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Abstract

Bone loss occurs as a consequence of a variety of diseases as well as from traumatic injuries, and 

often requires therapeutic intervention. Strategies for repairing and replacing damaged and/or lost 

bone tissue include the use of biomaterials and medical implant devices with and without 

osteoinductive coatings. The soluble growth factor angiopoietin-1 (Ang-1) has been found to 

promote cell adhesion and survival in a range of cell types including cardiac myocytes, endothelial 

cells and fibroblasts through an integrin-dependent mechanism. Furthermore, the short sequence 

QHREDGS has been identified as the integrin-binding sequence of Ang-1 and as a synthetic 

peptide has been found to possess similar integrin-dependent effects as Ang-1 in the 

aforementioned cell types. Integrins have been implicated in osteoblast differentiation and bone 

mineralization, processes critical to bone regeneration. By binding integrins on the osteoblast 

surface, QHREDGS could promote cell survival and adhesion, as well as conceivably osteoblast 

differentiation and bone mineralization. Here we immobilized QHREDGS onto polyacrylate (PA)-

coated titanium (Ti) plates and polyethylene glycol (PEG) hydrogels. The osteoblast 

differentiation marker, alkaline phosphatase, peaked in activity 4-12 days earlier on the 

QHREDGS-immobilized PA-coated Ti plates than on the unimmobilized, DGQESHR 

(scrambled)- and RGDS-immobilized surfaces. Significantly more bone matrix was deposited on 

the QHREDGS-immobilized Ti surface than on the other surfaces as determined by atomic force 

microscopy. The QHREDGS-immobilized hydrogels also had a significantly higher mineral-to-

matrix (M/M) ratio determined by Fourier transform infrared spectroscopy. Alizarin Red S and 

von Kossa staining and quantification, and environmental scanning electron microscopy showed 

that while both the QHREDGS- and RGDS-immobilized surfaces had extensive mineralization 
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relative to the unimmobilized and DGQESHR-immobilized surfaces, the mineralization was more 

considerable on the QHREDGS-immobilized surface, both with and without the induction of 

osteoblast differentiation. Finally, treatment of cell monolayers with soluble QHREDGS was 

demonstrated to upregulate osteogenic gene expression. Taken together, these results demonstrate 

that the QHREDGS peptide is osteoinductive, inducing osteoblast differentiation, bone matrix 

deposition and mineralization.

1. INTRODUCTION

Bone loss can result from a traumatic injury or from a variety of diseases including 

infection, osteoporosis, arthritis, or cancer 1. While biomaterials and medical implant 

devices are used to restore, maintain, and/or improve the function of lost or damaged 

bone 2, 3, the gold standard for treatment is still autologous bone grafts despite decades of 

ongoing research 4. Yet, autologous bone is a less than ideal material because it is both 

limited in its availability and bone harvesting can induce donor site morbidity 5, 6. These 

issues have been addressed to a degree by the development of allogeneic cadaveric bone 

tissue, but this material is itself associated with a number of challenges including infection 

and/or host immune response 7, 8. Meanwhile, research into biomaterials and medical 

implant devices has advanced these technologies from simple structural supports to 

materials that actively promote bone regeneration 1, 3, but while they can promote osteoblast 

attachment, migration and growth, few can stimulate osteoblast differentiation and bone 

mineralization, i.e. promote bone formation 3.

Interactions between the extracellular matrix (ECM) and integrin-type receptors initiate 

important signaling pathways for osteogenic differentiation and bone formation 9. Hence 

research is underway to investigate the potential of targeting integrins as a means of 

increasing bone formation and repair 9. Integrins are heterodimeric transmembrane adhesion 

receptors composed of α- and β-subunits that mediate the transduction of signals 10 and have 

been identified as important for all stages of bone generation: osteoblast adhesion and 

differentiation (α1β1, α2β1, α4β1, α5β1, α11β1, and αvβ3); osteoblast survival (α2β1, α11β1); 

bone mineralization (α5, β1, αvβ3 and α2β1); and in vivo bone formation (α4β1, α5 β1) 9,11. 

The integrin ligand angiopoietin-1 (Ang-1)—a 498 amino acid, multi-domain secreted 

glycoprotein 12—has been identified to effectively promote cell adhesion and survival in a 

variety of cell types, including fibroblasts, skeletal myocytes and cardiac myocytes 13, 14, 

thus exhibiting features that suggest it has potential as a regulator of bone formation and 

repair. However, the size and complexity of Ang-1 limit its ability to function in the context 

of medical device coatings and biomaterials but opportunely, the eponymous 7 amino acid 

peptide QHREDGS—the integrin-binding site of Ang-1 14—is equally effective as a pro-

adhesion, pro-survival molecule in various cell types 15, 16. Immobilizing entire proteins in 

medical devices presents challenges related to cost of recombinant growth factor production, 

as well as the possibility of denaturation during the immobilization procedure or storage. 

These challenges can be overcome through the use of short, linear peptides. Moreover, the 

peptide QHREDGS was demonstrated to act through α5β1 and αvβ3 receptors in endothelial 

cells 15. Given the role of integrins in bone formation—particularly of the β1 subtype, 

identified to participate in all stages of bone development—and of the ability of QHREDGS 
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to interact with these receptors, we sought to determine if QHREDGS could promote bone 

formation, specifically by inducing osteoblast differentiation and bone mineralization.

Medical devices to treat bone loss are frequently composed of titanium (Ti) due to its 

advantageous physical properties and biocompatibility 17. However, Ti can deteriorate upon 

implantation 18 and the extent of bone formation and repair it can achieve remains below the 

standards for successful treatment 19. Coatings have been developed to improve upon the 

existing attributes. Polyacrylate (PA) coatings prevent corrosion and reduce metal ion 

release without compromising the biocompatibility 20, while also allowing for covalent 

immobilization of bioactive molecules that can improve the osteogenic capacity of the Ti 

device. The development of biomaterials used to treat bone loss have progressed through the 

identification of new biocompatible materials as well as the identification of bioactive 

molecule modifiers that induce bone growth 21, 22. But these too have had limited success 

because the quantities of growth factors needed to induce bone formation is in vast excess of 

physiological levels and local application is required to avoid complication such as ectopic 

bone formation, necessitating very controlled release of these factors 23. We therefore 

sought to determine if QHREDGS could be used to improve the success of both medical 

implant devices and biomaterials to treat bone loss by investigating the effectiveness of the 

QHREDGS peptide in inducing bone formation while immobilized onto PA-coated Ti 

medical plates or inert polyethylene glycol (PEG) hydrogels. PA-coated Ti medical plates 

were used since they are an example of clinically used material, while inert PEG hydrogels 

were used to isolate the effect of the immobilized peptide on the cells, as PEG hydrogels are 

inherently non-adhesive and non-fouling.

