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Stem cell carrying biomaterials including porous scaffolds, 

membranes have gained some success in bone regeneration. 

Among them, injectable hydrogel systems have received much 

attention due to their versatile and tunable characteristics and 

ease of application in the defect without the need of surgery. In 

addition, bioactive agent including protein, peptide and genetic 

materials also can be loaded into the hydrogel and the controlled 
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release of these agent can favor the bone regenerative potential. 

Despite the efficacy of these bioactive molecules, however, the 

effective loading into the gel has been limited to the physical 

mixing. The simple mixture of bioactive agent and hydrogel have 

limited release control, due to burst release, therefore the 

alternative conjugating method of molecules and hydrogel is 

required.

The chemical conjugation of protein with hydrogel might alter 

the efficacy of the protein, therefore it was anticipated that the 

synthetic peptide with functional moiety with chemical 

conjugation would be an alternate for the hydrogel conjugation. 

Herein, synthetic peptide from osteopontin termed as collagen 

binding motif (CBM) was attempted as it has defined osteogenic 

activity from the previous studies. The CBM peptide (CBMP) has 

osteogenic differentiation capacity to mesenchymal stem cells 

and thus been chosen in combination with hydrogel. The 

hydrogel has tyrosine functional group, and was designed to 

chemically conjugating with matching tyrosine group under the 

triggering by hydrogen peroxide with horseradish peroxidase 

(HRP). The CBMP possesses tyrosine functional group, therefore 

hydrogel crosslinking was attempted with CBMP under the 

H2O2/HRP condition even containing stem cells.

The CBMP-crosslinked hydrogel demonstrated well survival of 

incorporating stem cells. The CBMP-crosslinked hydrogel 

increased osteogenic differentiation of cultured stem cells, as 

reflected by the increased osteogenic marker protein expression, 

calcein acetoxymethyl ester (calcein AM) staining, alkaline 

phosphatase activity staining, mineral deposition measured by 

Energy Dispersive Spectrometer (EDS). The further in vivo 
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study confirmed the stem cells in the CBMP-crosslinked 

hydrogel significantly improved bone formation capacity in the 

rat calvarial defect as similar extent to that of BMP-containing 

hydrogel. Taken together, the CBMP conjugating hydrogel was 

demonstrated to have increased potential for osteogenic 

differentiation of stem cells, and moreover can be suggested as 

a tool as bioactive delivery vehicle of stem cells in tissue 

regenerative practice.

                                                                 

Keywords : Bone regeneration, Synthetic peptide, Collagen 
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Ⅰ. Introduction

Biomaterial based scaffolds such as porous collagen matrices, 

synthetic polymeric porous blocks, injectable polymeric hydrogels 

have gained some successes in bone regeneration application [1, 

2]. As these biomaterials have proved biocompatibility, the 

matrices have been used as tool for stem cell engineering 

purpose. In addition, the polymeric characteristic of the matrices 

enables incorporation of bioactive molecules including protein and 

peptide drug, thereby regulates the release kinetics from the 

matrices [3]. The controlled release of these protein and peptide 

drugs has been reported to significantly enhance the tissue 

regeneration capacity. Among the matrices, injectable hydrogel 

has been attempted in this study. Injectable hydrogel has 

advantages over the other types of solid matrices, such as ease 

of application to the defect without the needs of surgical 

procedure, in situ formation of hydrogels has received much 

attention because of the ease of application using minimally 

invasive techniques for tissue regenerative medicine and drug 

delivery systems [4]. Although the significant osteogenic 

potential of growth factor such as bone morphogenetic protein 

(BMP), platelet derived growth factor (PDGF) have been proved, 

the clinical application has been limited due to possible 

immunogenicity, alteration of physical property during the 

incorporation procedure and complication related concerns [5, 6]. 

As an alternative to the growth factor and protein, the synthetic 

peptide can be proposed as the peptide has sufficient stability, 

less immunogenicity, ease of handling when conjugating with 

biomaterials [7-9]. As the bioactive agent with the hydrogel, the 
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synthetic peptide derived from osteopontin has been attempted in 

this study.

