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a b s t r a c t

In this study, we report the use of surface immobilized peptide concentration gradient technology to
characterize MC3T3-E1 osteoblast cell response to osteogenic growth peptide (OGP), a small peptide
found naturally in human serum at mmol/L concentrations. OGP was coupled to oxidized self assembled
monolayer (SAM) gradients by a polyethylene oxide (PEO) linker using click chemistry. After 4 h incu-
bation with MC3T3-E1 cells, OGP functionalized surfaces had higher cell attachment at low peptide
concentrations compared to control gradients. By day 3, OGP gradient substrates had higher cell densities
compared to control gradients at all concentrations. MC3T3-E1 cell doubling time was 35% faster on OGP
substrates relative to SAM gradients alone, signifying an appreciable increase in cell proliferation. This
increase in cell proliferation, or decrease in doubling time, due to OGP peptide was reduced by day 7.
Hence, immobilized OGP increased cell proliferation from 0 days to 3 days at all densities indicating it
may be useful as a proliferative peptide that can be used in tissue engineering substrates.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past 15 years, significant efforts have focused on the
development of biomimetic surfaces to stimulate tissue regenera-
tion for treatment of bone defects. The aim of this research is to
develop a biomimetic environment to induce one or more of the
three stages of bone regeneration: cell proliferation, matrix matu-
ration, and mineralization. However, rational development of
microenvironments that promote cell proliferation and matrix
mineralization requires an in depth understanding of complex cell–
material interactions [1,2]. While many of the individual compo-
nents and steps in the osteogenic processes have been identified,
more research is needed to identify favorable spatial arrangements
and density of immobilized bioactive ligand, such as growth factors
and extracellular matrix (ECM) proteins that encourage cell
proliferation and expression of matrix proteins [3,4].

One such ligand is osteogenic growth peptide (OGP), a short,
naturally occurring 14-mer growth factor peptide found in serum at
mmol/L concentrations [5,6]. As a soluble peptide, OGP regulates
proliferation, differentiation, and matrix mineralization in osteoblast
lineage cells [6,7]. The active portion of OGP, the OGP(10-14) region,
cience, University of Akron,
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is cleaved from the peptide and binds to the OGP receptor which
activates the MAP kinase, the Src, and the RhoA pathways [8–10].
Activation of the MAP kinase pathway typically triggers increased
mitogenic activity [11]. Src and RhoA pathways regulate the auto-
crine expression of endogenous OGP from osteoblast lineage cells
[9]. When administered intravenously to animals, OGP and OGP(10-
14) promote increased bone density and stimulate healing suggest-
ing a potential use in bone tissue engineering applications [12].

Previous studies have demonstrated sensitivity of osteoblast
lineage cells to changes in exogenous concentrations of OGP.
Biphasic dependences have been observed in cell proliferation
relative to OGP concentration due to the auto-regulation of
endogenous OGP by the cells [6,8]. Studies investigating soluble
OGP found that there is an optimal concentration (10�6 mmol/L to
10�7 mmol/L) of OGP needed to increase cell proliferation of osteo-
blast lineage cells [6,13]. In these studies the proliferative effect was
observed after 48–72 h incubation with OGP.

For most tissue engineering applications, immobilized OGP is
more practical than soluble OGP for maintaining tight spatial
proximity with the cells at the wound site for extended periods of
time. To date, only a few groups have examined the effectiveness of
OGP incorporated into tissue engineered scaffolds. In these studies,
OGP was incorporated into peptide nanofiber scaffolds or PLGA gels
[14,15] and both found that OGP increased cell density compared to
control substrates, demonstrating OGP use as an immobilized
peptide. However, neither of these groups was able to determine
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the density of immobilized OGP in the substrate, what fraction was
bio-available or the effect that the immobilized OGP concentration
had on the cell response.

Numerous strategies have been reported for the covalent
attachment of peptides to surfaces [16]. These include more tradi-
tional amidation and esterification reactions but challenges asso-
ciated with regiospecificity have led to new chemistries that are
orthogonal to the functional groups found in naturally occurring
amino acids. Orthogonal chemistries which broadly fall under the
heading of click reactions are particularly useful for immobilizing
peptides and have become increasingly powerful in biological
chemistry due to broad utility in aqueous solution [17]. Immobili-
zation strategies have included cycloaddition reactions especially
Diels–Alder [18], 1,3-dipolar cycloaddition reactions, [19] and
carbonyl chemistry including the formation of thioureas,[20] and
oxime [21] ethers, among others.