2. MATERIALS & METHODS

MG-63 human osteosarcoma cells (ATCC, Manassas, VA)

Uncoated and polyacrylate-coated titanium plates (a gift from Covalon Technologies 

Ltd., Mississauga, ON) Custom peptide DGQESHR (Biomatik Corporation, 

Cambridge, ON)

Custom peptide RGDS (Biomatik Corporation, Cambridge, ON)

Custom peptide NH2-QHREDGS-CONH2 (Institute for Biomolecular Design, 

Edmonton, AB)

Custom Peptide FITC-aminohexanoic acid-QHREDGS-CONH2 (Institute for 

Biomolecular Design, Edmonton, AB)

Poly(ethylene glycol) diacrylate, Mn 700 (Sigma Aldrich, Oakville, ON)

Acrylate-PEG-NHS Ester MW 3500 (Jenkem Technologies, Allen, TX)

GelBond PAG Film (Lonza, Basel, CH)

22×22mm Vinyl coverslips (Bel-Art Scienceware, Wayne, NJ)

2-Hydroxy-2-methyl-propiophenone (Sigma Aldrich, Oakville, ON)
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Dulbecco's Phosphate-Buffered Saline without Ca2+, Mg2+ (Gibco/Life Technologies, 

Burlington, ON)

2.1.Peptide Immobilization to Polyacrylate (PA)-Coated Titanium (Ti) Plates

To quantify the amount of QHREDGS peptide conjugated to the Ti plates (5mm × 5mm × 

0.3mm), uncoated or PA-coated Ti plates were placed in a solution containing the 

conjugating reagents ethyl(dimethylaminopropyl) carbodiimide (EDC; Thermo Scientific, 

Rockford, IL) and Sulfo-N-hydroxysuccinimide (NHS; Thermo Scientific) in a 1:2.5 molar 

ratio in ddH2O for 15min shaking at 700rpm at 20°C. To determine if QHREDGS interacted 

non-specifically with the PA-coating, PA-coated Ti plates were also incubated with NHS in 

the absence of EDC. After 15min, the Ti plates were incubated in a solution of 150μg FITC-

labeled QHREDGS (FITC-QHREDGS, reconstituted in phosphate buffered saline, PBS) in 

ddH2O for 3h shaking at 700rpm at 20°C, then placed to wash in excess ddH2O overnight at 

4°C. The reaction and wash solutions were read in a SpectraMax GeminiXS fluorescent 

plate reader with SoftMax Pro 3.2.1 software (Molecular Devices, Sunnyvale, CA) and the 

amount of FITC-QHREDGS therein was determined from a standard curve. The amount of 

FITC-QHREDGS conjugated to the plate was determined by subtracting the sum of the 

amounts of peptide in the solutions from the original amount of peptide added. Direct 

measurement of the Ti plates was not possible because of fluorescence quenching by the 

non-transparent substrate.

For experiments, uncoated and PA-coated Ti plates were incubated with EDC/NHS as 

outlined above, then incubated in solutions of PBS with or without 320μM peptide 

(QHREDGS, RGDS or DGQESHR, reconstituted in PBS) for 3h shaking at 700rpm at 

20°C. The plates were washed, as above, then placed into low attachment 24-well culture 

plates (Corning Inc., Corning, NY) in 70% ethanol overnight under UV in a biosafety 

cabinet. The sterilized plates were washed twice with sterile PBS and then left to air dry for 

5 minutes prior to cell seeding.

2.2.Peptide Immobilization to Polyethylene Glycol (PEG) Hydrogels

To quantify the amount of QHREDGS peptide conjugated to the PEG hydrogels, FITC-

QHREDGS peptide was incubated with 4.0mg acrylate-PEG-NHS in a 100μL solution of 

50mM Tris pH 8.5 containing 0μL, 10μL, 20μL, or 40μL of 50mM FITC-QHREDGS 

solution (reconstituted in PBS) for 3h shaking at 700rpm at 20°C. After 3h, the reaction 

solutions were diluted to 1mL with ddH2O and dialyzed extensively against ddH2O. The 

dialyzed reaction solutions were lyophilized and resuspended in 80μL ddH2O. The amount 

of FITC-QHREDGS contained in the reconstituted solution was determined from a standard 

curve using a SpectraMax GeminiXS fluorescent plate reader and SoftMax Pro 3.2.1 

software.

For experiments, the peptides were incubated with 4.0mg acrylate-PEG-NHS in a 100μL 

solution of 50mM Tris pH 8.5 with or without 10μL of 50mM peptide (QHREDGS, RGDS 

or DGQESHR, reconstituted in PBS) for 3h shaking at 700rpm at 20°C. After 3 h, the 

reaction solutions were diluted with ddH2O to 1mL and dialyzed extensively against ddH2O. 

The dialyzed reaction solutions were lyophilized and resuspended in ddH2O, to which 
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polyethylene glycol diacrylate (PEGDA) was added in a ratio of 50mol PEGDA to 1mol 

acrylate-PEG-NHS, containing 0.5% w/w 2-hydroxy-2-methyl-propiophenone in a final 

volume of 80μL. For each hydrogel, 25μL of this solution was pipetted onto a 22×22mm 

square of GelBond PAG film and a vinyl coverslip of equal size was gently placed on top. 

The hydrogel was placed under a UV light for 10mins to polymerize, then placed into low 

attachment 6-well culture plate (Corning Inc., Corning, NY) washed in PBS for 10min on a 

shaker and then incubated at 4°C for 1h. After 1 h, the coverslip was gently peeled off the 

hydrogel with tweezers and the hydrogel was placed in 70% ethanol under UV light for 1 h 

to sterilize. Sterilized hydrogels were incubated in DMEM/10%FBS medium overnight prior 

to seeding with cells.

2.3.Cell Culture

MG-63 human osteosarcoma cells were grown to confluence in T-25 flasks in DMEM 

(Gibco) with 10% FBS (Gibco) and 10% Penstrep (Gibco). All experiments were performed 

on cell passages 5-8. To seed the Ti plates, the cells were washed with PBS, dissociated with 

0.05% trypsin (Gibco), centrifuged for 5min at 2000rpm and resuspended in a minimum 

volume of culture medium. The cells were counted and 3-5μL of cell suspension was 

pipetted onto the centre of the 25mm2 Ti plate at a density of 3200 cells per 25mm2 plate 

(day 0). The seeded plates were then incubated at 37°C for 30min to permit the cells to 

adhere, at which point 1mL of media was added to each well gently. As controls, media was 

added to wells in the absence of Ti plates with or without an equal volume of cell 

suspension. The conditioned media was collected from the wells every other day and 

replaced with fresh media. Beginning day 12, the media was supplemented with 50μg/mL α-

ascorbic acid, 10mM β-glycerophosphate and 100nM dexamethasone (osteogenic media) 

and cultured for a total of 34 days. The conditioned media samples were aliquoted and 

stored at -20°C until needed. Additionally, Ti plates were seeded with 200,000 cells per 

25mm2 plate and cultured for 22 days in DMEM/10% FBS media without any 

supplementation (non-osteogenic media).

