bone-specific markers, qRT-PCR revealed greater levels of gene
expression on the GFOGER-peptide surfaces compared with untreated titanium (Fig. 2a).
These results indicate that the α2β1 integrin-targeted peptide promotes the expression of
multiple genes specifically associated with a mature osteoblastic phenotype.
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Osteoblastic differentiation is also characterized by the activation of multiple proteins,
including alkaline phosphatase (ALP). The ALP enzyme is often used as a marker for
osteoblastic metabolic activity and an early indicator of osteoblastic differentiation [37]. An
ALP biochemical assay revealed elevated levels of activation on the GFOGER-peptide coating
compared to untreated titanium (Fig. 3A). Because ALP is the enzyme responsible for
hydrolyzing phosphate esters and inducing bone mineralization [37], these results suggest that
this bioactive surface treatment may also be capable of promoting enhanced bone matrix
mineralization.

Matrix mineralization was examined as an in vitro end-point indicator of the osteoblastic
phenotype in the bone marrow stromal cells. Calcium phosphate mineral deposition was
examined after 14 days in culture via calcium content analysis. Cultures on GFOGER-treated
surfaces displayed a three-fold enhancement in calcium-based mineral deposition compared
to untreated titanium (Fig. 3B). This enhanced capacity for mineralization on the GFOGER
peptide-treated surfaces is in excellent agreement with the observed up-regulation in
osteoblast-specific gene expression and ALP activity. These results verify the advantageous
effects of controlled α2β1 integrin-binding on cell function, in this case osteoblastic
differentiation and matrix mineralization.

GFOGER coatings enhance bone formation and osseointegration of orthopaedic implants
To evaluate the performance of the bioactive GFOGER peptide treatment in vivo, we quantified
osseointegration in a rat tibia cortical bone model using quantitative histomorphometry and
pull-out mechanical testing [38]. We designed a cylindrical titanium implant rod with a tapered
stop collar (Fig. 4A). The tapered head ensures that all implants are inserted into the bone at
the same depth, guaranteeing uniform bone contact among treatments. Using a saline-cooled
drill, two defects (2 mm diameter) were created in the medial aspect of the proximal tibial
metaphysis. Implant rods consisting of GFOGER peptide-functionalized, full-length type I
collagen, or untreated (control) titanium were press fit into the cortical defects (Fig. 4B). We
have previously demonstrated that the purified bovine type I collagen used in these experiments
adopts a triple helical conformation in solution and engages the α2β1 integrin. It is included as
a reference surface comparing the GFOGER peptide to the full-length matrix protein.

After four weeks, the rat tibiae were harvested and evaluated for bone apposition by histological
staining and mechanical integration by pull-out testing. Histological sections revealed
substantial and contiguous bone matrix (orange stain) along the periphery of GFOGER-coated
titanium implants (Fig. 4C). Less bone mineral was visible on surfaces treated with full-length
type I collagen, and the adjacent mineral appears more porous. Significantly less mineral
staining was present on untreated titanium and the mineral deposits appear in isolated patches
along the surface of the implants. Image quantification to determine the percentage of the bone-
implant apposition (bone implant contact, BIC) demonstrated a nearly two-fold enhancement
in bone apposition on the GFOGER peptide-coated surfaces compared to untreated titanium
or implants coated with the full-length type I collagen (Fig. 4D). No evidence of foreign body
giant cell persistence or fibrous capsule was observed in any of the histological sections.
Importantly, pull-out mechanical testing indicated significantly higher mechanical fixation of
the GFOGER peptide-functionalized implants compared to type I collagen-coated or untreated
titanium (Fig. 4D). These results demonstrate a greater quantity and continuity of peri-implant
bone formation on the integrin-targeted GFOGER peptide surfaces in vivo as well as enhanced
mechanical integrity and osseointegration. In addition, the biomimetic peptide induced greater
bone formation and apposition than the native full-length extracellular matrix protein coating,
demonstrating the benefit of integrin-target mimetic peptides over whole biomolecules.
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DISCUSSION
This work proposes a specific biomolecular strategy to improve bone regeneration and
osseointegration by exploiting the cell adhesive activity of type I collagen, the most abundant
matrix component in bone. In particular, type I collagen modulates intracellular signal
transduction by binding to the α2β1 integrin, which enhances the expression of the osteoblastic
phenotype [23,39,40]. It also exhibits low immunogenicity and high conformational stability,
making it suitable for implantation applications. However, designing surface treatments using
full-length matrix molecules, such as type I collagen, is often limited by a lack of specificity
for particular integrins and thus exhibit minimal control over cellular responses. In addition,
native matrix proteins often have binding sites for other ligands, which may trigger antagonistic
signaling cascades that may ultimately interfere with desired healing responses. The GFOGER
peptide strategy described in this study targets the α2β1 integrin-ligand interaction that is crucial
for the development and maintenance of the osteoblast phenotype as well as the mineralization
of the extracellular matrix. In vitro assays using bone marrow stromal cells verified that a
GFOGER peptide coating enhances expression of multiple osteoblast-specific genes and
alkaline phosphatase activity when compared to untreated titanium controls. This bioactive
treatment also improved calcification of the extracellular matrix, demonstrating functional
osteoblastic differentiation. Notably, the cortical bone implantation studies revealed greater
bone tissue formation on the surface of GFOGER-treated titanium implants, in terms of both
quantity and connectivity. Most significantly, we have shown that the GFOGER peptide
coating improved the implant's mechanical fixation and functional osseointegration as
determined by a quantitative pull-out test. Faster integration of these GFOGER coated implants
would result in sooner and more reliable loading in a clinical setting, improving device function
and patient outcomes. Not only does this bioactive coating enhance bone formation and implant
integration, but it is also created using a single-step procedure conducted under physiological
conditions, thus eliminating the cytotoxicity and biocompatibility concerns associated with
covalent immobilization methods. As such, this GFOGER peptide surface treatment represents
a simple, clinically relevant approach to improving orthopaedic and dental titanium implant
integration. Due to the fundamental character of receptor-ligand principles and the significance
of cell-collagen interactions in multiple tissues, this material coating strategy may also have
the potential to improve implant integration in non-orthopaedic tissue systems.