We hypothesized that osteoblast lineage cells are sensitive to
immobilized OGP concentration, therefore we have utilized a plat-
form technology which affords a peptide concentration gradient of
immobilized OGP [19]. These click functionalized universal
substrates have been used previously to characterize RGD peptide
interaction with smooth muscle cells. Using the gradients, it was
determined that cell adhesion and cell spread area were influenced
by the density of immobilized RGD peptide [19]. In this study,
universal substrates were used to explore the effect of immobilized
OGP and OGP(10-14) densities on pre-osteoblast cell adhesion,
morphology, and proliferation.

2. Materials and methods

2.1. Materials1

Unless listed otherwise, all solvents and reagents were purchased from Sigma–
Aldrich (St. Louis, MO) and used as received. Fmoc-protected amino acids and pre-
loaded Wang-resins were purchased from Novabiochem (San Diego, CA). Alpha
minimum essential medium (aMEM) and ultra culture media were purchased from
Lonza; all other cell culture reagents were purchased from Invitrogen Corp. All
reagents were used as-received.

2.2. Azo-peptide synthesis

OGP (Br-ALKRQGRTLYGFGG) and OGP(10-14) (Br-YGFGG) were synthesized
with an Apex 396 peptide synthesizer (Aapptec, Louisville, KY) using standard solid
phase FMOC chemistry. Bromohexanoic acid was coupled to the N-terminus of
each peptide during synthesis. Peptides were cleaved from resin using standard
conditions (2 h, 95% trifluoroacetic acid (TFA), 5% Triisopropylsilane (TIPS), 5%
water (by volume)) and precipitated in diethyl ether. Following two trituration
cycles, the peptides were dialyzed in deionized water (molecular weight (MW)
cutoff 100 g/mol, cellulose membrane, Pierce), and molecular weight was verified
with matrix assisted laser desorption ionization – time of flight (MALDI-TOF).
(MW (OGP)¼ 1625.87 g/mol, MW (OGP(10-14))¼ 601.65 g/mol).

Br terminated peptides were derivatized with sodium azide (1:5 molar ratio)
and 18-crown-6 (mmol) in dimethylsulfoxide (DMSO) at 50 �C overnight. Product
was vacuum dried, dialyzed against water (MW cutoff 100 g/mol, cellulose ester)
(Pierce), and lyophilized. Product was verified with MALDI-TOF. (MW
(OGP)¼ 1662.87 g/mol, MW (OGP(10-14))¼ 638.65 g/mol).

2.3. Preparation of bifunctional polyethylene oxide (PEO) linker

2,20-(Ethylenedioxy)bis(ethylamine) (5.00 g, 4.94 mL, 3.37�10�2 mol) was
dissolved in 250 mL 1,4 dioxane and 50 mL of pyridine. Glycidyl propargyl ether
(4.16 g, 4.00 mL, 3.71�10�2 mol) was added dropwise to the solution over a 1 h
period at ambient temperature. The mixture was left to stir for 24 h. Deionized water
(200 mL) was added to the solution and the solution was extracted 3 times in 100 mL
of dichloromethane (DCM). The combined DCM extractions were dried overnight
with MgSO4 and concentrated.
1 Certain equipment, instruments or materials are identified in this paper in
order to adequately specify the experimental details. Such identification does not
imply recommendation by the National Institute of Standards and Technology nor
does it imply the materials are necessarily the best available for the purpose.
2.4. Gradient fabrication

Glass coverslips (24 mm� 60 mm) were ultraviolet ozone (UVO) treated for
30 min, rinsed with ethanol, and dried with nitrogen gas. Octyldimethylchlorosilane
(ODMS) self assembled monolayer (SAM) was formed on glass coverslips by vapor
deposition for 48 h. SAM formation was verified by advancing water contact angle
measurements (DSP100, Kruss, Hamburg, Germany). To form the initial gradient,
SAM substrates were treated with increasing exposure times of UVO (90–120 s) over
a 40 mm distance using an automated system described previously [19].