The PEG hydrogels were seeded as described above, but with some modifications. The cells 

were counted and 100μL of cell suspension was pipetted onto the centre of the 484mm2 

hydrogel at a density of 62,000 cells (day 0) such that the seeding cell density was the same 

for the Ti plates and PEG hydrogels. After incubation at 37°C for 30min, 4mL of media was 

added to each well gently. Beginning day 15, the hydrogels were switched to the osteogenic 

media and cultured for a total of 41 days. On day 41, cells bound to the hydrogel were 

determined by washing with PBS, dissociating with 0.05% trypsin (Gibco), centrifuging for 

5min at 2000rpm, resuspending the cells and performing 6 separate counts per hydrogel 

using a hemocytometer.

For dose response experiments, MG-63 cells were seeded into 24-well polystyrene tissue 

culture plates in DMEM with 10% FBS in the presence of 5, 50 or 500μM soluble 

QHREDGS or equivolume PBS (1% volume). Once cells were confluent, media was 

supplemented with 50μg/mL α-ascorbic acid, 10mM β-glycerophosphate and 100nM 

dexamethasone (osteogenic media) and cells were cultured for an additional 22 days. Over 
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the course of the culture period, the media was changed every other day and additional 

QHREDGS/PBS was added with each media change.

2.4.Alizarin Red S and von Kossa Staining

The seeded Ti plates were fixed on day 22 or 34 in 4% paraformaldehyde (PFA) for 15min 

at 20°C. The plates were washed once with ddH2O and then incubated with a stain solution 

of 1% Alizarin Red S (Sigma Aldrich) in ddH2O for 5min at 20°C. Plates were washed 

twice with ddH2O and then imaged using an Olympus CKX41 inverted microscope at 10× 

magnification, with an Olympus SC30 Digital Camera and Olympus cellSense Digital 

Imaging Software (Olympus America Inc., Center Valley, PA). Following Alizarin Red S 

staining and imaging, the plates were subjected to von Kossa staining. The plates were 

washed thrice in ddH2O; incubated with a stain solution of 5% silver nitrate in ddH2O for 

30min; washed thrice; developed with a freshly made solution of 5% sodium carbonate in 

2.5% formaldehyde in ddH2O for 5min; washed thrice; fixed with a solution of 5% sodium 

thiodisulphate for 2min; washed thrice; and then re-imaged.

To quantify the amount of Alizarin Red S bound to the various surfaces, images were 

analyzed using ImageJ software (NIH, Bathesda, MD). The images were first split into red, 

green and blue channels, and the red channel images were used for all further analysis. For 

the Ti plates cultured in osteogenic medium, the mineralization was too extensive on some 

surfaces to distinguish mineral deposits, therefore the raw integrated density (sum of pixel 

values) of the images was measured. For the Ti plates cultured in non-osteogenic medium 

and the hydrogels, the red channel images were thresholded and the percent area of staining 

was measured.

2.5.Alkaline Phosphatase Activity Assay

The alkaline phosphatase (ALP) activity of the conditioned medium samples collected from 

the seeded Ti plates was measured using Alkaline Phosphatase Yellow Liquid p-nitrophenol 

phosphate (pNPP) substrate for ELISA (Sigma Aldrich) as previously described 24 with 

some modification. Briefly, all samples and the pNPP substrate were allowed to come to 

room temperature before beginning the assay, then 10μL of sample was added to wells of a 

96-well plate, to which 100μL of the pNPP substrate was added. Immediately after addition 

of the substrate, the plate was read at 405nm every 10 seconds for 30min in a Molecular 

Devices VersaMax Tunable microplate reader (Molecular Devices, Sunnyvale, CA). The 

ALP activity (IU/L) was calculated from the formula:

2.6.Glucose Consumption Assay

The glucose content of the conditioned medium samples collected from the seeded Ti plates 

was measured using a QuantiChrom Glucose Assay Kit (BioAssay Systems, Hayward, CA), 

performed according to supplier instructions.
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2.7.Cytotoxicity Assay

The lactate dehydrogenase (LDH) content of the conditioned medium samples collected 

from the seeded Ti plates was measured using a LDH Cytotoxicity Assay Kit (Cayman 

Chemical Company, Ann Arbor, MI), performed according to supplier instructions.

2.8.Quantitative PCR

MG-63 monolayers were grown in 24-well polystyrene tissue culture plastic in the presence 

of 5, 50 or 500μM soluble QHREDGS or equivolume PBS in osteogenic media for 22 days. 

RNA was isolated every four days, reverse transcribed into cDNA and qPCR was 

performed, as previously described25, using primers for bone sialoprotein, osteocalcin, 

collagen type I and β-actin as previously described26 and alkaline phosphatase, as previously 

described27. Expression levels were normalized to the housekeeping gene β-actin.

2.9.Attenuated Total Reflectance (ATR) Fourier Transform Infrared (FTIR) spectroscopy

On day 41, seeded hydrogels were fixed in 4% PFA, washed with ddH2O, and then analyzed 

by ATR-FTIR spectroscopy. On day 34, seeded Ti plates were fixed in 4% PFA, washed 

extensively over a period of weeks with ddH2O to remove the mineral and then analyzed by 

ATR-FTIR spectroscopy. Transmission spectra were obtained using an ATR top-plate 

accessory coupled to a Spectrum One FTIR spectrometer with a fast recovery deuterated 

triglycine sulfate detector (PerkinElmer, Inc., Waltham, MA). The spectra were recorded in 

the region between 4000 and 650 cm−1. For each Ti plate or hydrogel, 5-11 randomly 

selected regions were measured and for each spectrum, at least 4 scans were averaged. The 

peak areas were determined from baseline-corrected absorbance spectra using SPECTRUM 

software (PerkinElmer). The collagen (matrix) concentration of the bone matrix was 

determined by combining the areas of the absorbance peaks in the regions of 1720 (amide I), 

1640 (amide II) and 1250 cm−1 (amide III). The phosphate (mineral) content of the bone 

matrix was determined from the areas of the absorbance peaks in the region of 900-1200 

cm−1. The ratio of mineral-to-matrix (M/M ratio) was determined by dividing the phosphate 

concentration by the collagen concentration.

