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ABSTRACT 

Endosseous implants are important options for restoring edentulous dental sites.  Patients 

and practitioners are interested in implant systems that can osseointegrate faster and 

predictably in compromised patients.  Recent research has shown that utilizing 

biomimetic peptides (i.e. RGD and SNa15) on titanium surfaces could improve 

osteoblastic responses.  RGD is a peptide sequence important in binding nearly half of all 

integrins and is important in cellular adhesion.  SNa15 is a modified peptide sequence 

from the N-terminus of the salivary protein statherin, which has been shown to be 

important in calcium phosphate mineral binding and nucleation.  The aim of this study 

was to compare the in vitro outcomes associated with osseointegration (osteoblast-like 

cell adhesion, spreading, proliferation, and differentiation) between the titanium surfaces 

coated with RGD, SNa15, or a combination of the two biomimetic peptides via a 

covalently bound elastin-like biopolymer (p-).  The co-immobilized titanium surfaces had 

either a 1:1 molar ratio of biomimetic peptides on separate biopolymers (pRGD and 

pSNa15) or a coating containing both peptides on a single biopolymer (pRGD-SNa15).  

Cellular adhesion, spreading, and proliferation was assessed with fluorescent labeling of 

actin, vinculin, and/or nuclear DNA and viewed with a light microscope.  ELISA was 

used to determine early- and late-stage osteoblastic differentiation by measuring alkaline 

phosphatase and osteocalcin, respectively.  Our results indicate that while titanium 

surfaces coated with only pRGD displayed greater cell adhesion, there were non-

significant differences between titanium surfaces coated with elastin-like peptide 

polymers in terms of other osseointegration-related outcomes.  We also noted a pattern 

that titanium surfaces coated with hydrophobic RGD-containing polymers were 

associated with an abnormal late stage osteoblastic differentiation pattern.  In conclusion, 

we suggest that the co-immobilization of these biomimetic peptides via elastin-like 

polymers should be optimized in further research to improve their clinical applicability. 
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INTRODUCTION 

Endosseous titanium dental implants are one option for restoring function to 

edentulous sites.  Conventional time needed after implant placement before the implants 

can be restored and loaded is 2 months.1  If loading is performed before adequate 

osseointegration has occurred, soft tissue encapsulation and subsequent implant failure 

can occur.2  During the time between implant placement and loading, patients typically 

have esthetically or functionally inferior restorations.  Therefore, accelerating the rate of 

osseointegration of implants would improve patients’ quality of life.  Implant surface 

properties are one factor that may influence and improve earlier loading protocols.3,4  

Commercially pure titanium is commonly used for dental implants because of its 

mechanical properties, corrosion resistance, and biocompatibility.  Unfortunately, 

titanium is not bioactive and thus causes passive osseointegration.  Thus, implant 

technology has focused upon either improving the surface topography (i.e. roughness) or 

coating the surface of the titanium with a bioactive substance to accelerate 

osseointegration.5   

Osseointegration of dental implants is dependent upon a stable mineralized bone 

matrix, which is established mainly by osteoblastic cells.  There have been 4 described 

techniques to promote osteoblastic activity at the implant surface including osteoblast 

recruitment, attachment, proliferation, and differentiation.6 Previous research has 

evaluated naturally occurring biomolecules (i.e. rhBMP-2) being coated on titanium 

surfaces to induce the recruitment of osteoblasts.7  Unfortunately, these naturally 

occurring molecules cannot be structurally modified or optimized as easily as synthetic 

biomolecules and are not covalently bound to the titanium surface.   
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Osteoblast attachment to the titanium surface is also an important component in 

establishing and maintaining osseointegration.  When osteoblasts attach to extracellular 

matrix (ECM) proteins via trans-membrane proteins (i.e. Integrins), a signaling pathway 

influences cellular growth and differentiation.6  RGD is an amino acid sequence 

containing Arg-Gly-Asp, which is important in cell adhesion (Table 1).  RGD is found on 

blood, extracellular matrix (i.e. fibronectin, vitronectin), cell-surface proteins, and is a 

key component in the recognition site for nearly half of all integrins.8,9  As a 

consequence, previous studies have shown surfaces coated with RGD sequences have 

displayed improved cellular adhesion10,11 and proliferation12 compared to control 

surfaces.  As with healing in other tissues, proliferation of osteoblastic cells is vital in 

implant osseointegration.6  Even if pre-osteoblastic cells are recruited, attached, and 

proliferate at the surface of the implant, osseointegration is dependent upon the 

mineralization of the bone matix for support.  As a consequence, promoting 

differentiation of pre-osteoblasts to osteoblasts for forming a mineralized bone matrix is 

the final target to promote osseointegration.6  SNa15 is an amino-acid sequence from the 

N-terminus of the statherin molecule, which was noted to be the sequence associated with 

hydroxyapatite (HAP) binding.13,14  The SNa15 sequence differs from the original 15 

amino acids at the N-terminus of Statherin because the phosphoserines are replaced with 

Aspartic acid (D) amino acids (Table 1).  This change did not alter the binding affinity 

for these sequences to HAP.  The acidic domains of the amino acids (DDDEE) in SNa15 

and it’s helical conformation are the main reasons for its high affinity for 

hydroxyapatite.14,15  Previous results in our lab demonstrated trends in improved in vitro 

osteoblast differentiation with titanium surfaces coated with SNa15 compared to control 
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surfaces.16  In conclusion, it is well accepted that biomaterials that benefit 

osseointegration are those inducing the greatest adherence (cell spreading), proliferation, 

and cell differentiation to the osteoblastic lineage.  

 

Table 1: Amino Acid Sequences for Biomimetic Peptides 
Biomimetic Peptide Groups Amino Acid Sequence 

IK-24 Reference polymer (Ref) No peptide (only elastin-like polymers 

present) 

Integrin-binding domains (RGD) AVTGRGDSPASS 

Statherin-derived peptide (SNa15) DDDEEKFLRRIGRFG 

Combined Integrin-binding domain (RGD) 

with Statherin-derived peptide (SNa15) 

AVTGRGDSPASS- 

DDDEEKFLRRIGRFG 

Table showing the associated amino acid sequence of each biomimetic peptide.  A: 
Alanine; D: Aspartic Acid; E: Glutamic Acid; F: Phenylalanine; G: Glycine; I: 
Isoleucine; K: Lysine; P: Proline; R: Arginine; S: Serine; T: Threonine; V: Valine. 
 

Previous research17 has already demonstrated that titanium surfaces can be 

covalently-coated with RGD and SNa15 by means of an elastin-like recombinant 

polymer (p-) via a silane unit (CPTES) (Table 2, Figure 1).  A common elastin-like 

polymer (ELP) is composed of repeating pentapeptides of amino acid sequences of L-

Valine1-L-Proline2-L-Glycine3- X4-L-Glycine5 (VPGXG), where “X” is any natural 

amino acid except Proline.18  ELPs are extracellular matrix (ECM) analogues that have 

been shown to act as vehicles for bioactive peptides.19,20  ELPs are considered an 

appropriate vehicle because they are biocompatible21 and can withstand mechanical 

forces similar to natural elastin.22  Thus, we are utilizing ELPs to attach the bioactive 

peptides in order to create a biocompatible, mechanically stable, covalently bound 

bioactive coating to improve cellular response.  
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Table 2: Structural Description of the Different Elastin-Like Peptide Polymer-
Coated Titanium Surface Groups 
Titanium surface 

groups 

Titanium with bound Elastin-like Peptide Polymer 

Structure 

Ti-pRef Ti-CPTES-[((VPGIG)2-(VPGKG)-(VPGIG)2)2] - [((VPGIG)2-

(VPGKG)-(VPGIG)2)2]n 

Ti-pRGD Ti-CPTES-[((VPGIG)2-(VPGKG)-(VPGIG)2)2] - 

AVTGRGDSPASS - [((VPGIG)2-(VPGKG)-(VPGIG)2)2]n 

Ti-pSNa15 Ti-CPTES-[((VPGIG)2-(VPGKG)-(VPGIG)2)2] - 

DDDEEKFLRRIGRFG - [((VPGIG)2-(VPGKG)-

(VPGIG)2)2]n 

Ti-1:1 pRGD to pSNa15 

(molar ratio) 