Herein, the synthetic peptide termed as collagen binding motif 

(CBM) has been applied to conjugation with hydrogel. The CBM 

peptide (CBMP) has the same sequence to that of 135 – 147 

amino acid sequence in osteopontin. The CBM in osteopontin has 

been defined to specifically bind to collagen, and induce the 

mineralization in simulated body fluid [10-11]. In addition, the 

CBMP specifically directed the osteogenic differentiation of 

mesenchymal stem cells, while arrested adipogenic differentiation 

[10, 12]. To this regard, combination with the CBMP with 

hydrogel was anticipated to improve bone formation of stem cells 

in the defect. The loading method of bioactive agent in the 

hydrogel determines the final tissue regenerative outcomes, as 

the incorporated agent has to be localized in the applied site 

[13]. Simple physical mixture of bioactive agent and hydrogel 

has been attempted, however, the loading efficiency is relatively 

low and the burst release of the agent from the hydrogel 

remains to be improved [14]. The chemical conjugation is 

therefore favored the localization of the active agent, however 

the protein conjugation might alter the stability of protein while 

incorporation procedure [15]. In contrast to protein, the 

synthetic peptide can be further modified to contain functional 

chemical group, which favors the crosslinking without the 

concern of alteration of stability. The hydrogel in this study is 

from gelatin, and forms firm gels under the hydrogen peroxide / 

horseradish peroxidase (HRP) by creation of tyrosine-tyrosine 

conjugation. This tyrosine-tyrosine conjugation is even 

advantageous over the other crosslinking agent for amide bond 
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creation, as it does not have harmful effect on the incorporating 

cells. The CBMP was designed to contain tyrosine residue, 

therefore the incorporation in the hydrogel was attempted by in 

situ conjugation using hydrogen peroxide and HRP, in presence 

of stem cells. The stem cells in this study was human 

periodontal ligament stem cells (hPDLSCs), derived from 

periodontal ligament. The hPDLSCs has been known to exhibit 

similar mesenchymal stem cell characteristics to that of bone 

marrow stem cells (BMSCs), and advantages including obtaining 

procedure is not much invasive than BMSCs [16].

Herein, the osteogenic potential of hPDLSCs by the CBMP, 

in-situ hydrogel conjugation of CBMP, the characterization and 

osteogenic potential of CBMP conjugated hydrogel in vitro and in 

vivo will be detailed discussed.
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Ⅱ. Materials and methods

2.1 Materials

Rink amide resin (mM/g) with Fmoc-amino acids was 

purchased from Beadtech (Seoul, Korea). 2-(1H-benzotriazol-1

-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) 

was purchased from Advanced ChemTech (Louisville, KY, USA). 

Piperidine, diisopropylethylamine (DIPEA), triisopropylsilane 

(TIS), phenol, and thioanisole were obtained from Sigma-Aldri-

ch. Tetrahydrofuran (THF) acetonitrile and trifluoroacetic acid 

(TFA) were purchased from Burdick & Jackson (Morris Plains, 

NJ, USA). 1,2-ethanedithiol (EDT) was purchased from 

Sigma-Aldrich (MO, USA). Anti-Runt-related transcription 

factor 2 (Runx2), anti-osteocalcin (OCN), and anti-OPN were 

purchased from Abcam (Cambridge, UK). anti-Smad1/5/8, 

anti-pSmad1/5/8, and anti-collagen type Ⅰ were purchased from 

Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), and 

anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 

purchased from Merck Millipore (Darmstadt, German). Bone 

morphogenic protein (BMP)-2 was purchased from R&D 

Systems (Abingdon, UK). All other reagents and products were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) unless 

noted otherwise.
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2.2 Synthetic peptide and its osteogenic activity 

assay

2.2.1 Peptide synthesis and purification

 The CBMP and control peptide (CP) exhibiting tyrosine were 

synthesized using Fmoc chemistry by solid phase peptide 

synthesis according to the literature [17]. Deprotection and 

cleavage were achieved by the treatment with a mixture of 

TFA/water/thioanisole/ethanedithiol (8.5/0.5/0.5/0.5, v/v/v/v) or 

TFA/TIS/water (95/2.5/2.5, v/v/v) at room temperature for 3–4 

hours. A 2-chlorotrityl chloride resin was pre-swollen in 

N,N-dimethyl formamide (DMF) and the Fmoc-protecting groups 

of the resin and amino acids were removed using 30 % 

piperidine in DMF, 10 eq. DIPEA, 5 eq. HBTU, and 5 eq. of 

Fmoc-protected amino acid, calculated according to the loading 

of the resin. The peptide-resin was dried using methylene 

chloride. The peptide cleavage solutions were mixed with diethyl 

ether, and the aqueous peptide solutions were lyophilized. The 

prepared peptides were purified by reversed-phase 

high-performance liquid chromatography (Waters AutoPrep 

system, MA, Milford, USA) using a Vydac C18 column (Grace, 

Columbia, MD, USA) and a gradient of water/acetonitrile 

containing 0.1 % TFA. The peptides were characterized in terms 

of molecular weight by LC/MS and were found to have the 

expected molecular weight (CBMP : 2262, CP : 2227). Peptide 

purity was above 98 %.