2.10. Atomic Force Microscopy (AFM)

Titanium plates seeded with 3200 cells per 25mm2 plate, cultured in osteogenic medium for 

a total of 34 days and fixed in 4% PFA. The plates were washed extensively over a period of 

weeks with ddH2O to remove the mineral and then subjected to contact mode AFM. Force 

spectroscopy measurements, yielding force-distance curves, were performed in ddH2O using 

a JPK NanoWizard II AFM (JPK Instruments AG, Berlin, Germany). Measurements were 

conducted at ambient temperature and the samples were conscientiously maintained in a 

hydrated state. The cantilevers used were V-shaped silicon nitride cantilevers with a spring 

constant of 0.1 N/m (Bruker, Camarillo, CA). The cantilever deflection sensitivity was 

obtained by indenting the tip against a glass substrate and the tip radius was measured to be 

26nm. Three to six sections of the surface were measured and a 10μm × 10μm area was 

scanned per section, with probe velocities of 1-5μm/s. To determine the Young's modulus, a 

Hertzian model was applied to the extension force-displacement curves with the appropriate 

fit range manually determined for each curve using JPK Image Processing Software (JPK 
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Instruments AG, Berlin, Germany). In our calculations, we assumed the tip to be a 

paraboloidal indenter.

2.11. Environmental Scanning Electron Microscopy (SEM)

The Ti plates seeded at a density of 200,000 cells per 25mm2 and cultured for 22 days in 

non-osteogenic media, were fixed for 30min in 4% PFA/1% glutaraldehyde, washed with 

ddH2O and imaged using a Hitachi VP-SEM S3400N Variable Pressure SEM (Hitachi High 

Technologies America, Inc., Roslyn Heights, NY) at low vacuum (70Pa) with an 

accelerating voltage of 15kV. Images were taken with two magnifications using the 

backscatter (BSE) detector.

2.12. Statistical Analysis

Analyses of two groups were made with Student's t test. Analyses of more than two groups 

were performed using a one-way ANOVA with Student's–Newman–Keuls (SNK) multiple-

comparison test for normally distributed data and a Kruskal-Wallis one-way ANOVA on 

ranks with Dunn's post-hoc analysis for data that failed the normality test using SigmaPlot 

12 software (Systat Software Inc, San Jose, CA) with P < 0.05 considered to be significant.

3. RESULTS

3.1.QHREDGS peptide can be immobilized on polyacrylate (PA)-coated titanium (Ti) and 
polyethylene glycol (PEG)-based hydrogels using ethyl(dimethylaminopropyl) 
carbodiimide (EDC)- and N-hydroxysulfosuccinimide (NHS)-based chemistry

Initial experiments were performed to demonstrate that the small peptide QHREDGS could 

be immobilized onto PA-coated Ti plates and PEG hydrogels using basic EDC/NHS-based 

immobilization chemistry. Since the functionality of the peptide is not orientation-

dependent, a specific conjugation method was not required and EDC/NHS chemistry was 

chosen for its frequent usage in such applications. We quantified the amount of peptide that 

was immobilized by using a FITC-labeled variant (FITC-QHREDGS). Peptides do not 

readily react with titanium unless the surface has been modified to facilitate covalent 

immobilization; herein titanium plates were coated with polyacrylate, which has reactive 

carboxylic groups to which peptides can be conjugated. Both the uncoated Ti plates 

incubated with the fluorescently-labeled peptide in the presence of both NHS and EDC and 

the PA-coated Ti plates incubated with NHS in the absence of EDC had a detectable amount 

of FITC-QHREDGS associated with them (14.7±6.1μg and 16.3±6.7μg of FITC-

QHREDGS, respectively; Fig.1A); however the amount of FITC-QHREDGS associated 

with the plates under these conditions did not differ significantly (P > 0.05, n=3; Fig.1A). 

Thus, the peptide can physically absorb equally well onto both uncoated and PA-coated Ti, 

indicating that coating Ti with polyacrylate does not promote non-specific, non-covalent 

binding. In the presence of EDC, an additional 18.7±5.2μg of FITC-QHREDGS was 

specifically and covalently immobilized to the PA-coated Ti plate resulting in an 

immobilized peptide surface concentration of 0.33±0.09μg/mm2 (0.27±0.08nmol/mm2), a 

significant increase in the amount of peptide relative to either the uncoated Ti (P = 0.02, 

n=3; Fig.1A) or the PA-coated Ti plate in the absence of EDC (P = 0.03, n=3; Fig.1A). The 

efficiency of the FITC-QHREDGS immobilization to PA-coated Ti was 15.61±3.0% (Fig.

Feric et al. Page 8

Biomater Sci. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



1B), which was significantly higher than for the uncoated Ti plate (P = 0.005, n=3; Fig.1B) 

or the PA-coated Ti plate in the absence of EDC (P = 0.02, n=3; Fig.1B).

Similarly, FITC-QHREDGS was conjugated to PEG hydrogels by incubating the peptide 

with a bifunctional PEG derivative, acrylate-PEG-NHS, which was then incorporated into 

the hydrogel. Increasing the concentration of FITC-QHREDGS incubated with the acrylate-

PEG-NHS resulted in an increased amount of FITC-QHREDGS bound to the PEG 

derivative producing hydrogels with FITC-QHREDGS concentrations of 4.1±1.6mg/mL 

(3.4±1.3nM) for the 6mg/mL reaction solution, 7.9±1.7mg/mL (6.5±1.4nM) for the 

12mg/mL solution and 11.7±4.5mg/mL (9.7±3.7nM) for the 24mg/mL solution (Fig.1C). 

The immobilization efficiency ranged from 34-75% for the 6mg/mL FITC-QHREDGS 

reaction solution, 41-63% for the 12mg/mL solution, and 24-53% for the 24mg/mL solution 

(Fig.1D). Increasing the reaction solution concentration from 6mg/mL to 12mg/mL resulted 

in a significant increase in the amount of FITC-QHREDGS that was immobilized to the 

PEG derivative (P = 0.003, n=3; Fig.1C), but did not significantly improve the efficiency (P 

> 0.05, n=3; Fig.1D). Increasing the reaction solution concentration from 12mg/mL to 

24mg/mL did not significantly increase the amount of immobilized FITCQHREDGS (P > 

0.05, n=3; Fig.1C) but significantly reduced the immobilization efficiency (P = 0.04, n=3; 

Fig.1D).