TI-CPTES-[((VPGIG)2-(VPGKG)-(VPGIG)2)2] - 

AVTGRGDSPASS - [((VPGIG)2-(VPGKG)-(VPGIG)2)2]n 

                                                And  

TI-CPTES-[((VPGIG)2-(VPGKG)-(VPGIG)2)2] - 

DDDEEKFLRRIGRFG - [((VPGIG)2-(VPGKG)-

(VPGIG)2)2]n 

Ti-pRGD-SNa15 Ti-CPTES-[((VPGIG)2-(VPGKG)-(VPGIG)2)2] – 

AVTGRGDSPASS-DDDEEKFLRRIGRFG - [((VPGIG)2-

(VPGKG)-(VPGIG)2)2]n 

Table displaying the amino acid structure of the polymer and bioactive peptide bound to 
titanium via a silane unit for each Elastin-like peptide-containing polymer (ELPP) coated 
titanium group.  Black: Titanium (Ti) with silane unit (CPTES); Blue: Polymer amino 
acid sequence; Red: Biomimetic amino acid sequence; A: Alanine; D: Aspartic Acid; E: 
Glutamic Acid; F: Phenylalanine; G: Glycine; I: Isoleucine; K: Lysine; P: Proline; R: 
Arginine; S: Serine; T: Threonine; V: Valine. 
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Figure 1: Schematic Representation of Coating Titanium Surfaces with Elastin-Like 
Peptide-Containing Polymers  

 

Schematic demonstrating the process to bind Elastin-like peptide-containing polymers 
(ELPPs) onto titanium.  First, clean titanium is conditioned with alkali etching using 
NaOH to activate hydroxyl groups.  Next the surface undergoes silanization to covalently 
bind CPTES.  Finally, specific ELPPs are covelantly bound to the titanium via the silane 
unit to form the final ELPP-bound titanium surfaces.    
 

Recently published research has also shown that titanium surfaces coated with 

pRGD and surfaces coated with pSNa15 improved the in vitro osteoblast response when 

compared to non-coated titanium surfaces and surfaces coated with ELPs without the 

functional peptides.  Those surfaces with the RGD motif (Ti-pRGD or Ti-pRGD-SNa15) 

showed significantly greater adhered cell numbers after incubating 4 hours and 

subjectively greater adherence morphology than other titanium surfaces.  Ti-pRGD-

SNa15 surfaces also showed a trend of greater proliferation of osteoblasts as well as 

differentiation (alkaline phosphatase (ALP) and osteocalcin (OCN)) at the gene 

expression level compared to other titanium-modified surfaces.16  One limitation of this 

previous research was that statistical assessments were not conducted to note statistical 

significance, and the differentiation was assessed at the expression level and not at the 

protein level.16  Another gap in previous research is that a titanium surface coated a single 

molecule of two bioactive peptides (Ti-pRGD-SNa15) has not been compared with a 
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titanium surface coated with two molecules of bioactive peptides in a 1:1 molar ratio (Ti-

1:1 pRGD to pSNa15).   

 

Hypotheses 

Based upon previous research and the preliminary results from our laboratory, we 

have constructed two main hypotheses.  The first null hypothesis is that titanium surfaces 

coated with one elastin-like polymer carrying two bioactive peptides (Ti-pRGD-SNa15) 

will show no significant differences in pre-osteoblastic adhesion, spreading, proliferation 

and differentiation compared to titanium surfaces coated with an equal ratio of two 

separate elastin-like polymers, each carrying one of the two different peptides (Ti-1:1 

pRGD to pSNa15).  The second null hypothesis is that titanium surfaces coated with one 

bioactive peptide (Ti-pRGD or Ti-pSNa15) will demonstrate no significant differences in 

the same aforementioned cellular assays as the first hypothesis, when compared to 

titanium surfaces coated with two bioactive peptides (Ti-pRGD-SNa15 or Ti-1:1 pRGD 

to pSNa15) on the same surface.   

We will compare titanium surfaces coated with different elastin-like peptide 

polymers (Ti-pRGD, Ti-pSNa15, Ti-pRGD-SNa15, and Ti-1:1 pRGD to pSNa15).  Each 

experiment will test the bioactive response of pre-osteoblastic cells to the conditioned 

surface by qualifying the adherence and spreading of cells during attachment, as well as 

quantifying cellular proliferation and differentiation at the protein level.   
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MATERIALS AND METHODS  

Materials  

Surface modification and cell experiment reagents were purchased from Sigma-

Aldrich (St. Louis, MO) unless otherwise specified.  

 

Synthesis of Elastin-like Peptide-Containing Polymers (ELPPs)  

Provided by Professor Carlos Rodriguez-Cabello from the University of 

Valladolid, Spain.  Genetic engineering using standard methods as well as production of 

the elastin-like peptide polymers were conducted as described previously.19,23,24  The 

elastin-like peptide polymers were engineered with 3 components: VPGIG, VPGKG 

(with the isoleucine replaced with a lysine to enable cross-linking), and one or two of the 

bioactive peptide sequences (Table 1) with a final structure as seen in Table 2.  

 

	  Surface Modification  

Commercially pure titanium (grade II) was obtained (10x10cm wide x 1mm thick 

titanium sheets) (McMaster-Carr, USA) and punched into 7.5mm diameter discs.  One 

side of the disc was determined to be the conditioned side, while the other received an 

“X” to ensure it was placed down during disc conditioning.  A schematic representation 

of surface modifications is illustrated in Figure 1.  Discs were cleaned with cyclohexane 

for 10 minutes, then rinsed with distilled water and acetone and dried with nitrogen gas.  

Cleaned-titanium discs were then ready to use as a negative control group. 
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The discs were etched overnight in an alkali environment of 5M NaOH at 60°C, 

and cleaned with distilled water, acetone, and dried with nitrogen gas.  Etched-titanium 

discs were then ready to use as a control group.   

The discs were silanized in a reaction vessel in nitrogen gas environment with 3-

chloropropyl triethoxysilane (CPTES), diisopropylethylamine (DIEA), and anhydrous 

pentane.  The reaction had intermittent ultrasonic movement every 10 minutes for 2 

minutes for a total of 60 minutes.  After silanization, the discs were rinsed with ethanol, 

isopropanol, distilled water, acetone, and then dried with nitrogen gas.  The discs were 

then coated with their respective biopolymer coating by immersion in a solution of 4.0mg 

biopolymer (pRGD, pSNa15, or pRGD-SNa15) in 8mL cold 0.5mg/mL Na2CO3 in a 

desiccator under argon atmosphere overnight.  1:1 pRGD to pSNa15 surface group had 

1.4mg pSNa15 and 2.6mg pRGD in 8mL of Na2CO3 to establish a 1:1 molar-ratio of 

biopolymers.  After biopolymer immobilization, the discs were rinsed with cold distilled 

water and acetone, air-dried, and stored in a paraffin-sealed and clean 48-well plate at 

4°C.  

The titanium discs then had surface characteristics measured with contact angle 

within 30 minutes of surface modification and DRIFTS.  

 Glass discs (10mm diameter coverslips, product#2603368, Ted Pella Inc., 

Redding, CA) were used as a positive control surface for cell experiments.  