- 7 -

2.2.2 Cell culture

The hPDLSCs used in this study were from Dr. Gene Lee, 

Seoul National University, Korea. The cells were cultured in 

Minimum Essential Medium Eagle Alpha Modifications (α-MEM) 

(Hyclone, Road Logan, UT, USA) supplemented with 10 % fetal 

bovine serum (FBS) and 1 % antibiotic-antimycotic solution 

(Thermo Fisher Scientific, Waltham, MA, USA). The hPDLSCs 

were cultured at 37℃ under a humidified 95 % : 5 % (v/v) 

mixture of air and CO2. Culture media was changed three times 

a week. For sub-culture upon reaching 80-90 % confluency, the 

cells were detached from culture flasks using a solution of 0.05 

% Trypsin-0.02 % ethylenediaminetetraacetic acid (EDTA) and 

were then seeded onto fresh culture flasks at a ratio of 1:6.

2.2.3 Osteogenic differentiation by CBMP : 

Western blot assay

The hPDLSCs were incubated with phosphate buffered saline 

(PBS), CBMP (100 μM), CP (100 μM), or BMP-2 (100 ng/ml) 

for indicative times. At the end of the culture period, cells were 

lysed for 30 min at room temperature in lysis buffer (M-PER™ 

Mammalian Protein Extraction Reagent, Thermo Fisher Scientific, 

Waltham, MA, USA) containing protease inhibitor cocktail (Roche, 

Penzberg, Germany) and phosphatase inhibitor cocktail 2 

(Sigma-Aldrich, St. Louis, MO, USA). Protein concentration was 
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measured with a bicinchoninic acid (BCA) assay kit (Thermo 

Fisher Scientific, Waltham, MA, USA). Equal aliquots of protein 

(40 μg) were boiled for 7 min in 5x sample buffer (250 mM 

Tris-HCl (pH 6.8), 50 % glycerol, 10 % Sodium dodecyl sulfate 

(SDS), 500 μM Dithiothreitol (DTT), 0.5 % bromophenol blue) 

and separated on 10 % SDS-polyacrylamide gel electrophoresis 

(PAGE) gels. Proteins were transferred to nitrocellulose 

membranes, washed with 1x TBS-T (20 mM Tris-HCl pH 7.6, 

137 mM NaCl, containing 0.1 % Tween 20), and blocked for 1 

hour at room temperature in 1x TBS-T with 5 % skim milk. 

The membranes were washed three times and incubated with 

primary antibodies (anti-Runx2 , anti-Smad1/5/8, anti-pSmad1/

5/8, anti-collagen type Ⅰ, anti-OCN, anti-OPN, anti-GAPDH 

(1:1000) ) in TBS-T containing 5 % skim milk for 16 hours at 

4℃. After three washes, the membranes were incubated with 

secondary antibodies (HRP-conjugated goat anti-rabbit IgG and 

HRP-conjugated goat anti-mouse IgG 1:2000 in TBS-T) for 1 

hour, followed by another three washes. Protein bands were 

visualized with chemiluminescence reagent (Super Signal West 

Pico Chemiluminescent Substrate, Thermo Fisher Scientific, 

Waltham, MA, USA)

2.2.4 Osteogenic differentiation by CBMP : Alkaline 

phosphatase activity assay

For the determination of alkaline phosphatase (ALP) activity, 

hPDLSCs were grown to confluence in 24-well culture plates 
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and incubated with PBS, CBMP (100 μM), CP (100 μM), or 

BMP-2 (100 ng/ml) for 7 days in growth medium (GM, α

-MEM supplemented with 10 % FBS and 1 % 

antibiotic-antimycotic solution) and osteogenic medium (OM, 

hMSC Osteogenic BulletKit, Lonza, Basel, Switzerland). The 

media was freshly changed every 3day with or without CBMP, 

CP, and BMP-2. For ALP staining, cells were washed three 

times with cold Dulbecco’s phosphate buffered saline (DPBS) 

and fixed 10 % NBF solution for 10 minute at room temperature. 

After additional washing with DPBS, they were stained using the 

ALP detection kit (Sigma-Aldrich, St. Louis, MO, USA) for 15 

minute at room temperature, followed by two washes with water 

and air drying. Matrix mineralization was quantified by extracting 

the ALP stain with dimethyl sulfoxide (DMSO, Sigma-Aldrich, 

St. Louis, MO, USA) at room temperature for 10 minute. 

Absorbance of the extracted ALP stain was measured at 550nm.