SAM gradient surfaces were reacted with the bifunctional PEO linker as
described previously [19]. SAM gradient surfaces were submerged in 30 mL of DCM,
100 mg of dimethylaminopyridine (DMAP), 1 mL of diisopropylcarbodiimide (DIC),
and 150 mg of the bifunctional linker prepared as described above. Gradient surfaces
were incubated and mixed in this solution for 24 h at 40 �C. Gradients were removed
from the DCM solution, rinsed with methanol twice, and dried with N2 gas yielding
an alkyne derivatized surface. OGP and OGP(10-14) peptides were reacted with the
alkyne gradients to form peptide gradient substrates via click chemistry.

To react peptide with linker gradient substrates, a 30 mL solution of 1:6 DMSO:
water containing Cu(II)SO4 (149.8 mg), sodium ascorbate (237.7 mg), and 5 mg of
peptide was mixed together in a slide chamber. Linker gradient substrates were
submerged in the solution, mixed thoroughly, and incubated for 24 h at 40 �C.
Gradients were rinsed with deionized (DI) water and transferred to a slide chamber
containing ethylenediaminetetraacetic acid (ETDA) (150 mg) in 30 mL of DI water.
The gradients were incubated and mixed in the EDTA solution for 24 h. To block non-
specific interactions, gradient substrates were incubated in 5% Pluronic 78 (by
weight) in water for 24 h. Slides were rinsed with methanol and water and blown
dry with N2 gas. To sterilize gradient substrates for cell culture, gradients were
submerged in 70% ethanol (by volume) in water for 20 min.

2.5. Contact angle measurements

Gradient substrate fabrication was verified by measuring the advancing contact
angle of water and methylene iodide at 5 mm intervals on the surfaces. Using a drop
shape analysis system (DSP 100, Kruss, Germany), 2 mL of water or methylene iodide
were dispensed onto the surface at 25 �C and the contact angle was measured.
Substrate surface energy, the sum of polar and dispersive free energy components,
was determined by solving the equilibrium interfacial interaction equation for both
liquids simultaneously [20]. The standard uncertainty of the contact angle
measurement at each point along the gradient was determined by the standard
deviation between three independent measurements per distance on three samples
prepared under identical conditions.

2.6. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed by a Kratos AXIS Ultra DLS spectrometer.
The X-ray source was monochromated aluminum, scanning over a binding-energy
range of 0–1100 eV with a dwell time of 100 ms. Each spectrum was collected over
a 300 mm� 700 mm sample area. The analyzer pass energy was 40 eV for C1s, N1s,
and O1s scans. Peak areas were fit using a Levenberg–Marquardt algorithm
assuming a linear background. For each gradient substrate fabrication step, the
expected ratios of nitrogen to carbon were determined for a single ODMS molecule.
For any given substrate position the percentage of alkylsilane sites reacted with
peptide was calculated by determining the local ratio of nitrogen to carbon. Finally,
the molar concentration of peptide as a function of substrate position was deter-
mined by assuming an alkylsilane brush density of 437 pmol/cm2 [21].

2.7. Cell culture and characterization

MC3T3-E1 cells (Riken Cell Bank, Hirosaka, Japan) were cultured in a-MEM
media (Lonza) supplemented with 10% (by volume) fetal bovine serum (FBS),
5 mmol/L L-glutamine, 100 units/mL penicillin, and 100 mg/mL streptomycin (PS)
and incubated at 37 �C with 5% CO2. For experiments, cells were seeded on gradient
substrates at 25 cells/mm2 in no serum ultra culture media and incubated for 4 h, 3
days, or 7 days at 37 �C and 5% CO2. For each time point, cells were fixed and per-
meabilized (3.7% (by volume) formaldehyde, 0.5% (by volume) Triton-X, 3% bovine
serum albumin (BSA) in 1� phosphate buffered saline (PBS) for 5 min, followed by
20 min incubation with 3.7% formaldehyde, 3% BSA, in PBS). The nuclei and cell
bodies of fixed cells were stained with Hoechst 33342 (1 mg/mL in PBS, nucleus) and
Texas red C2 maleimide (1 mmol/L dilution in PBS, cell body) for 1 h at 37 �C.
Substrates were mounted onto glass slides with gel mount (Fisher Scientific).