 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 

 Diffuse reflectance infrared Fourier transformed spectroscopy (i.e. DRIFTS) is an 

established technique for characterizing and identifying the proper coating of bioactive 
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polymers on titanium surfaces.23,25  Surface modification of each titanium group was 

evaluated by diffuse reflectance infrared Fourier transform spectroscopy (Nicolet series II 

Magna-IR system 750) at a resolution of 4 cm-1 and scanning range from 650 cm-1 to 

4000 cm-1.  

 

Contact Angle 

 Sessile drop contact angle measurements were obtained of each surface modified 

titanium disc group using a contact angle analyzer (DM-CE1, Kyowa Interface Science, 

Japan).   A sequence of photos was taken from a lateral view of the titanium discs with a 

digital camera.  The angle between the titanium disc surface and side of the droplet 

(Figure 2) was measured using an image analyzing software (FAMAS - Interface 

Measurement & Analysis System, Ver. 3.0.0, Kyowa Interface Science Co, LTD).  

Pictures were taken every second (1000 milliseconds) for 60 seconds starting 

immediately after a standardized droplet (1.5-2µL) of deionized water was placed on the 

disc.  Three discs per surface group were measured and the mean contact angle was 

calculated.  Comparisons were conducted between surface groups in terms of mean initial 

(0 seconds) and final (59 seconds) contact angles as well as the patterns in changing 

contact angle measurements over time.   
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Figure 2: Contact Angle 

 

Figure displays the angle between the titanium surface and droplet edge at which contact 
angle was measured for each second for 60 seconds.   
 

Cell Culture Preparation  

  Murine pre-osteoblastic MC3T3-E1 cells (ATCC, Manassas, VA) were cultured 

in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS, 

Gemini Bio-Products, West Sacramento, CA) and 1% penicillin/streptomycin 

(Invitrogen, Grand Island, NY) at 37°C in an 5% CO2 atmosphere with 100% humidity.   

 

Cell Counting 

Cells were counted before each assay.  Cell dishes were removed from the 

incubator and the media was aspirated, followed by a rinse with HBSS.  After aspirating 

the HBSS, Trypsin (1-2 mL) was added to the culture dish and incubated for 5 minutes at 

37°C until cells were detached and rounded in appearance.  Alpha-MEM (Invitrogen, 

Grand Island, NY) (7-8 mL) was added to the culture dish and transferred with the cells 

to a 15mL centrifuge tube, which was spun at 3000 rpm for 3 minutes.  The supernatant 

was gently aspirated without disturbing the cell pellet, which was then resuspended in 

4mL of new α-MEM media.  Ten µL of cell media was used on a hemocytometer for 

calculating cell density. 
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Adhesion, Shaping, and Spreading  

 Assessing the adhesion as well as shaping or spreading of the pre-osteoblasts on 

the surfaces suggests an affinity and biocompatibility with the modified surfaces.  The 

greater number of adhesive points as well as spreading of the cells laterally with 

extensions is an indication that the cells react well with the surface.  

Preparing the discs for incubation was conducted under a hood.  Titanium discs 

that were previously conditioned and glass discs were placed in the 48-well plate and 

covered with 70% ethanol for 30 minutes under UV light.  The ethanol was aspirated and 

the wells with discs were covered with 10% BSA (Thermo Scientific, Logan, UT) and 

incubated at 37°C for 30 minutes.  The wells were then aspirated and rinsed four times 

with HBSS for 2-3 minutes each.   

 Cell counting with the hemocytomer was used to calculate the dilutions needed 

for 2000 MC3T3-E1 cells to be allocated to each well with 0.5mL of media.  After each 

titanium or glass disc was covered with media, they were incubated at 37°C for either 2 

or 4 hours.  After 2 or 4 hours, the plate was removed from the incubator and media was 

aspirated gently, rinsed with HBSS, aspirated, and fixed with 4% paraformaldehyde 

solution (PFA) (Fisher Scientific, Fair Lawn, NJ) for 15 minutes at room temperature.  

After the PFA was aspirated, it was rinsed three times with 1x phosphate buffered 

solution (PBS) (Lonza, Walkersville, MD) and was left in the last rinse of PBS at 4°C 

overnight until staining with fluorescence.   

 Triple-fluorescent labeling was used to evaluate three important components of 

the cells simultaneously.  DAPI is a known label for nuclear DNA by binding to the A-T 

rich regions,26 which was used to identify the number and location of cells with the cell 
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adhesion/shaping and proliferation assays.  Rhodamine phalloidin binds F-actin of the 

cytoskeleton27 and was used to display cellular shaping and extensions.  Vinculin is a 

cytoskeletal protein that is involved in the signaling from the ECM to intracellular 

cytoskeleton and thus labels contact or adhesion points.28 

Titanium discs were then transferred onto paraffin wax with their treated surface 

towards the paraffin to reduce the reagents needed to cover the discs (Figure 3).  Glass 

was treated with antibodies while in their separate plate wells.  Cells were lysed with 

PBS+0.3% TX-100 for 10 minutes, followed by aspiration, and incubated for 30 minutes 

with IF solution (1.5g BSA + 5mL 10x PBS + 0.5mL 2M MgCl2+150µL Tween20+ 

distilled water to a final volume of 50mL) at room temperature.  In a dark room, the 

primary antibody (monoclonal anti-vinculin made in mouse) was diluted 1:500 in IF 

solution and was pipetted to cover the discs that incubated for 3 hours at 37°C.  The discs 

were covered with aluminum foil and damp paper towel to reduce light exposure and 

prevent evaporation of antibody solution.  The discs were then rinsed 3 times with 

PBS+0.1%TX-100 for 5 minutes each.  After aspiration of the last rinse, Alexa-Fluor 

conjugated secondary antibody (GMM488) (Invitrogen, Eugene, OR) was diluted 1:600 

in IF solution, DAPI (4’,6-diamidino-2-phenylindole, dilactate) (Invitrogen, Eugene, OR) 

was diluted 1:1500 in IF solution, and rhodamine phalloidin (TRITC) (Invitrogen, 

Eugene, OR) was diluted 1:5000 with IF solution.  These antibody solutions were 

pipetted to cover the discs and incubated for 1 hour and 15 minutes at 37°C with 

aluminum foil and damp paper towel coverings.  After incubation, the discs were washed 

again for 3 times with PBS+0.1%TX-100 for 5 minutes each, dried, and stored.  The 
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discs were stored in 48-well plates sealed in paraffin wax and aluminum foil at 4°C until 

viewing fluorescence with microscope.    

 

Figure 3: Diagram of Immunofluorescent Incubation System  

 

Diagram of titanium discs incubating “up-side-down” over paraffin-wax to reduce the 
quantity of antibody solution needed to cover conditioned side of discs.  The diagram 
also displays the paraffin wax was placed over a new well plate lid, while the plate wells 
acted like a lid.  Damp paper towel was placed over the plate to reduce evaporation of 
the antibody solution and the aluminum foil sealed the plate from light during the 
incubation period.   
 

  Cellular fluorescence were visualized with a Nikon Eclipse E800 Light 

microscope with a Nikon super high-pressure mercury lamp and MetaMorph V6.2r2 

(Universal Imaging Corp., Buckinghamshire, UK) software. Exposure times for the 

different fluorescent stains (DAPI, rhodamine phalloidin, Vinculin) were 5000-8000 

milliseconds (ms) for rhodamine phalloidin (red-orange), 3000-6000 ms for Vinculin 

(green), and 200-800 ms for DAPI (blue).  Magnification of 10x was used to view cells 

incubating for 4 hours with DAPI or rhodamine phalloidin to evaluate cell proliferation 

with 3 random pictures taken for each disc and 3 discs sampled per surface group.  