2.2.5 Osteogenic differentiation by the CBMP : 

Alizarin red S stain assay

Matrix mineralization was determined by alizarin Red S. 

hPDLSCs were grown until confluent in 24-well culture plates 

and were then incubated with PBS, CBMP (100 μM), CP (100 

μM), or BMP-2 (100 ng/ml) for 14 days in GM and OM. The 

media was freshly changed every 3 day with or without CBMP, 

CP, and BMP-2. For detection of calcium deposits, cells were 

washed three times with DPBS and fixed in 95 % ethanol for 15 
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min at room temperature. After an additional wash in water, the 

cells were incubated with 2 % alizarin red S (Sigma-Aldrich, St. 

Louis, MO, USA) in water for 20 min at room temperature, 

washed twice with water and then air drying. Matrix 

mineralization was quantified by extracting the alizarin red S 

stain with 10 % cetylpyridinium chloride (Sigma-Aldrich, St. 

Louis, MO, USA) at room temperature for 2 hours. Absorbance 

of the extracted alizarin red S stain was measured at 570nm.

2.3 Synthetic peptide-hydrogel and its osteogenic 

activity

2.3.1 Preparation of peptide cross-linked hydrogel

The gelatin-based hydrogel came from Dr. Ki-Dong Park, Ajou 

University of Korea. In situ peptide or protein conjugated 

hydrogels were prepared by simply mixing aqueous peptide and 

polymer solution in the presence of HRP (Sigma-Aldrich, St. 

Louis, MO, USA) and hydrogen peroxide solution 

(Sigma-Aldrich, St. Louis, MO, USA). HRP and hydrogen 

peroxide solutions were filtered for sterilization using a syringe 

filter with a pore size of 0.2 μm. The peptide or protein 

conjugated hydrogels were prepared in 1 mL vials at room 

temperature. 200 μl of the hydrogel polymer solution (5.5 wt 

%) including peptide (2 mM) or protein (20 ng/ml), dissolved in 

HRP solution (0.001 wt %) (solution A) and the same volume of 
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hydrogel polymer solution (5.5 wt %) dissolved in hydrogen 

peroxide solution (0.03 wt %) (solution B), was simply mixed 

and gently shaken. Finally, the same volumes of solutions A and 

B were mixed to obtain in situ peptide conjugated hydrogels. All 

solutions used were dissolved in DPBS.

2.3.2 Incorporation efficiency of biomolecule in 

hydrogel.

The amount of conjugated peptide in the hydrogels was 

quantified by relative fluorescence unit (RFU) intensity using 

fluorescein isothiocyanate (FITC)−peptides. FITC−peptide−

hydrogels were prepared as previously described with different 

concentrations of peptide (0, 1, 10, 100 and 1000 μg). They 

were then washed to remove unconjugated peptides for 3 hours. 

The hydrogel samples were imaged using an LAS-1000 CCD 

camera (Fujifilm, Tokyo, Japan), and the RFU intensities were 

determined using a standard curve that was obtained from known 

concentrations and fluorescence intensities of the FITC−peptide 

(0−1000 μg). The amount of conjugated protein in the 

hydrogels was quantified by BCA assay kit (Thermo Fisher 

Scientific, Waltham, MA, USA). After protein−hydrogels were 

prepared, washed to remove unconjugated proteins for 3 hours. 

Washed buffer were collected and measure unconjugated proteins 

by BCA assay.
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2.3.3 Preparation of 3D cell culture

In vitro 3D culture of hPDLSCs was carried out to examine cell 

proliferation in the peptide-hydrogel. For the 3D hPDLSC 

cultures, a total of 300 μl of hydrogel was prepared in a 

24-well plate as follows. (1) Cells were suspended in solution B 

at a density of 5 x 104 cells. (2) Solution B with suspended 

cells was mixed with solution A supplemented with CP, CBMP, 

or BMP-2. (3) α-MEM supplemented with 10 % FBS and 1 % 

antibiotic-antimycotic solution was added, and media was 

replaced every 1–2 days over a period of 14 days.

2.3.4 Cell proliferation in the peptide-hydrogel

To determine cell viability, hPDLSCs cultured in peptide or 

protein-hydrogel were maintained in α-MEM supplemented with 

10 % FBS and 1 % antibiotic-antimycotic solution. The cell 

viability was determined using the DNA assay kit (Quant-iT™ 

PicoGreen dsDNA Assay Kit, Thermo Fisher Scientific, Waltham, 

MA, USA), Cell Counting Kit-8 (CCK-8, Dojindo Molecular 

Technologies, Tabaru, Japan), and LIVE/DEAD viability assay kit 

(Thermo Fisher Scientific, Waltham, MA, USA). Before the 

experiments, the hPDLSCs were encapsuled CP-, CBMP-, or 

BMP-2-hydrogel in 24-well plates and maintained for day 1, 3, 

7, and 14. 