3.2.QHREDGS immobilization to PA-coated Ti accelerates osteoblast differentiation

Alkaline phosphatase (ALP), a marker of osteoblast differentiation, is a cell surface enzyme 

located on the outer plasma membrane of osteoblasts 28 where it catalyzes the hydrolysis of 

phosphomonoesters (R-O-PO3) releasing inorganic phosphate 29; a process that promotes 

bone mineralization. MG-63 osteoblast-like cells were grown to confluence on Ti plates 

with variable coatings (with and without peptides) and induced to differentiate on day 12 by 

culturing the cells in osteogenic medium. On day 18, the ALP activity detected in the 

conditioned media did not differ significantly between the various treatment groups (Fig.2). 

By day 22, the amount of ALP activity detected in the conditioned media of the cells grown 

on PA-coated Ti plates with immobilized QHREDGS was significantly more than detected 

in the conditioned media of the cells grown on any other surfaces (P < 0.05; n = 3; Fig.2). 

The amount of ALP activity detected in the conditioned media of MG-63 cells grown on 

polystyrene tissue culture plastic or on uncoated Ti did not change significantly over the 

course of the assay (P > 0.05, n=3; Fig.2). Conversely, the amount of ALP activity detected 

in the conditioned media of cells grown on any of the various PA-coated Ti surfaces did 

significantly increase with maxima on day 22 for the QHREDGS-immobilized surface, on 

day 26 for the RGDS-immobilized and on day 34 for both the PA-Coated Ti plate (without 

any peptide) and DGQESHR-immobilized surfaces (Fig.2); however, the ALP activity 

maxima did not vary significantly (P > 0.05, n=3). The amount of ALP activity detected in 

the conditioned medium of cells grown on the DGQESHR-immobilized surface on day 34 

was found to be inconsistent with wide ranging values, however it did not differ 

significantly from the negligible amount of activity detected from the conditioned medium 

of cells grown on the low-attachment polystyrene surface (0.25±0.12IU/L and 

0.0079±0.0079IU/L, respectively; P > 0.05, n=3; Fig.2).
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The significant increase in ALP activity on day 22 in the conditioned media of cells grown 

on the QHREDGS-immobilized surface cannot be attributable to increased metabolic 

activity as there was no significant difference in glucose consumption at this time point for 

the QHREDGS-immobilized surface relative to any other surface (P > 0.05, n=3; Fig.S1). 

While there was a 40% increase on average in glucose consumption between day 18 and day 

22 for the cells grown on the QHREDGS-immobilized surface, the increase was non-

significant and these glucose consumption values did not differ significantly from those 

measured for the other surfaces (P > 0.05, n=3; Fig.S1). Similarly, the amount of cell death

—as determined by the lactate dehydrogenase (LDH) activity in the conditioned medium—

decreased 40% on average between day 18 and day 22 for the QHREDGS-immobilized 

surfaces, however this decrease was not significant, nor did the LDH activities on either day 

18 or day 22 differ significantly from that measured for the other surfaces (Fig.S2). The 

amount of cell death did not change significantly over the culture period for any of the 

peptide-immobilized surfaces (P > 0.05; n =3; Fig.S2) and the amount of cell death on the 

QHREDGS-immobilized surface did not differ significantly from the other surfaces (P > 

0.05; n = 3; Fig.S2). Neither glucose consumption (Fig.S1) nor LDH activity (Fig.S2) 

varied significantly between the surfaces over the duration of the culture period, indicating 

that the surface modifications did not adversely or advantageously affect cellular metabolic 

activity or cell death.

3.3.Soluble QHREDGS promotes upregulation of osteogenic genes

In order to determine the effect of treatment with soluble QHREDGS peptide, MG-63 cells 

were grown to confluence on tissue culture plastic and treated with soluble peptide for a 22-

day period of culture in osteogenic medium. At various time points, the cells were lysed, 

RNA was extracted and qPCR was performed to determine the effect of increasing 

QHREDGS peptide concentration on the gene expression of ALP, osteocalcin, collagen type 

I and bone sialoprotein. Relative to the control equivolume PBS treatment, a concentration 

of 5μM QHREDGS added to the media resulted in a notable increase in ALP gene 

expression on day 10; and a QHREDGS concentration of 50μM resulted in increased ALP 

gene expression on days 6-14 relative to the control (Fig.3A and Fig.S3A). Interestingly, 

treatment with 500μM QHREDGS did not increase ALP gene expression relative to the 

control. Osteocalcin gene expression was significantly upregulated by 50μM treatment on 

day 6 (P = 0.05, n=3; Fig.3B and Fig.S3B) but was significantly downregulated by 500μM 

QHREDGS treatment on day 14 (P = 0.03, n=3; Fig.3B and Fig.S3B) relative to the control. 

Collagen type I gene expression was also significantly upregulated on day 10 with 5μM 

QHREDGS treatment (P = 0.05, n=3; Fig.3C and Fig.S3C) and on day 14 by 50μM 

QHREDGS (P = 0.002, n=3; Fig.3C and Fig.S3C), and significantly downregulated by 

500μM QHREDGS treatment on day 22 (P = 0.01, n=3; Fig.3C and Fig.S3C), relative to 

the control. Finally, bone sialoprotein gene expression was significantly increased on day 6 

and 10 with 5μM QHREDGS treatment (P = 0.03, P = 0.04, respectively, n=3; Fig.3D and 

Fig.S3D) and on day 14 by 50μM QHREDGS (P = 0.05, n=3; Fig.3D and Fig.S3D), 

whereas 500μM QHREDGS treatment did not have a significant effect on expression.
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3.4.QHREDGS immobilization to PA-coated Ti promotes collagen production

Bone is a connective tissue that is predominantly comprised of an extracellular matrix 

(ECM) consisting of collagen, non-collagenous proteins, minerals (primarily 

hydroxyapatite) and water 30, 31. The bone ECM produced by the MG-63 osteoblast-like 

cells grown on the variously-coated Ti plates was assessed by Fourier transform infrared 

(FTIR) spectroscopy and by atomic force microscopy (AFM). The surface composition of 

the demineralized bone was determined by FTIR. The surface collagen concentration of the 

bone matrix produced on the QHREDGS-immobilized PA-coated Ti plates was significantly 

higher than that produced by cells grown on the uncoated Ti plates (P < 0.05, n = 4; Fig.
4A), but not statistically different from that of the other PA-coated Ti plates (P > 0.05, n = 

4; Fig.4A). The total amount of demineralized ECM produced by the cells grown on the 

various Ti plates was determined by calculating the elastic (Young's) moduli of the 

demineralized bone surfaces by AFM, with a smaller elastic modulus indicating the presence 

of more demineralized ECM. The average elastic modulus of the QHREDGS-immobilized 

PA-coated Ti surface was lower than for all other surfaces investigated, and significantly 

lower than all surfaces excepting the uncoated and DGQESHR (scrambled)-immobilized 

PA-coated Ti surface (P < 0.05; n ≥ 9; Fig.4B). Notably, the bottom 8% of elastic modulus 

values were derived exclusively from measurements of regions on QHREDGS-immobilized 

plates, values that account for approximately one-third of the total QHREDGS-immobilized 

plate measurements (Fig.4B).