Magnification of 20x was used for viewing the cell sSNa15ing and spreading with 
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rhodamine phalloidin of both 2 and 4 hour samples with 1 picture per disc and 3 discs 

sampled per surface group.  Magnification of 40x was used to view cell adhesion with 

DAPI, rhodamine phalloidin, and Vinculin, of cells at both 2 and 4 hours with 1 random 

sample picture per disc and 3 discs viewed per surface group.  The 40x views had 

individual photos taken of each fluorescent stain and had them combined using imageJ 

1.45e (National Institute of Health, USA) software.  ImageJ was also used to quantify 

viewing scale by referencing pixels to previously determined distances (Table 3).  

 

Table 3: Conversion Between Pixels and Distance 

Objective Calibration size (µm) Region size (pixels) 

10x 250 241 

20x 250 475 

40x 250 976 

Table showing associated pixels on ImageJ software to distances of microscope viewing 
on Nikon Eclipse 800 microscope at different magnification objectives. 
 

Proliferation 

 While under the hood, titanium discs that were previously conditioned and glass 

discs were placed in the 48-well plate and covered with 70% ethanol for 30 minutes 

under UV light.  The wells were then aspirated and rinsed four times with HBSS for 2-3 

minutes each.   

 Cell counting with the hemocytometer was used to calculate the dilutions needed 

for 2000 MC3T3-E1 cells to be allocated to each well with 0.5mL of complete media.  

After each titanium or glass disc was covered with media, they were incubated at 37°C 

for 24, 48, or 72 hours.   After 1, 2, or 3 days, the specific plate was removed from the 

incubator and media was aspirated gently, rinsed with HBSS, aspirated, and fixed with 
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4% PFA for 15 minutes at room temperature.  After the PFA was aspirated, it was rinsed 

three times with 1x PBS and was left in the last rinse of PBS at 4°C until staining with 

fluorescence.    

 Samples had PBS aspirated, and then incubated at room temperature for 10 

minutes with PBS+0.3% TX-100.  The discs were then transferred to an “up-side-down” 

paraffin-wax tray (Figure 3) and incubated with 1:1000 DAPI (360nM) for 15 minutes in 

a dark environment (covered with aluminum foil).  After incubation, discs were rinsed 

with distilled water and stored in the dark at 4°C refrigerator until observing.  

Fluorescence was viewed with a Nikon Eclipse E800 Light microscope with a Nikon 

super high-pressure mercury lamp and MetaMorph V6.2r2 software.  The mean 

proliferations of each surface group and incubation time were calculated by averaging the 

number of nuclei using ImageJ software of 3 random views per disc and 3 discs were 

surface modified group.   

  

Differentiation  

Titanium discs that were previously conditioned and glass discs were placed in 

the 48-well plate and covered with 70% ethanol for 60 minutes under UV light.  The 

wells were then aspirated and rinsed four times with HBSS for 2-3 minutes each.   

Cell counting with the hemocytometer was used to calculate the dilutions needed 

for 50,000 MC3T3-E1 cells to be allocated to each well with 0.8mL of complete media.  

After each titanium or glass disc was covered with media, they were incubated at 37°C 

for 7, 14, or 21 days.   After confluence and the media was changed to osteogenic media 

(α-MEM + 10% FBS + 1% Penn-step + 50µg/mL L-ascorbic acid + 10nM β-glycerol 
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phosphate), which was aspirated gently and replaced every 2-3 days until incubation was 

complete.  After 7, 14, or 21 days, the specific plate was removed from the incubator and 

media was transferred into an eppendorf tube and stored at -20°C for the osteocalcin 

assay.  The discs were then rinsed gently with PBS for 5 minutes.  After aspiration of 

PBS, ALP lysis buffer (distilled water with 1% TritonX-100, 0.1mM MgCl2, 150mM tris; 

to pH: 10.5) with Halt protease inhibitor (100x) (Thermo Scientific, Rockford, IL) was 

incubated on ice for 10 minutes.  The discs were then scrapped and collected into an 

eppendorf tube.  The collected cells were spun at 3000rpm for 10 minutes at 4°C.  

Supernatant was transferred to a new eppendorf tube and stored at -20°C for measuring 

ALP and total protein.  

 

Total Protein Assay  

The purpose for this assay was to assess the total protein of each sample, which is 

related to the total number of cells present in each sample.  Differentiation assays could 

then be related to the total protein in their respective sample to establish a more 

proportionate differentiation expression per cell.  Bio-Rad DC Protein Assay reagents 

were purchased (Bio-Rad Laboratories, Hercules, CA) and Bio-Rad Microplate Assay 

protocol was followed.  Reagent A’ is a mixture of 20µL reagent S and 1mL of reagent 

A.  Serial dilutions of lyophilized BSA in concentrations of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 

1.42mg/mL were prepared in ALP lysis buffer.  In a 96-well microtiter plate, 5µL of 

standards or samples were combined with 25µL of reagent A’ and 200µL reagent B.  

After 15 minutes of incubation with gentle agitation, absorbances were read at 650nm on 

Beckman Coulter AD340 Spectrophotometer at 37°C.  After subtracting the blank 
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(0mg/mL) from absorbances, a standard linear trend-line was established based on the 

serial dilutions and used to calculate total protein concentrations (mg/mL) of each 

incubated disc sample.     

 

Alkaline Phosphatase  

Alkaline phosphatase is an enzyme that hydrolyzes pyrophosphate, which is 

believed to play a role in promoting osteoid mineralization.29  This is also the first 

restriction point in the differentiation of osteoblasts.  As proliferation of the pre-

osteoblasts decreases, ALP expression increases for the maturation of the osteoid.  Thus, 

ALP is an established marker for early osteoblastic differentiation.30,31 Freshly prepared 

100µL AMP reaction solution (22.5µL AMP (2-amino-2-methyl-1-propanol) diluted first 

in 1:4 in distilled water) + 12µL 2M MgCl2 + 2 20mg p-Nitrophenyl phosphate tablets + 

10mL distilled water) was combined with 2µL sample supernatant into a new 96-well 

microtiter plate.  This was incubated at 37°C for 60 minutes and then 25µL of 2M NaOH 

was added per well and absorbance was read at 405nm on Beckman Coulter AD340 

Spectrophotometer at 37°C.  Absorbances had mean blank (AMP reaction solution alone) 

subtracted from it and then had ALP activity was determined relative to total protein 

concentration (see Total Protein Assay).    

 

Osteocalcin 

The second restriction point in osteoblastic differentiation is when maturation of 

the osteoid ends and mineralization begins.  Osteocalcin is a vitamin-K dependent, 

calcium binding protein involved in osteoid mineralization and is a marker for late 
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osteoblastic differentiation.30-32  Biomedical Technologies Inc. (Stoughton, MA) mouse 

osteocalcin EIA Kit was obtained and their protocol was followed.  Standard stock 

dilutions of osteocalcin of 0, 1.56, 3.12, 6.25, 12.5, 25, and 50ng/mL were made with 

stock buffer.  Standard dilutions and samples (25µL each) were pipetted into individual 

microtiter plate wells and combined with 100µL osteocalcin antiserum, sealed, and 

incubated at 4°C for 20 hours.  Wells were washed with phosphate-saline buffer, and then 

100µL Steptavidin-Horseradish Peroxidase was added, agitated, and incubated for 30 

minutes.   Wells were washed with phosphate-saline buffer and then 100µL substrate 

mixture (TMB and hydrogen peroxide solutions) was added and incubated in the dark at 

room temperature for 15 minutes.  Stop solution (100µL) was added to each well, 

agitated, and measured absorbances at 450nm in Beckman Coulter AD340 

Spectrophotometer at 37°C.  The mean blank (0ng/mL) was subtracted from standards 

and samples.  The natural log of absorbances for the standards were plotted against 

concentrations and the trend-line was used to calculate osteocalcin levels (ng/mL) of each 

experimental sample.  The osteocalcin levels relative to total protein concentration (see 

Total Protein Assay) were determined for each sample.   