Cell density, area, aspect ratio, and roundness were determined by automated
fluorescence microscopy with a Leica DMR 1200 upright microscope equipped with
a computer-controlled translation stage (Vashaw Scientific, Inc. Frederick, MD).
Image Pro software (Media Cybernetics, Silver Spring, MD) controlled the stage and
image acquisition. Gradients were imaged in a 5� 20 grid, where 5 images were
collected perpendicular to the gradient every 2 mm. Two fluorescent images were
collected at each position, 360 nm excitation/470 nm emission and 560 nm excita-
tion/645 nm emission. The 560 nm excitation images captured Texas red maleimide
stain and were used to determine cell area, aspect ratio, and roundness. The 360 nm



Table 1
Primers used for real-time RT-PCR.

Gene Protein Left primer (50–30) Right primer (50–30)

18 S Ribosomal subunit AGCGACCAAAGGAACCATAA CTCCTCCTCCTCCTCTCTCG
Col1a1 Procollagen, type I, alpha 1 CTTCACCTACAGCACCCTTG TTGGTGGTTTTGTATTCGATGA
Runx2 runt related transcription factor 2 ATGCCTCCGCTGTTATGAA AGGTGAAACTCTTGCCTCGT
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excitation images captured the Hoechst stain and were used to determine cell
density. Each captured image had an area of 0.36 mm2. A minimum of 3 gradient
substrates was analyzed per group (n¼ 3). Data sets from every 2 mm intervals were
binned into 4 mm intervals for data analysis.

2.8. Quantitative real-time reverse transcription polymerase chain
reaction (RT-PCR)

MC3T3-E1 cells were cultured in no serum ultra culture media (Lonza) with and
without 10�7 mol/L OGP or OGP(10-14) for 3 days and 7 days. For positive control,
MC3T3-E1 cells were cultured in mineralizing media (aMEM media supplemented
with 10 nmol/L dexamethasone, 20 mmol/L b-glycerolphosphate, 50 mmol/L
L-ascorbic acid) for 3 days and 7 days. Cells were lysed with lysis buffer supplied in the
RNeasy Mini Kit (Qiagen, Valencia, CA). Cell lysates were homogenized with
a QIAshredder spin column (Qiagen), and RNA was harvested with the RNeasy Mini
Kit and protocol (Qiagen). The isolated total RNA was quantified by absorbance at
260 nm using a Nanodrop Spectrophotometer (ND-1000, Thermo Fisher Scientific,
Waltham, MA). Quantitative real-time RT-PCR was carried out on an iCycler (Biorad,
Hercules, CA) using the QuantiTect SYBR Green RT-PCR kit and protocol. For each
reaction, 200 ng of RNA template was used. Primers are listed in Table 1. The 18 S
ribosomal subunit served as the internal reference. The thermal protocol consisted of
reverse transcription at 50 �C for 30 min, activation at 95 �C for 15 min, and 50
amplification cycles (denaturation for 30 s at 95 �C, annealing for 1.5 min at 58 �C, and
extension for 2 min at 72 �C). A melt curve, increasing in 1 �C temperature increments
Fig. 1. Reaction scheme for coupling OGP peptide to UV oxidized SAM gradient substrates
terminated SAM by coupling a difunctional PEG linker to the carboxylic acid group. (C) An az
by triazole cycloaddition. DMAP: 4-methylaminopyridine; DIC: diisopropylcarbodiimide; D
from 50 �C to 95 �C, was performed following amplification to analyze products
generated. Additionally electrophoresis on 2% (by mass) agarose gels was used to
analyze products. Standards were prepared for each gene as previously described
[22]. Copy number of runx2 and collagen I mRNA was calculated from the threshold
cycle for each sample using a standard curve and normalizing to the 18 S reference.

2.9. Statistics

Statistical analysis was performed using one-way analysis of variance (ANOVA)
and a comparison-wise Tukey test at 95% confidence. Mean values and standard
deviation are reported, unless otherwise noted. The standard deviations of the mean
were used as an estimate for the standard uncertainty associated with each
measurement technique.