3.5.QHREDGS immobilization to PA-coated Ti and to PEG hydrogels promotes bone 
mineralization

Successful bone formation is evaluated by matrix mineralization. Mineralization can be 

assessed by calcium and phosphate staining, Alizarin Red S and von Kossa dyes 

respectively, and by environmental scanning electron microscopy (ESEM) with a BSE 

detector, wherein calcium-based minerals appear as bright spots against the surrounding 

ECM due to the higher atomic number. For seeded Ti plates cultured in osteogenic medium 

and grown for a total of 34 days, we observed little to no staining on the uncoated Ti surface 

(Fig.5A) and a patchy staining pattern on the PA-coated Ti without any peptide immobilized 

(Fig.5B). Conversely, the QHREDGS-immobilized plate (Fig.5C) staining was consistent 

throughout and more extensive than on either the RGDS-immobilized plate (Fig.5D), 

wherein the staining was spotty amid larger areas of consistent staining, and the DGQESHR 

(scrambled)-immobilized PA-coated Ti (Fig.5E) surface that showed a very patchy pattern 

of staining. Quantification of the amount of Alizarin Red S stain bound to the surfaces 

indicated a significant increase in the amount of staining on the QHREDGS-immobilized 

surface relative to the uncoated, PA-coated Ti without any peptide immobilized and the 

DGQESHR (scrambled)-immobilized Ti surfaces (P < 0.05; n = 3; Fig.6); as well as 

increased staining relative to the RGDS-immobilized surface (Fig.6). Notably, seeded Ti 

plates cultured in nonosteogenic medium and grown for 22 days also showed the same 

pattern of Alizarin Red S and von Kossa staining, albeit mineralization was less extensive on 

all surfaces (Fig.S4). Quantification of the amount of Alizarin Red S stain bound to the Ti 

surfaces, again showed that staining was increased on the QHREDGS-immobilized Ti 

relative to all other surfaces (Fig. S5). By ESEM imaging, no evidence of mineralization 
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(bright spots) was seen on the uncoated Ti plate surface (Fig.S6A-B). However, on the 

QHREDGS-immobilized PA-coated Ti plate mineralization was evident as relatively large 

regions (Fig.S6C-D) that were decidedly more numerable than on the RGDS-immobilized 

surface wherein mineralization was visible as small granules with larger localized regions 

(Fig.S6E-F).

The staining of PEG hydrogels with or without peptides immobilized showed an analogous 

pattern to the Ti plates for Alizarin Red S and von Kossa staining. Specifically, minimal 

staining was evident on the PEG hydrogel without peptide (Fig.S7A), while staining on the 

QHREDGS-immobilized hydrogels (Fig.S7B) appeared more extensive than on either the 

RGDS- (Fig.S7C) or DGQESHR (scrambled)-immobilized hydrogels (Fig.S7D). On both 

the RGDS- and QHREDGS-immobilized hydrogels staining was punctate, but the stained 

regions on the QHREDGS-immobilized hydrogel appeared to be more closely clustered 

relative to the RGDS-immobilized hydrogel. Quantification of the amount of Alizarin Red S 

bound to the surfaces showed that the QHREDGS-immobilized surface had significantly 

more stain bound than either the hydrogel without any peptide immobilized or the 

DGQESHR (scrambled)-immobilized hydrogel surface (P < 0.05; n = 3; Fig.S8), whereas a 

similar amount of stain bound as the RGDS-immobilized surface (Fig.S8).

The surface composition of the bone ECM on the various PEG hydrogels was determined by 

FTIR and quantification of the extent of bone mineralization was achieved by calculating the 

mineral-to-matrix ratio (M/M ratio) 32-35. The surface collagen (matrix) concentration of the 

bone ECM generated by the cells on the hydrogels was found to be lower on average for the 

QHREDGS-immobilized hydrogel relative to all other hydrogels but not significantly 

different (P > 0.05; n=4; Fig.7A). Conversely, the phosphate (mineral) concentration on the 

hydrogel surface was higher on average for the QHREDGS-immobilized hydrogel than for 

any other hydrogel surface but once again this difference was not statistically different (P > 

0.05; n=4; Fig.7B). However the M/M ratio of the QHREDGS-immobilized hydrogel was 

significantly increased relative to all other surfaces (P < 0.05; n=4; Fig.7C). The significant 

increase in bone mineralization was not a consequence of increased cell number because 

while the number of cells on the QHREDGS-immobilized hydrogel was more than on both 

the PEG hydrogel without any peptide immobilized and the DGQESHR-immobilized 

hydrogel, it was less than on the RGDS-immobilized hydrogel (P > 0.05; n=4; Fig.S6), and 

yet bone mineralization was more extensive for the QHREDGS-immobilized hydrogel than 

any other surface.

4. DISCUSSION

Using standard treatment techniques, there still remains a substantial fraction of bone defects 

that do not heal properly 7. Small animal models have demonstrated the promise of gene 

therapy and stem/progenitor cell transplantation, however major safety and efficacy 

concerns need to be addressed before their clinical application 36, 37. Thus, much effort has 

been directed alternatively in designing biomaterials for the controlled delivery of 

osteoinductive factors in order to produce a highly localized tissue response 4. Herein we 

have demonstrated that the small Ang-1-derived peptide QHREDGS can be covalently 

immobilized to both PA-coated Ti and PEG hydrogels through EDC/NHS-based chemistry 
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(Fig.1), thereby localizing the effect of the peptide to the surface of the medical device/

biomaterial. The use of QHREDGS in bone therapy applications is advantageous in that its 

conjugation is amenable to different biomedical materials, which we demonstrated by 

covalently immobilizing QHREDGS to two very different surface types using the ubiquitous 

chemistry of EDC/NHS. Additionally, since the functionality of the QHREDGS peptide is 

not dependent upon any particular conformation or orientation, there is flexibility in the 

conjugation methods that can be used for immobilization, further expanding the variety of 

contexts in which QHREDGS can be used. Interestingly, the effective concentration of 

QHREDGS seems to be relatively low since high concentrations (500μM) were observed to 

downregulate the osteogenic genes collagen type I and osteocalcin (Fig.3 and S3). Finally, 

as a small 7-amino acid peptide, QHREDGS can be easily and cost-effectively synthesized, 

and can withstand a higher degree of manipulation and a wider range of conditions than a 

full-length protein.