 

Statistical Evaluation  

Comparisons between surface groups for contact angle, proliferation, and 

differentiation, were conducted at each time point.  Statistical comparisons involved a 

one-way ANOVA and Bonferroni pairwise multiple comparisons using SPSS (19.0, 

IBM, USA) with a confidence interval of 95%. 
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RESULTS  

Surface Characterization: DRIFTS 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was 

utilized to verify the presence of the ELPP-coating on the titanium surfaces.  DRIFTS 

was also performed on at least one ELPP-coated titanium sample before each assay to 

verify the successful coating of biopolymers.  Only one representative DRIFTS spectrum 

of each titanium surface group is shown in Figure 4.  Those titanium surfaces that had 

ELPPs covalently bonded to the surfaces showed peaks for their hydroxyl and two amide 

groups (B).  The titanium surfaces without ELPPs bonded to the surfaces only showed a 

peak at ~2300cm-1 consistent with carbon dioxide (B), which was also present for 

samples with ELPPs (A).  

 

Figure 4: DRIFTS 

 

DRIFTS results showing the presence of peaks for a hydroxyl group, and two amide 
groups for samples with bioactive biopolymers (A), while the samples without 
biopolymers show only peaks for the presence of carbon dioxide and environmental 
traces (B).   
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Surface Characterization: Contact Angle 

Contact angle measurements were obtained for 3 discs per titanium sample group 

shortly (<30 minutes) after coating was complete or discs were re-cleaned with cold 

distilled water, then acetone, and then dried.  The contact angles were measured every 

second for 60 seconds immediately after distilled water droplet contacted the surfaces.   

Cleaned-titanium and etched-titanium showed a significantly lower contact angle 

compared to the ELPP-coated titanium surfaces immediately after the droplet contacted 

the surface (p<0.05) (Figure 5AB).  All of the ELPP-coated titanium surfaces showed 

decreasing contact angles over time but Ti-pRGD, Ti-pRef, and Ti-pRGD-SNa15 

displayed the least change (Figure 5A).  The final contact angle of Ti-pSNa15 and Ti-1:1 

pRGD to pSNa15 showed significantly lower contact angles compared to Ti-pRGD, Ti-

pRef, and Ti-pRGD-SNa15 (p<0.05) (Figure 5C).     
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Figure 5: Contact Angle 

 

 

Mean dynamic contact angles of distilled water on coated or conditioned titanium discs 
over 60 seconds of observation (A) as well as bar-graphs showing initial and final 
contact angles with standard deviations (B, C).  Different letters indicate statistical 
difference (p<0.05) between surface groups within the same time points (B, C).   
 

Cellular Adherence: Adhesion 

After 2 hours of incubation, only pre-osteoblasts on cleaned-titanium, Ti-pSNa15, 

and Ti-pRGD-SNa15 demonstrated clear focal adhesion points (As indicated in green in 
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Figure 6).  Although incubating cells on Ti-pSNa15 and Ti-pRGD-SNa15 displayed clear 

focal adhesion points after 2 hours, these cells also displayed limited cellular extensions 

compared to all other surfaces (Figure 6).  After 4 hours of incubation, there were greater 

numbers of focal adhesion points (Figure 7) when compared to after 2 hours (Figure 6).  

The number and location of focal adhesion points could not be quantified but a general 

impression noted greater numbers with samples from the Ti-pRGD sample after 4 hours 

(Figure 7).    
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Figure 6: Adhesion at Two Hours 

 

Pre-osteoblastic (MC3T3-E1) adhesion of BSA-conditioned titanium-surfaces with or 
without ELPPs assessed with immunofluorescence triple staining analysis at 40X 
magnification on a light microscope after 2 hours of incubation.  (A) Glass (positive 
control) (B) Titanium-cleaned (negative control) (C) Titanium-etched (D) Ti-pRef (E) Ti-
pRGD (F) Ti-pSNa15 (G) Ti-1:1 pRGD to pSNa15 (H) Ti-pRGD-SNa15. 
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Figure 7: Adhesion at Four Hours 

 

Pre-osteoblastic (MC3T3-E1) adhesion of BSA-conditioned titanium-surfaces with or 
without ELPPs assessed with immunofluorescence triple staining analysis at 40X 
magnification on a light microscope after 4 hours of incubation.  (A) Glass (positive 
control) (B) Titanium-cleaned (negative control) (C) Titanium-etched (D) Ti-pRef (E) Ti-
pRGD (F) Ti-pSNa15 (G) Ti-1:1 pRGD to pSNa15 (H) Ti-pRGD-SNa15. 
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Shaping and Spreading 

After 2 hours of incubation, all surface groups demonstrated rounded cellular 

shapes with limited extensions (Figure 8).  Pre-osteoblastic cells improved cellular 

spreading between 2 and 4 hours of incubation as denoted by a greater number and longer 

extensions of their cells and more cells with a stellate appearance (Figures 8 and 9).  

There appeared little, if any, qualitative differences between the spreading and shaping of 

pre-osteoblasts on each surface group at either observation period (Figure 9).   
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Figure 8: Cell Shaping and Spreading at Two Hours 

 

Cell shaping and spreading of pre-osteoblastic cells (MC3T3-E1) on coated or 
conditioned titanium surfaces with F-actin immunofluorescence staining at 20X 
magnification on a light microscope after 2 hours of incubation.  (A) Glass (positive 
control) (B) Titanium-cleaned (negative control) (C) Titanium-etched (D) Ti-pRef (E) Ti-
pRGD (F) Ti-pSNa15 (G) Ti-1:1 pRGD to pSNa15 (H) Ti-pRGD-SNa15. 
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Figure 9: Cell Shaping and Spreading at Four Hours 

 

Cell shaping and spreading of pre-osteoblastic cells (MC3T3-E1) on coated or 
conditioned titanium surfaces with F-actin immunofluorescence staining at 20X 
magnification on a light microscope after 4 hours of incubation.  (A) Glass (positive 
control) (B) Titanium-cleaned (negative control) (C) Titanium-etched (D) Ti-pRef (E) Ti-
pRGD (F) Ti-pSNa15 (G) Ti-1:1 pRGD to pSNa15 (H) Ti-pRGD-SNa15. 
 

Cellular Proliferation  

All of the surface groups showed increasing pre-osteoblastic (MC3T3-E1) cell 

numbers during the first 3 days of incubation.  Groups with the highest numbers after 1 

day of incubation included Ti-pRGD, while pSNa15 had significantly lower numbers 
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after 1 day compared to glass, Ti-cleaned, Ti-pRef, and Ti-pRGD (p<0.05).  After 2 days 

of incubation the groups Ti-pRGD-SNa15 had significantly greater mean cell numbers 

than glass, Ti-etched, and Ti-pRef (p<0.05), while no other groups were significantly 

different (p>0.05).  On day 3 of incubation, the greatest mean cellular number was noted 

on Ti-pRGD and Ti-pSNa15 surfaces, with a significantly greater cell number compared 

to glass (p<0.05).  Ti-pRGD was also significantly greater than Ti-etched after 3 days of 

incubation (p<0.05).  Variability of cell number counts within the same incubation-period 

and surface groups increased with increasing days of incubation (Figure 10).   

 

Figure 10: Proliferation 

 

(A-C): Proliferation of MC3T3-E1 cells on coated or conditioned titanium and glass 
surfaces after incubation for 1, 2, and 3 days based upon cell number per visual field at 
10x magnification on a light microscope. Different letters indicate statistical difference 
(p<0.05) between surface groups within the same incubation periods.   
 