3. Results

3.1. Immobilized OGP gradient substrate fabrication

OGP peptide and the C-terminus fragment of the peptide, OGP(10-
14), were coupled to universal substrate gradients for high
throughput analysis of cell response to immobilized peptide
concentration [19]. Substrate gradients were fabricated on an ODMS
via click chemisty. (A) Carboxylic acid terminated SAMs are converted to (B) alkyne
ide terminated OGP peptide is covalently immobilized to the alkyne functionalized SAM
MSO: dimethylsulfoxide; DCM: dichloromethane.



Fig. 2. Surface energy and peptide concentration vary as a function of position across the gradient surface. (A) Advancing water contact angles measured for each step of the
substrate fabrication (B) Surface energies calculated by the advancing contact angles of deionized water and methylene iodide (C) Surface conjugated peptide density determined by
XPS. Error bars reflect standard deviation.
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SAM layer, that was exposed to increasing UVO exposure times
resulting in a linear gradient of oxygen terminated SAM containing
carboxylic acid, alcohols, and aldehyde functional groups. To form
a peptide gradient, carboxylic functional groups (Fig. 1A) were reac-
ted with the amine end of a heterobifunctional PEO linker, resulting in
a linear gradient of alkyne groups (Fig. 1B). Azide terminated OGP or
OGP(10-14) peptides were reacted to the alkyne gradient by click
chemistry (Fig. 1C). The reaction was fast and specific resulting in
consistent fabrication of peptide gradient substrates.
3.2. Gradient substrate characterization

Immobilized peptide gradient substrates were characterized by
both advancing contact angle and XPS during each step in the
fabrication. Advancing water and methylene iodide contact angles
were used to measure the hydrophilicity and surface energy at each
stage in the fabrication process to validate the presence of a gradient
with increasing hydrophilicity and energy over 40 mm. Water
contact angles on substrates at each step in the fabrication (i.e. SAM,
linker, and peptide substrates) decreased 40�–50� over the length of
the substrate (0 mm–40 mm). (Fig. 2A) Surface energies, deter-
mined from both water and methylene iodide advancing contact
angles, increased on average z400 dyne/cm, ranging from
600 dyne/cm to 1400 dyne/cm over the length of the gradient.
(Fig. 2B) Coupling the linker to the SAM gradient increased the
average surface energy at every position on the substrate. Coupling
peptide to the linker gradient increased surface energies further
between 0 mm and 15 mm positions. These advancing contact
angles demonstrate successful fabrication of gradient surfaces.

XPS measurements were performed in addition to contact angle
measurements to verify OGP peptide gradients. XPS measures the
elemental concentrations at each position on the gradient,
providing more information on peptide concentration than contact
angle. Correlation of XPS data to peptide molar concentration
demonstrated that at the hydrophilic end of the scaffold approxi-
mately 40% of the alkylsilanes were reacted with peptide. This
corresponds to a high peptide density of 140 pmol/cm2. The range
of peptide concentration on the substrate ranged from 0 pmol/cm2

to 140 pmol/cm2 (Fig. 2C).
3.3. Effect of immobilized OGP concentration on cell adhesion
and morphology

Cell adhesion and morphology of MC3T3-E1 cells were
measured on OGP and OGP(10-14) functionalized gradient surfaces.
The cells were cultured in serum-free conditions to measure the
direct impact of immobilized peptide on cell adhesion. To quantify
cell adhesion versus peptide density, cells were seeded on gradient
surfaces for 4 h, fixed, stained, and analyzed with automated
microscopy. Analysis of the images demonstrated that at low
peptide density (40 pmol/cm2 to 60 pmol/cm2), OGP functionalized
surfaces had the highest cell density (2980 cell/cm2) compared to
OGP(10-14), PEO linker, and SAM gradient substrates. (Fig. 3A)
Representative images of cells grown on these gradients at
50 pmol/cm2 demonstrate visually the increase in cell adhesion at
low OGP immobilized peptide concentration compared to SAM,
PEO linker, and OGP(10-14) surfaces (Fig. 3B).