Moreover, we have demonstrated that QHREDGS is osteoinductive, promoting osteoblast 

differentiation along with both bone matrix deposition and mineralization. Osteoblast 

differentiation is oftentimes marked by ALP activity, an enzyme secreted in increasing 

amounts during the second phase of osteoblast differentiation, matrix deposition 39, with 

levels peaking before the cells transition into the third stage of differentiation, matrix 

mineralization 40. The ALP activity of osteoblast-like cells cultured on QHREDGS-

immobilized Ti plates peaked 4-12 days earlier than on the unimmobilized, DGQESHR 

(scrambled)- or RGDS-immobilized surfaces, with all the surfaces ultimately achieving the 

same maximum ALP activity (Fig.2). This is indicative of an accelerated rate of osteoblast 

differentiation on the QHREDGS-immobilized surface but not of increased differentiation 

overall. Similarly, we also observed that treatment of osteoblasts with soluble QHREDGS 

induced the upregulation of osteogenic genes (Fig.3 and Fig.S3). The time required for bone 

regeneration is a critical factor for successful bone therapy; furthermore decreased healing 

time reduces a patient's recovery time, i.e. their discomfort, stress and economic costs, but 

also reduces the risk of complications 41. Hence, by accelerating the rate of osteoblast 

differentiation, QHREDGS may also improve bone regeneration success.

Much like ALP activity, bone composition can be used to make assumptions about the 

formation of bone. Bone strength is determined by both bone quantity and quality 42; and 

among the factors that dictate bone quality are toughness, the domain of the collagen fibers 

tasked with providing the properties of ductility and energy absorption as well as stiffness, 

determined by the mineral phase 43. Osteoblast-like cells cultured on the QHREDGS-

immobilized Ti produced a bone matrix that when demineralized did not differ significantly 

in the relative surface composition among the various PA-coated Ti surfaces (Fig.4A) but 

had a significantly lower elastic modulus than produced on the other surfaces (Fig.4B), 

indicating that QHREDGS-immobilization produced quantitatively more bone matrix 

compared to the other surfaces. The elastic modulus of demineralized bone is positively 

correlated with bone strength, work-to-fracture and toughness 44, however in this context the 

significant reduction in local elastic modulus denotes a change from the stiff Ti surface to a 

surface coated with extracellular matrix proteins. Importantly, this change in elastic modulus 

describes a change in localized mechanical properties, whereas if a bulk test of mechanical 
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properties were to be performed, the elastic modulus would still be governed by the Ti plate 

itself. Currently, Ti-based scaffolds are being designed with elastic moduli approximating 

that of bone 45, a value that varies from 4 to 30 GPa depending on the type of bone 

measured and the measurement direction 46. This is because a biomechanical mismatch 

wherein the implant has a higher stiffness than bone can result in “stress shielding”—the 

inhibition of stress transfer to the adjacent bone—that can result in bone resorption around 

the implant and ultimately implant loosening and failure 47. In order to take advantage of the 

mechanical strength of the device while at the same time permitting the effective 

communication of the cells with their surroundings, it is thought that the ideal implant would 

precisely combine high strength with a low modulus closer to the bone 48. As such, based on 

our findings, QHREDGS-immobilization can generate a low elastic modulus environment 

on the implant surface that promotes osteoblast differentiation and bone production without 

affecting the overall strength of the device, and thereby has the potential to reduce the risk of 

implant failure.

The relative surface composition of the mineralized bone matrix produced on the 

QHREDGS-immobilized PEG hydrogels was measured to be lower in collagen content than 

the other hydrogel surfaces (Fig.7A). While seemingly contradictory, an inverse relationship 

between collagen content and the degree of mineralization has been reported 49, and in fact 

we observed that the QHREDGS-immobilized hydrogel surface also had more mineral 

content than the other hydrogel surfaces as this inverse relationship would predict (Fig.7B). 

Moreover, it is quite likely that the collagen content on the QHREDGS-immobilized surface 

was measured to be lower because the matrix was covered by a mineral layer and FTIR is a 

technique that measures surface composition, as IR light penetration is on the order of 

micrometers during ATR measurements. Given the high mineral and low collagen (matrix) 

measurements for the QHREDGS-immobilized surface, it is unsurprising that the resultant 

mineral-to-matrix (M/M) ratio was significantly higher for the QHREDGS-immobilized 

surface than the other surfaces (Fig.7C). The M/M ratio by definition indicates the relative 

amount of mineral and matrix, and is used as a measure of bone mineralization 32. Notably, 

there is a positive correlation between the M/M ratio and total bone mineral density, load to 

failure and bone stiffness 42. Thus, QHREDGS-immobilization induces bone mineralization 

to a greater degree than the other surfaces. This fact was also evident in our imaging data 

wherein both the QHREDGS- and RGDS-immobilized surfaces had extensive mineral 

staining that was quantified to be increased on the QHREDGS-immobilized Ti surface, both 

when osteoblasts were induced to differentiate (Fig.5-6) and when they were not (Fig.S4-5); 

and quantified to be equivalent on the PEG-immobilized surfaces (Fig.S7-8). Taken 

together, these results demonstrate that QHREDGS-immobilization induces matrix 

deposition and its subsequent mineralization, and suggests that QHREDGS can induce the 

production of better quality bone.

While QHREDGS is a relatively new bioactive molecule, and an entirely novel factor for 

bone regenerative therapy, the RGD peptide has long been investigated within the context of 

both titanium 50-52 and hydrogels 53, 54. Herein we have demonstrated the improved 

effectiveness of QHREDGS over RGDS with respect to osteoblast differentiation, bone 

matrix deposition and mineralization. This indicates both the potential for improved 
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therapeutic results with the QHREDGS peptide over the RGD peptide, and for pushing 

forward research into this novel factor by substitution of one peptide for the other in existing 

therapies given the similarities between RGD and QHREDGS. Although, it is unlikely that 

QHREDGS will improve bone regeneration success rates to the needed levels on its own, its 

improved osteoinductive properties can provide an incremental step forward. As new 

medical devices/biomaterials and approaches are developed the QHREDGS peptide can be 

used to supplement these new technologies with minimal necessary adjustments given its 

manipulability and flexibility.

In terms of a possible mechanism, QHREDGS has been reported to bind to β1-type integrins 

with specific interactions noted between the peptide and α5β1 and αvβ3 integrin 

receptors 15 ; and β1-integrins have been identified as playing a significant role in osteoblast 

differentiation, mineralization in vitro and bone formation in vivo 9, 11. Herein, we 

demonstrate that the QHREDGS peptide affects the in vitro processes of matrix deposition 

and mineralization, and osteoblast differentiation. This may suggest that QHREDGS affects 

these processes through a β1-integrin-mediated pathway. Recently, knockdown of the β1-

integrin binding partner integrin-linked kinase (ILK) was shown to result in increased 

differentiation and bone mineralization by downregulating c-JUN-dependent 

transcription 55. Conversely, activation of extracellular signal-related kinase (ERK1/2) 

pathway downstream of ILK has been reported to promote differentiation and bone 

mineralization 56, 57. The precise molecular mechanisms involved in improved bone 

mineralization by QHREDGS is therefore unclear and will be the subject of future work.