CONCLUSION
Titanium surfaces passively coated with the GFOGER collagen-mimetic peptide promoted
integrin α2β1-mediated cell adhesion and osteoblastic differentiation. Moreover, GFOGER
coating significantly enhanced osseointegration of titanium implants in rat cortical bone. This
study establishes a biologically active and clinically relevant implant coating strategy that
enhances bone repair and orthopaedic implant integration.
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Fig. 1.
Cell adhesion is greater on adsorbed GFOGER surfaces than untreated titanium (Ti) and is
specific for the α2β1 integrin. Data represent 1 h serum-free bone marrow stromal cell adhesion
and subsequent centrifugation at 12g for 5 min. Surfaces are adsorbed GFOGER peptide on
Ti, adsorbed linear RGD peptide, adsorbed fetal bovine serum (10% in PBS), and non-adhesive
blocked Ti. Cells were seeded without antibody or in the presence of either anti-α2 or anti-αv
integrin blocking antibodies. ANOVA: p<1E-9; *GFOGER w/o Ab > GFOGER with anti-
α2 (p<6E-6); #serum w/o Ab > serum with anti-αv (p<6E-6).
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Fig. 2.
GFOGER surfaces promote osteoblast-specific gene expression in bone marrow stromal cells.
mRNA transcripts were measured by qRT-PCR for Runx2 transcription factor, osteocalcin
(OCN), and bone sialoprotein (BSP) in rat bone marrow stromal cells seeded for 7 days on
GFOGER surfaces or untreated Ti. Runx2 ANOVA: *GFOGER > Ti (p<0.02); OCN ANOVA:
*GFOGER > Ti (p<0.002); BSP ANOVA: *GFOGER > Ti (p<0.05).
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Fig. 3.
GFOGER surfaces enhance osteoblastic differentiation in bone marrow stromal cell cultures.
(A) Alkaline phosphatase (ALP) activity and (B) matrix calcification in rat bone marrow
stromal cultures compared to untreated titanium (Ti). ALP ANOVA: *GFOGER > Ti (p<0.02);
Ca+2 ANOVA: *GFOGER > Ti (p<2E-4).
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Fig. 4.
GFOGER peptide improves peri-implant bone formation and osseointegration in an in vivo rat
tibia cortical bone implantation model. (A) Schematic diagram of tapered titanium implant.
(B) Low magnification micrograph of implantation site showing implant placement.
Longitudinal ground sections of rat tibiae stained with Sanderson's Rapid Bone Stain™ and
van Gieson counterstain. Cells stain dark to light blue, soft tissue elements stain blue-green,
and bone matrix stains yellow orange to autumn orange. (C) Representative micrographs of
bone formation around titanium implants. GFOGER-coated implants exhibit greater amounts
of newly formed bone at the implant surface compared to collagen-coated or untreated Ti.
(D) Implant osseointegration as determined by bone-implant contact and mechanical fixation.
Bone apposition is measured as the percentage of implant's circumference that is in direct
contact with bone mineral in the histological sections. ANOVA: p<4E-6, *GFOGER > Ti
(p<0.002), †GFOGER > COL (p<0.01), #COL > Ti (p<0.04). GFOGER surfaces demonstrate
greater mechanical integration with the surrounding tissue compared to collagen-coated or
untreated Ti. Osseointegration is measured as the maximum force [N] necessary to dislodge
the implant in a pull-out test. ANOVA: p<9E-7, *GFOGER > Ti (p<0.0009), †GFOGER >
COL (p<0.01).
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