At high peptide density (60 pmol/cm2 to 130 pmol/cm2), the
number of cells attached to OGP substrates decreased to an average
of 2400 cells/cm2, and the number of cells on PEO linker substrates
increased to an average 3175 cells/cm2. Cell density at 4 h on
gradients coupled with the active portion of OGP, OGP(10-14), were
similar to the cell density found on SAM gradients at all peptide
concentrations, but did increase slightly with peptide concentra-
tion over the gradient. For all substrates, the number of cells on the
substrates decreased at the end of the gradient (130 pmol/cm2 to
140 pmol/cm2). This decrease is likely due to edge effects on the
gradients during fabrication and is consistent with a decrease in



Fig. 3. Cell adhesion of MC3T3-E1 cells on OGP gradient substrates at 4 h post-seeding. (A) Density of cells as a function of peptide density on SAM, linker, and peptide gradient
substrates (B) Images of texas red c2 maleimide stained cells on gradients substrates at the 10 mm position (50 pmol/cm2 peptide density). Scale bars represent 100 mm. * indicates
p< 0.05 versus SAM gradient substrates. Error bars reflect standard error of the mean.
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peptide concentration seen by XPS. There were no differences
observed in cell morphology at 4 h between substrates and at
different peptide concentrations (data not shown).

3.4. Effect of immobilized OGP concentration on cell proliferation

Cell density and morphology were also measured on peptide
gradient substrates at day 3 and day 7 using automated microscopy.
For both of these time points, immobilized OGP and immobilized
OGP(10-14) had different effects on cell densities. At day 3, OGP
gradient substrates had significantly higher cell densities compared
to PEO linker gradients at peptide densities 80 pmol/cm2 to
100 pmol/cm2 and compared to SAM gradient surfaces at peptide
densities 25 pmol/cm2 to 120 pmol/cm2. Whereas, immobilized
OGP(10-14) peptide only had higher cell densities compared to the
SAM gradients at 40 pmol/cm2 and averaged lower cells densities
across the gradient compare to the full peptide (Fig. 4A).

By day 7, differences between OGP gradients and SAM control
gradients were no longer observed. The density of MC3T3-E1 cells
on OGP gradients and SAM gradients increased slightly with
increasing hydrophilicity, ranging from 25,000 cells/cm2 to
30,000 cells/cm2 over 35 mm of the gradient. At 30 mm–40 mm
positions, OGP and SAM gradient surfaces had higher cell densities
on the gradients compared to the linker gradients (Fig. 4B). For the
shorter peptide, OGP(10-14), the density of cells on the gradients
did not increase with hydrophilicity and remained fairly constant
across the gradient within error. These results differed greatly from
4 h and day 3 cell density data.

To characterize cell proliferation as a function of immobilized
OGP and OGP(10-14) substrates, the doubling rate of MC3T3-E1 cells
was calculated based on day 3 and day 7 cell density data relative to
the initial cell seeding concentration. Cell doubling rates were
assumed to be constant for each time interval. Immobilized OGP
peptide had an impact on cell doubling rate at day 3. The doubling
rate was independent of immobilized peptide density, but was less
(faster) than the average doubling rates on SAM gradient substrates,
PEO linker gradient substrates, tissue culture polystyrene, and glass.
Even at the closest point, 40 pmol/cm2 to 60 pmol/cm2, the cell



Fig. 4. Cell density as a function of peptide concentration at (A) 3 days and (B) 7 days
post-seeding. * indicates p< 0.05 versus SAM surface. ^ indicated p< 0.05 versus
linker surface. Error bars reflect standard error of the mean.

Fig. 5. Doubling rate of MC3T3-E1 cells on gradient surfaces at (A) day 3 and at the (B)
10 mm position for day 2, 3, and 7. Doubling rate represents the time is takes for cells
to double in number. * indicates p< 0.05 versus SAM surface. Error bars reflect stan-
dard error of the mean.
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doubling time was at least 35% faster on OGP substrates relative to
SAM gradients alone, signifying an increase in cell proliferation.
(Fig. 5A) At day 7 time intervals, the doubling rate for MC3T3-E1
cells was not faster on OGP gradient substrates compared to SAM,
linker, and OGP(10-14) gradients at all concentrations. Hence, the
effect of immobilized OGP peptide on doubling rate of MC3T3-E1
cells was only seen between 0 days and 3 days (Fig. 5B).