5. CONCLUSIONS

We have demonstrated for the first time that the small Ang-1-derived peptide QHREDGS 

accelerates osteoblast differentiation and promotes both bone matrix deposition and 

mineralization more effectively than the common integrin-binding peptide RGDS, when 

immobilized to either titanium medical devices or biomaterials. The acceleration of the 

processes of osteoblast differentiation, matrix deposition and bone mineralization are 

important factors influencing bone therapy as the time needed to regenerate bone affects not 

only the ultimate success of the treatment but can also affects the recovery time for the 

patient. Additionally, the ability of QHREDGS-immobilization to modify the localized 

mechanical properties of implant devices without affecting its global mechanical properties 

has the potential to reduce the risk of implant failure. Finally, we have demonstrated that the 

quality of the bone produced by the QHREDGS-immobilized surfaces was improved 

relative to the other surfaces investigated. Hence, the novel peptide QHREDGS may be a 

suitable candidate for tests in preclinical models.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

Ang-1 angiopoietin-1

PA polyacrylate

Ti titanium

PEG polyethylene glycol

M/M mineral-to-matrix

EDC ethyl(dimethylaminopropyl) carbodiimide

NHS sulfo-N-hydroxysuccinimide

ALP alkaline phosphatase

LDH lactate dehydrogenase

ECM extracellular matrix

FTIR Fourier transform infrared spectroscopy

AFM atomic force microscopy

ESEM environmental scanning electron microscopy

ILK integrin-linked kinase

ERK1/2 extracellular signal-related kinase
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Figure 1. 
Covalent immobilization of QHREDGS to PA-coated Ti plates using EDC/NHS chemistry 

and to PEG hydrogels using acrylate-PEG-NHS. Uncoated or PA-coated Ti plates were 

placed in a reaction mixture containing FITC-QHREDGS and the conjugating reagent NHS 

in the presence or absence of EDC: (A) the amount of FITCQHREDGS peptide bound to Ti 

plate; (B) the percentage of FITC-QHREDGS bound to the Ti plate of the initial amount 

added to the reaction solution. The PEG-derivative acrylate-PEG-NHS was incubated in a 

reaction mixture containing different concentrations of QHREDGS-FITC: (C) the amount 

bound to the PEG-derivative in the hydrogel; (D) the percentage of FITC-QHREDGS bound 

to the PEG-derivative of the initial amount of peptide added to the reaction solution. The 

data presented are the mean ± the SEM (n=3) and the lines indicate statistical significance 

(P < 0.05; one-way ANOVA and Student-Newman-Keuls post-hoc analysis; n=3).
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Figure 2. 
Alkaline phosphatase (ALP) activity measured in conditioned medium collected on the 

indicated day (D) of osteoblasts grown on low attachment polystyrene tissue culture plastic 

or Ti plates without PA-coating (Uncoated Ti), with PA-coating but no peptide conjugated 

(PA-Coated Ti), or with PA-coating and either QHREDGS, RGDS or DGQESHR 

(scrambled) peptide conjugated. Data presented are the mean ± SEM and the lines indicate 

statistical significance (P < 0.05; one-way ANOVA and Student-Newman-Keuls post-hoc 

analysis; n=3).
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FIGURE 3. 
Osteogenic gene expression of osteoblasts grown on tissue culture plastic in the presence or 

absence of soluble QHREDGS on the indicated day (D): (A) alkaline phosphatase, (B) 
osteocalcin, (C) type I collagen and (D) bone sialoprotein. Gene expression was normalized 

by dividing by the expression of the housekeeping gene β-actin. Data presented are the mean 

± SEM (n=3) and the lines indicate statistical significance (P < 0.05, unless noted, n=3).
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Figure 4. 
Bone extracellular matrix production measurements. (A) The collagen concentration of the 

demineralized bone matrix was determined from FTIR spectra (650-4000 cm−1) for 

osteoblasts grown on Ti plates without the PA-coating (Uncoated Ti), PA-coated but without 

any peptide conjugated (PA-Coated Ti), or PA-coated with QHREDGS, RGDS or 

DGQESHR (scrambled) peptide conjugated. (B) The elastic (Young's) modulus of Ti plates 

with or without peptide immobilized and without any cells seeded on them (Without Cells), 

and of the demineralized bone matrix laid down by the osteoblasts seeded on the various 

surfaces (With Cells) was determined by AFM. The data presented are the individual 

measurements with the mean denoted by the black dash. The lines indicate statistical 
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significance (P < 0.05; Kruskal-Wallis one-way ANOVA on ranks and Dunn's post-hoc 

analysis; n=3-7).
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Figure 5. 
Representative Alizarin Red S and von Kossa staining images of Ti plates with various 

coatings seeded with osteoblasts and cultured in osteogenic media for 41 days. (A) Ti plates 

without the PA-coating. (B) PA-coated Ti plates without any peptide immobilized. (C) PA-

coated Ti plates immobilized with QHREDGS peptide. (D) PA-coated Ti plates 

immobilized with RGDS peptide. (E) PA-coated Ti plates immobilized with DGQESHR 

(scrambled) peptide.
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Figure 6. 
The amount of Alizarin Red S bound to the surface of Ti plates with various coatings seeded 

with osteoblasts and cultured in osteogenic media for 41 days, as determined by the sum of 

the pixel values in the red channel images (raw integrated density). Data presented are the 

mean ± SEM (n=3) and the lines indicate statistical significance (P < 0.05; Kruskal-Wallis 

one-way ANOVA on ranks and Dunn's post-hoc analysis; n=3).
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Figure 7. 
The composition of bone matrix produced by osteoblasts cultured on PEG-based hydrogels 

without peptide conjugated (No Peptide), or with either the QHREDGS, RGDS or 

DGQESHR (scrambled) peptide conjugated determined by FTIR. (A-B) The collagen 

(matrix) and phosphate (mineral) concentrations of the bone matrix was determined from the 

FTIR spectra (650-4000 cm−1). (C) The mineral-to-matrix (M/M) ratio was also calculated. 

The data presented are the individual measurements with the mean denoted by the black 

dash. The lines indicate statistical significance (P < 0.05; Kruskal-Wallis one-way ANOVA 

on ranks and Dunn's post-hoc analysis; n=4).
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