Osteoblastic Differentiation: Alkaline Phosphatase  

Alkaline phosphatase activity was noted to be the highest for most groups after 14 

days or 21 days of incubation except for cleaned titanium.  After 7 days of incubation, all 

ELPP-coated titanium samples with pRGD (Ti-pRGD, Ti-1:1 pRGD to pSNa15, Ti-

pRGD-SNa15) had significantly lower ALP activity compared to all other surfaces 
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(p<0.05) (Figure 11B).  Aside from the positive control at day 14, there were no 

statistically significant differences between ALP activity between any of the samples 

after 14 or 21 days of incubation (p<0.05) (Figure 11C and 11D).   

 

Figure 11: Alkaline Phosphatase Activity 

 

 

(A-D): Alkaline phosphatase (ALP) activity (mean absorbance at 405nm / total protein 
concentration (mg/mL)) of MC3T3-E1 cells incubated for 7, 14, or 21 days on different 
titanium surfaces and glass (positive control).  Temporal changes in ALP activity 
between different surface groups are shown in a line-graph (A).  Bar-graphs compare 
ALP activity at each incubation period and different letters indicate statistical difference 
(p<0.05) between surface groups within the same incubation periods (B, C, D).  
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Osteocalcin  

Osteocalcin levels were determined to be greatest after 21 days of incubation for 

most groups.  The only exceptions include Ti-pRGD and Ti-pRGD-pSNa15, which 

displayed their highest relative OCN levels at 14 days and decreased their OCN levels at 

21 days (Figure 12A).  When comparing to the positive control (glass), titanium surfaces 

coated with a combination of both biomimetic ELPPs (Ti-1:1 pRGD to pSNa15 and Ti-

pRGD-SNa15) had significantly lower relative OCN levels after 14 days.  Ti-pRGD and 

Ti-pRGD-SNa15 displayed significantly lower OCN levels after 21 days of incubation 

compared to the positive control (glass).  Aside from these decreased OCN levels found 

in the forementioned ELPP-coated titanium surfaces compared to the positive control, 

there were no significant differences in OCN levels between ELPP-coated titanium 

surfaces at any incubation period (p>0.05) (Figure 12).  
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Figure 12: Osteocalcin Level 

 

 

 

(A-D): ELISA results of osteocalcin (OCN) levels (ng/mL) relative to total protein 
concentration (mg/mL) of MC3T3-E1 cells incubated for 7, 14, or 21 days on different 
titanium surfaces and glass (positive control).  Temporal changes in OCN levels between 
different surface groups are shown in a line-graph (A).  Bar-graphs compare OCN levels 
at each incubation period and different letters indicate statistical difference (p<0.05) 
between surface groups within the same incubation periods (B, C, D).  Statistical 
significance was not determined between sample groups at Day 7 because most surfaces 
had lower OCN levels (absorbance) than the measured blank.   
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DISCUSSION 

 The purpose of this study was to evaluate the benefits of covalently coating 

titanium with two bioactive elastin-like peptide polymers (pRGD and pSNa15) in regards 

to osseointegration-related outcomes.  Our results indicate that there is a distinct 

difference in the wettability between titanium surfaces with a 1:1 molar ratio of pRGD to 

pSNa15 and a titanium surface coated with single molecules of pRGD-SNa15.  Despite 

this surface characteristic difference, these two titanium surfaces did not significantly 

differ in terms of pre-osteoblastic adhesion, proliferation, and differentiation.  Late-stage 

differentiation of the Ti- 1:1 molar ratio of pRGD to pSNa15 displayed a more normal 

pattern compared to the Ti-pRGD-SNa15.  These titanium surfaces with both bioactive 

ELPPs also resulted in similar osteoblastic responses compared to titanium surfaces with 

only one ELPP (Ti-pRGD or Ti-pSNa15).  Of interest is that Ti-pRGD related similarly 

to Ti-pRGD-SNa15, while Ti-pSNa15 related with Ti-1:1 pRGD to pSNa15 in terms of 

surface wettability and late-stage differentiation.    

 

Contact Angle 

 Contact angle was used to evaluate the wettability of the modified titanium 

surfaces.  Those surfaces with hydrophobicity would have a greater contact angle, while 

those with a lower contact angle would be characterized as hydrophilic.  The 

hydrophilicity of titanium is important because previous research has indicated that a 

hydrophilic surface of dental implant is associated with improve tissue integration.33  

Etched-titanium demonstrated significantly greater hydrophilicity compared to all other 

groups at all time points (p<0.05) (Figure 5).  This is consistent with previous studies25 
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and with the notion that etching titanium results in activated hydroxyl groups that makes 

the surface extremely hydrophilic.33  Elastin-like polymers have only mildly hydrophobic 

components consisting of the proline and valine side chains.34  Most of the ELPPs-coated 

titanium samples (except Ti-pRGD-HAP) showed a temporal change in contact angle 

from a hydrophobic to more hydrophilic state (Figure 5).  This is believed to be due to 

conformational changes of the elastin-like polymer to hide the hydrophobic components 

and display the hydrophilic components of this amphiphilic molecule.23  Those peptide-

polymer-coated surfaces containing the SNa15 motif demonstrated significantly greater 

hydrophilicity compared to peptide-polymer surfaces without (p<0.05) (Figure 5).  This 

is likely due to the acidic and polar properties of the DDDEE amino acids found on the 

N-terminus of the statherin-drived peptide.14  Of the ELPP–coated surfaces, the titanium 

surface with 1:1 molar ratio of pRGD and pSNa15 displayed the greatest hydrophilicity 

at the final contact angle measurement.  On the other hand, the titanium surface with one 

molecule of both bioactive peptides (Ti-pRGD-SNa15) showed the greatest 

hydrophobicity (Figure 5).  We cannot definitively explain this result but can only 

speculate the ELPP-coated titanium with one molecule of pRGD-SNa15 cannot conform 

to hide the hydrophobic or display the hydrophilic (i.e. DDDEE) components effectively.  

The inability of Ti-pRGD-SNa15 to display the SNa15 motif could explain why there is 

no statistically significant difference in final contact angle compared to the titanium 

surface with only elastin-like polymer (Ti-Ref) or with only pRGD (Ti-pRGD) (p>0.05) 

(Figure 5).    

In conclusion, a titanium surface with two bioactive ELPPs (1:1 molar ratio of 

pRGD and pSNa15) was significantly more hydrophilic than one ELPP of both bioactive 
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peptides (Ti-pRGD-SNa15) (p<0.05).  The titanium surface with two bioactive ELPPs 

(1:1 molar ratio of pRGD to pSNa15) was significantly more hydrophilic than a titanium 

surface with pRGD (p<0.05), but not more hydrophilic than with pSNa15 (p>0.05).   

 

Cell Adhesion 

Assessing cell adhesion and shaping is important in determining the affinity of 

cells to the novel material surface.  Focal adhesion points (as indicated in green in 

Figures 6 and 7) are areas where the cells have bound the intracellular actin cytoskeleton 

to the extracellular surface via trans-membrane glycoproteins (Integrins).9  After integrin-

binding, the actin cytoskeleton condenses and binds structural proteins like vinculin.35  

Establishing this cellular attachment is important in not only cellular anchorage, but also 

in influencing proliferation, differentiation, and apoptosis by activating signaling 

cascades.8,35  Cells that display more focal adhesion points or that spread with elongated 

cellular extensions are considered to have a better cellular affinity for the surface.   In our 

study, triple-fluorescence staining allowed for visualization of the nucleus, actin, and 

vinculin components.  While all of the samples showed numerous focal adhesion points 

after 4 hours of incubation, the titanium surface with pRGD (Ti-pRGD) demonstrated a 

trend of greater numbers (Figure 7).  Co-immobilizing both biomimetic peptide polymers 

does not significantly improve cellular adherence and actually detracts from adherence 

compared to titanium coated with only pRGD.  There appears to be no measurable 

difference in the focal adhesion points between titanium surfaces coated with both ELPPs 

(Ti-pRGD-SNa15 versus Ti-1:1 pRGD to pSNa15).  
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 Shaping of the cells is also an important measure in the cells affinity for the new 

surface.  Similar to the results from assessing focal adhesion points, the cellular shaping 

and extensions were comparable between surface groups after 2 (Figure 8) and 4 hours 

(Figure 9).  Qualitative evaluation of the cellular spreading and extensions revealed that 

etched-titanium showed slightly more spreading and longer extensions (Figure 9).  From 

comparing the cellular spreading of the titanium surfaces with ELPPs, no specific group 

appeared to promote more spreading than the others.  At the same time, all of the groups 

demonstrated some degree of spreading (Figure 9).  While no specific ELPP-coated 

titanium surface appeared superior in terms of promoting cellular spreading, all of these 

surfaces facilitated cellular attachment.  Thus, these results indicate each of these ELPP-

coated titanium surfaces are biocompatible and pre-osteoblastic cells show an affinity for 

each surface group.  