3.5. Effect of OGP on gene expression of osteogenic markers

To determine the effect of OGP on gene expression of osteogenic
markers in MC3T3-E1 cells, cells were incubated with soluble OGP
at similar concentrations used for immobilized peptide in cell
adhesion and proliferation experiments, 10�7 mol/L. Increases in
expression of collagen I mRNA, a preliminary indicator of osteogenic
differentiation, were observed in cells treated with OGP and
OGP(10-14) (Fig. 6A). Decreases in runx2, an transcription factor
associated with osteogenic differentiation, was observed in OGP and
OGP(10-14) treated cells which while counter intuitive has been
seen previously [23] (Fig. 6B).

4. Discussion

The development of universal substrate gradients for click
chemistry cycloaddition of multiple types of peptides has provided
a useful platform for exploring the response of cells to immobilized
peptide. This study examined the effect of immobilized OGP and the
short fragment OGP(10-14) peptide on cell adhesion, morphology
and proliferation. Fabrication of the OGP peptide gradients was
verified with XPS and contact angle measurements. The results
demonstrated reproducible fabrication of linear OGP peptide gradi-
ents ranging from 0 pmol/cm2 to 140 pmol/cm2. The effects of soluble
OGP on osteoblast lineage cells has previously been observed in the
range from 10�14 mol/L to 10�7 mol/L in a biphasic response [6]. The
spatial densities of OGP on the substrates fall into this critical range
when converted to molar concentrations. Interestingly, previous
studies with epidermal growth factor (EGF) have demonstrated that
a much smaller concentration of growth factor is required when the
growth factor is tethered to the surface rather than soluble in media
to induce similar cell response [24]. Hence, it is advantageous to cover
a wide range of peptide densities when the bioactive surfaces
concentration conditions of immobilized ligand is unknown.

Adhesion of cells to substrates is important for viability and
proliferation. As OGP has not been shown to affect adhesion, it was
expected that immobilized OGP would not influence the adhesion of
MC3T3-E1 cells and that cell adhesion would depend largely on
surface energy. Previous studies have demonstrated an increase in



Fig. 6. OGP and OGP(10-14) peptides increased collagen I expression at 7 days post-
seeding and did not affect Runx2 expression compared to media control. Real-time RT-
PCR was performed on MC3T3-E1 cells grown for 3 and 7 days in the presence of
10�7 mol/L OGP or OGP(10-14). 18 S was amplified as a loading control. (A) Analysis of
collagen I RNA copy number and (B) Runx2 copy number. * indicates p< 0.05 between
day 3 and day 7.
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cell adhesion with increases in hydrophilicity [19]. However, we
found that cell adhesion at 4 h was dependent on OGP peptide
concentration and not just on surface energy. Cell adhesion was
higher at low peptide concentrations than at higher peptide
concentrations. Typically, cell adhesion is regulated through specific
integrin receptor interactions and less specific proteoglycan inter-
actions [25]. Because OGP peptide does not contain a known adhe-
sion promoting sequence, such as RGD, which associates with
integrin receptors, it is assumed that increased cell adhesion in this
region was initiated through non-specific interactions with proteo-
glycans. OGP peptide has a net positive charge which suggests it
might interact electrostatically to negatively charged proteoglycans.
The lower concentration of OGP may increase the peptide availability
for interacting with the proteoglycans and therefore promote
increased cell adhesion. Further, it seems OGP dependent adhesion
does not stimulate cell spreading as we did not observe changes in
cell spreading of MC3T3-E1 cells on the gradients.

Cell proliferation is the first stage in regeneration of bone tissue
and therefore a key step for focus in the analysis of cell–material
interactions. The proliferative stage typically occurs during the first 4
weeks of regeneration and is needed to establish a layer of cells for
matrix maturation to begin [26]. In this study, cell proliferation was
determined based on cell density at various time points and the
doubling rate was calculated from these density values assuming
a constant rate. The results demonstrated that MC3T3-E1 cells
seeded on immobilized OGP had faster doubling rates than cells
seeded on control surfaces at 3 days, indicating that immobilized
OGP may increase cell proliferation early in the regenerative process.
At 7 days, the effect of immobilized OGP on cell proliferation was no
longer seen. This is consistent with the model for the developmental
pattern of osteoblasts. In osteoblast development, the proliferative
phase slows as the expression of cell cycle and cell growth regulated
genes are down-regulated and genes associated with maturation of
the osteoblast phenotype are upregulated [26]. Decreases in cell
proliferation at 7 days on OGP substrates can indicate transition from
the proliferative phase to the maturation phase.