 Cells frequently attach to ECM proteins via integrin-RGD binding, which would 

give evidence that titanium surfaces containing pRGD would have improved cellular 

adhesion (more focal adhesion points) and greater cellular spreading.  Those samples 

with pRGD appeared to demonstrate a trend in greater numbers of focal adhesion points 

(Figure 7), but showed similar cellular spreading compared to other surfaces (Figures 8 

and 9).  As described previously, these ELPPs on titanium surfaces undergo 

conformational changes upon exposure to a water-based environment.  The ELPP 

molecules change to present the hydrophilic and hide the hydrophobic portions of the 

amphiphilic structure.  During these changes, the RGD peptide may be hidden from the 

environment or negated from binding osteoblastic integrins.  This is a common 

occurrence, as only a minority of previously described proteins with RGD mediate 
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cellular attachment.8  To avoid the problems associated with conformational changes of 

long elastin-like polymers hiding biomimetic peptide sites, other researchers have 

investigated short peptides.  Furthermore, elastin-like polymers may be beneficial for 

biomimetic materials embedded in soft tissue that require the mechanical strength and 

flexibility of elastin,22,34 titanium implants may not require this characteristic. Instead of 

using elastin-like polymers to bind the peptides to titanium, only the biomimetic peptide 

was covalently bound to the titanium via a similar silanization treatment.  While this 

technique is novel, recent results indicate titanium surfaces coated with RGD-containing 

peptides showed greater cellular extensions compared to plain titanium.36  Unpublished 

research from our laboratory has also found that co-immobilizing two different 

biomimetic peptides can be accomplished using this short peptide technique.37  Thus, our 

results demonstrated titanium surfaces coated with pRGD alone may improved cell 

adhesion, but titanium coated with pSNa15 or co-immobilized with both biomimetic 

peptide polymers are not superior to control surfaces.  Future research into modifying the 

ELPP structure may demonstrate a structure with more accessible RGD motifs for 

improved cellular attachment.   

 

Proliferation 

Measuring proliferation is valuable in evaluating the biocompatibility and 

viability of cells grown on novel bioactive surfaces.  Cellular attachment can also 

influence proliferation by inducing intracellular signaling of the adherent cell.8,35    

As with our cellular attachment results, pre-osteoblastic proliferation only 

displayed slight differences between different ELPP-coated titanium groups.   Titanium 
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coated with the pRGD motif had significantly greater cell proliferation after 1 day 

compared to the titanium surface with pSNa15.  Then the Ti-pSNa15 surface showed 

increasing rates of proliferation, which accounted for the similar cell numbers at day 3 of 

incubation between the Ti-pSNa15 and Ti-pRGD surfaces (p>0.05) (Figure 10).  By day 

3, the Ti-pSNa15 and Ti-pRGD surfaces had significantly greater cell numbers than the 

positive control (Glass) (p<0.05), but were not different compared to surfaces with both 

bioactive ELPPs (Ti-1:1 pRGD to pSNa15; Ti-pRGD-SNa15) (p>0.05).  These results 

indicate that RGDs demonstrated only a trend in improving cellular proliferation after 3 

days of incubation compared to other ELPP-coated titanium surfaces (p>0.05) (Figure 

10).  Overall, there were no differences between ELPP-coated titanium groups after 2 or 

3 days of incubation (p>0.05) (Figure 10).  On the other hand, these proliferation results 

did demonstrate that each of these modified titanium surfaces are biocompatible to pre-

osteoblasts and allow for the viability and proliferation of these cells as similar to cleaned 

titanium.    

 

Differentiation 

We have demonstrated that pre-osteoblasts can adhere to and proliferate on 

modified titanium surfaces at least as effectively as clean titanium.  While the titanium 

surface with pRGD only showed a trend in improved adhesion and cellular proliferation 

compared to other modified-titanium surfaces (Figure 8), pRGD and pSNa15 may also 

impact the differentiation of these adhered pre-osteoblasts.     

There are three described phases in osteoblastic development; proliferation, ECM 

maturation, and mineralization.  There are restriction points between these phases that are 
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represented with specific gene expressions.  After the cells come to confluence, there is 

an increase in alkaline phosphatase activity, which signals the end of proliferation and the 

beginning of ECM maturation.  This phase is important to organize the ECM so that the 

matrix can be then mineralized.  The mineralization phase is signaled by osteocalcin and 

the development of a mineralized matrix.30,31   

 Our laboratory has noted early differentiation results with ALP from MC3T3-E1 

clones to be inconsistent with theoretical results.  Our clone of murine pre-osteoblasts 

(MC3T3-E1) does not appear to produce ALP activity at the normal level, while 

incubating on any titanium surfaces.16  Similar behavior has been previously reported16 

and accumulated data in our laboratory confirms this hypothesis.  ALP should present 

with a peaking level at 14 days of incubation, with lower levels at day 7 and 21.30,31  As 

depicted by our results, the only surface group with a well-pronounced peak at day 14 is 

the positive control (Glass) (Figure 9).  The ELPP-coated titanium surfaces show a 

gradual increase from day 7 to either day 14 or 21 but with insignificant differences 

between ELPP-coated titanium groups (p>0.05) (Figures 9C and 9D).  

 Late-stage differentiation of the ELPP-coated titanium surfaces as indicated by 

osteocalcin levels, presented with a more consistent pattern to previous results.30,31  For 

all of the ELPP-coated titanium groups, there was an increasing level of osteocalcin that 

peaked at 21 days except for Ti-pRGD and Ti-pRGD-SNa15 (Figure 10).  On the other 

hand, all of the ELPP-coated titanium surfaces resulted in lower or insignificantly 

different OCN levels at both 14 and 21 days compared to the negative control group (Ti-

cleaned) (Figure 10).  Thus, modifying a cleaned titanium surface with bioactive peptide-

polymers appeared to not influence or negatively influence the differentiation of pre-



 

40 

osteoblasts (Figures 9 and 10).  Furthermore, coating titanium surfaces with both 

bioactive peptide-polymers in a 1:1 molar ratio compared to a single polymer with both 

peptides does not appear influence the differentiation of osteoblasts.  These titanium 

surfaces with both bioactive peptide-polymers do not differ significantly in terms of 

differentiation compared to titanium surfaces with only one of the bioactive elastin-like 

peptide-polymers.   