Similar to soluble OGP, immobilized OGP increased cell prolif-
eration of osteoblast lineage cells, but the results demonstrated that
increases in cell proliferation were independent of immobilized
OGP concentration. This result is very different from the biphasic
response of cell proliferation observed with different soluble OGP
concentrations [6]. This difference observed between soluble and
immobilized OGP may be due to two reasons. First, immobilized
OGP may only be active when the (10-14) region is cleaved from the
substrate surface. Studies have shown that the OGP(10-14) portion
is the active region of the peptide that interacts with the cell surface
[7]. If cleaved from the substrate, OGP(10-14) peptide will be
soluble, subjecting all cells on the gradient to similar OGP(10-14)
concentrations. And interestingly, immobilized OGP(10-14), which
is not able to be cleaved from the surface, had a lower impact on cell
proliferation compared to the full peptide suggesting that the active
region does need to be cleaved from the substrate to enhance cell
proliferation.

Second, it is known that soluble OGP increases cell prolifera-
tion in a biphasic dependent manner, that is indicative of an
autocrine/paracrine mode of regulation [6]. In previous studies,
the presence of suboptimal and optimal levels of exogenous
soluble OGP triggers a 2-fold–5-fold increase in endogenous OGP
expressed from osteoblast lineage cells [8]. For immobilized OGP
gradient substrates, the effect of immobilized OGP concentration
may be overwhelmed by the concentration of soluble endogenous
OGP expressed from the cells over time. The expression of soluble
OGP from the cells in addition to cleavage of the active OGP region
from the substrate makes it difficult to relate immobilized
concentration to cell proliferation over time.

For tissue engineering applications, immobilization of growth
factors or peptides on tissue engineered substrates is advantageous
for promotion of viability, proliferation, and differentiation. The
activity of immobilized growth factors and growth factor peptides
has been studied previously for epidermal growth factor (EGF),
nerve growth factor (NGF), bone morphogenic protein (BMP-2),
transforming growth factor (TGF), Sonic hedgehog, and vascular
endothelial growth factor (VEGF) [24,27–34]. Typically, bioactivity
of immobilized growth factors is longer than that of untethered
growth factors, because the growth factors remain in close prox-
imity with cells for longer periods of time when used in vivo [35].
However, this may not be the case for immobilized OGP due to
cleavage of the active region and endogenous OGP expression from
the cells. Overall, the effect of immobilized OGP is short compared
to other immobilized growth factors used in previous literature.

Finally, gene expression of cells on substrate surfaces is typically
a good indicator for cell differentiation. Because it is assumed that
active OGP is soluble in solution, we measured the gene expression
in MC3T3-E1 cells in the presence of soluble OGP at concentrations
similar to immobilized OGP on gradient substrates studied. From
day 3 to day 7 there was a 10-fold increase in collagen I expression
in MC3T3-E1 cells treated with OGP and OGP(10-14), indicating
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that the cells are beginning to increase matrix protein expression
for the initial stages of bone mineralization [26]. Additionally, there
was a decrease in Runx2 mRNA expression which is consistent with
previous analysis of mRNA expression of MC3T3-E1 cells during
osteoblast differentiation [23]. Both of these expression levels
indicate a transition of MC3T3-E1 cells from proliferative phase to
matrix maturation from day 3 to day 7.
5. Conclusions

The fabrication of peptide gradient surfaces with click chemistry
enabled the characterization of osteoblast response to a wide
variation of peptide concentrations on a single substrate. We
further demonstrated that the OGP retained its bioactivity when
tethered to the substrate. Immobilized OGP increased cell prolif-
eration from 0 to 3 days at all densities indicating it may be useful
as a proliferative peptide in future engineered tissue substrates. In
addition, the tethered 10-14 OGP fragment also appeared to stim-
ulate proliferation which suggests that the activation sequence is
located on the cell surface.
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