 

RGD 

We can only speculate as to the reason for our co-immobilized elastin-like peptide 

polymer coated titanium surfaces to fail in significantly improving the rate or quality of 

cellular adhesion, spreading, proliferation, or differentiation.  In terms of limitations of 

the co-immobilized elastin-like polymers with RGD, there may be an insufficient 

exposure of the RGD motif for cellular adhesion, or the RGD motif and associated 

protein adsorption may actually change the intracellular signaling and associated 

differentiation.  As discussed previously in the contact angle section, titanium surfaces 

with elastin-like polymers conform to hide hydrophobic components.  Titanium with 

pRGD has almost the same final contact angle as titanium coated with pRef (Figure 5), so 

the RGD motif either does not influence the wettability of the modified surface or the 

RGD is hidden from the water and only presents the hydrophilic part of the elastin-like 

polymer.  The former is probably true because we found improved cell adhesion seen 

with Ti-pRGD compared to the Ti-pRef (Figure 7).  Otherwise, if the later were true, 

without having an exposed bioactive peptide motif, there would not be improved cellular 

adhesion and subsequent differentiation.  As described earlier, other researchers are 
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evaluating silanization of bioactive peptides with a short peptide instead of an elastin-like 

polymer.36  This simplified short peptide may be a beneficial technique for coating 

bioactive peptides to titanium because they may prohibit the hiding of bioactive peptides 

via conformational changes and may promotes their bioactivity.   

Another possible explanation for the reduced effectiveness for co-immobilized 

ELPP-coated titanium surfaces to improve cellular spreading and differentiation is the 

limit of the RGD peptide itself.  The RGD motif is a vital domain in the binding of ECM 

or cells to integrins.  On the other hand, there are adjacent domains that act 

synergistically in adhesion proteins like fibronectin or vitronectin to strengthen the 

binding and associated intracellular signaling and subsequent differentiation.8,38,39  

Previous research has noted that a shortened fibronectin sequence to GRGDSP resulted in 

a 1000 fold decrease in fibronectin-receptor binding affinity than the natural fibronectin 

peptide alone.8,39  This could help explain why Ti-pRGD-SNa15 and Ti-1:1 pRGD to 

SNa15 did not display improved cellular adhesion, spreading, or differentiation compared 

to the titanium surfaces with a pRef or pSNa15 alone (Figures 6, 7, 9, and 10). 

Protein adsorption is an additional consideration with the titanium surface coated 

with pRGD or pRGD-SNa15.  While some research support the theory that adhesive 

protein adsorption to titanium surfaces improves osseointegration,35,38,40 there are others 

that have noted decreased titanium surface mineralization upon surface treatment with 

sub-clinical adhesive proteins concentrations.41  Previous research has also noted that 

protein adsorption is greatest on hydrophobic surfaces and least on hydrophilic surfaces.  

Thus, hydrophobic surfaces may hinder osseointegration by promoting protein adsorption 

and decreasing mineralization.42  The later theory is consistent with our results because 
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the titanium surfaces with pRGD and pRGD-SNa15 showed increased hydrophobicity 

and both presented with lower OCN levels at day 21 (Figure 10).  

Hydrophilicity/hydrophobicity does not account for all mineralization results (OCN 

levels) as other surfaces with relative hydrophobicity still demonstrated a relatively high 

level of mineralization at 21 days (i.e. Ti-cleaned, Ti-pRef) (Figures 5 and 10).   

 The binding affinity of pRGD to pre-osteoblasts may also influence the late-stage 

differentiation.  Titanium coated with pRGD was not only hydrophobic but also 

demonstrated greater focal adhesion points indicative of cellular adhesion than all other 

groups.  Other studies have noted that when titanium surfaces are coated with RGDs 

there is greater cellular adhesion and spreading but diminished differentiation.  Tosatti et 

al.43 reduced protein adsorption and subsequent osteoblast adhesion onto titanium with a 

coating of poly(ethylene glycol) (PEG), but showed cellular adhesion was restored with 

adding RGD motifs to the PEG coating.  Osteocalcin levels were found to be inversely 

proportional to RGD density.43  The role of cellular adhesion and protein adsorption 

appears to be an important aspect in osteoblastic differentiation.  Future research should 

aim to distinguish what levels are optimal for cellular adhesion, while also promoting 

osteoblastic differentiation.   

 

SNa15 

 The statherin-derived sequence (SNa15) has been shown in our research to 

increase the hydrophilicity of the surface, but not significantly influence osteoblastic 

adherence or differentiation compared to controls or other ELPP-coated titanium 

surfaces.  There is a similarity of Ti-pSNa15 to Ti-1:1 pRGD to SNa15 with contact 
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angle, which may be due to conformational changes of the ELPP to hide pRGD and only 

display SNa15.  This makes sense since these two groups acted similar with respect to 

adhesion, proliferation, and differentiation (Figures 5-10).  Unpublished research has 

noted that a similar ELPP-coated titanium surface with pSNa15 (denoted eTi_HSS) has 

produced an improved calcium phosphate mineralization layer compared to a titanium 

surface that was etched or had a reference ELPP.25  Thus, a titanium surface with pSNa15 

may improve the mineralization of the surface but other research has shown that different 

conformations or ratios of the polymer to peptide may further improve mineralization.  

Prieto et al.23 found best calcium phosphate nucleation results with a triblock structure of 

ELPs with SNa15.  The homorecombinamer surface had too many statherin domains, 

while diblock recombinamer surfaces had too few statherin domains for calcium 

phosphate nucleation and growth23  Our study used a homorecombinamer form of the 

ELP-SNA15, which demonstrated minimal, if any, calcium phosphate nucleation in the 

study by Prieto et al.23 and could explain why our pSNa15 titanium surface did not induce 

significantly greater osteoblastic differentiation (Figure 10).   

 

CONCLUSIONS  

 Dental implants have become an important option for restoring function, esthetics, 

and phonetics for patients with edentulous sites.   Dental implants are very successful but 

require a relatively long period of healing before they can be fully loaded and restored.   

Our research investigated the benefits of covalently coating titanium with biomimetic 

peptides polymers in terms of in vitro osseointegration outcomes.  The biomimetic 

peptide-polymers that we studied are derived from cell-binding proteins (RGD) or a 
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mineral-binding protein (SNa15) aimed to improve pre-osteoblastic adhesion, 

proliferation, and differentation.   

Previous research has noted the benefits of these biomimetic peptides in terms of 

cell adhesion, proliferation, and differentiation but few investigators have investigated the 

osteoblastic response to both biomimetic peptide polymers co-immobilized on the same 

titanium surface.  Furthermore, no other research, to our knowledge, has compared the 

osteoblastic response between titanium surfaces coated with elastin-like polymers 

containing both biomimetic peptides (Ti-pRGD-SNa15) to titanium coated with both 

biomimetic peptides but each being bound on separate elastin-like polymers (Ti-1:1 

pRGD to pSNa15).   

 Our results indicate that titanium coated with an elastin-like polymer with RGD 

showed the greatest level of cellular adhesion based upon the number of focal adhesion 

points compared to all other groups.  Other ELPP-coated titanium samples, even those 

with co-immobilized with RGD and SNa15 demonstrated similar or inferior cellular 

adhesion or spreading compared to controls.  All of the ELPP-coated titanium surfaces 

were not significantly different from each other in terms of proliferation and 

differentiation.   One interesting finding was the association noted between 

hydrophobicity and late-stage differentiation.   Although it did not account for all 

variability, greater hydrophobicity as seen with Ti-pRGD and Ti-pRGD-SNa15 related to 

an abnormal late-stage differentiation pattern.  

 In summary, dental implant surfaces coated with biomimetic peptides are an 

exciting avenue for future research.  Our results indicate that co-immobilization of 

integrin-binding and statherin-derived biomimetic peptide polymers are not supported at 
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this time.  Future research is needed to optimize this coating process to improve 

osseointegration-related outcomes.  As discussed previously, coating titanium with short 

peptides or utilizing a triple-block structure for presenting biomimetic peptides may 

provide a more robust osteoblastic response needed for accelerating dental implant 

osseointegration. 
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