For DNA quantification assay, The cultured cells were 
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recovered by selective degradation of hydrogels using 2.5–25 

units per mL of collagenase treatment at 37 ℃ for 30 min. The 

solutions were centrifuged at 13000 rpm for 5 min to obtain cell 

pellets. The cells were lysed with 200 μL of lysis buffer 

(M-PER™ Mammalian Protein Extraction Reagent, Thermo 

Fisher Scientific, Waltham, MA, USA), and the solutions were 

mixed with 200 μL of PicoGreen working solution. Sample 

fluorescence was measured at an excitation wavelength of 480 

nm and an emission wavelength of 520 nm.

For CCK-8 assay, the cells in the PBS, CP, CBMP, or 

BMP-2-hydrogel were incubated with 2-(2-methoxy-4-nitro-

phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazoli

um, monosodium salt (WST-8) for 1 hour at 37℃. The intensity 

of the CCK product was measured at 450nm using microplate 

reader.

Also, cell death was examined by LIVE/DEAD viability assay kit 

(Thermo Fisher Scientific, Waltham, MA, USA). The cells were 

incubated with a mixture of 6 mM calcein AM and 4 mM 

ethidium homodimer-1 (EthD-1) at 37 ℃ for 30 min, and they 

were then imaged using a fluorescence microscope (FV300, 

Olympus, Tokyo, Japan).

2.3.5 Osteogenic potential of hPDLSCs cultured in 

peptide-hydrogel : Immunofluorescence assay

The hPDLSCs were cultured in hydrogels with CBMP, CP, or 
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BMP-2 in 4-well chambers and incubated at 37 ℃, 5 % CO2. 

On day 14, the cells were fixed with 10 % NBF for 10 min at 

room temperature. The cells were washed with DPBS and 

blocked with 3 % bovine serum albumin for 30 min at room 

temperature. The cells were incubated with primary antibodies 

(anti-Runx2 , anti-OCN (1:200) ) in DPBS containing 3 % 

bovine serum albumin (BSA) for 16 hours at 4℃. After three 

washes, the cells were incubated with secondary antibodies (goat 

anti-mouse IgG-Rhodamine and goat anti-rabbit IgG-FITC 

1:1000) in DPBS containing 3 % BSA for 1 hour, followed by 

another three washes and then for stain cell nuclei incubated 

with 4',6-diamidino-2-phenylindole (DAPI) (Thermo Fisher 

Scientific, Waltham, MA, USA) for 15min at room temperature. 

The cells were mounted with Faramount Aqueous Mounting 

Medium (DAKO, Glostrup, Denmark). The slides were observed 

using a confocal laser scanning microscope (FV300, Olympus, 

Tokyo, Japan). Total signal arising from cells were obtain 

average pixel intensity value using FV300.

2.3.6 Osteogenic differentiation of hPDLSCs in the 

peptide hydrogel : Quantitative real time 

polymerase chain reaction assay

The hPDLSCs were incubated in peptide or protein-hydrogel 

for 14 days in mineralization medium. At the end of the indicated 

time, the encapsulated cells were harvested using the 

collagenase treatment, as described for the DNA quantification 
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assay. Total RNA was isolated using TRIzol (Thermo Fisher 

Scientific, Waltham, MA, USA) and then quantified by ultraviolet 

(UV) spectroscopy. A cDNA library was synthesized using 

DNase I-treated total RNA (1 mg) by oligo dT priming using 

the Super Script II pre-amplification system (Thermo Fisher 

Scientific, Waltham, MA, USA). PCR (polymerase chain reaction) 

was performed using a GeneAmp PCR 9700 thermo cycler. 

Real-time quantitative PCR analysis was performed on an ABI 

PRISM 7500 (Applied Biosystems, CA, USA) by SYBR Green I 

dye detection. The reactions were performed according to the 

manufacturer’s instructions. The PCR primer sequence were as 

shown in Table 1. and conditions were as follows: 10 s at 95 ℃, 

followed by 30-35 cycles of 10 s at 95 ℃, 10 s at the 

annealing temperature, and 10 s at 72 ℃. The results were 

normalized to GAPDH (a housekeeping gene) as a reference 

gene, and relative gene expression levels were expressed as a 

fold change to the hPDLSCs cultured on the tissue culture plate 

(control). All reactions were performed in triplicate.

2.3.7 Osteogenic differentiation of hPDLSCs in the 

peptide-hydrogel : mineral detection by Energy 

dispersive spectrometer assay

At late-stage osteogenic differentiation, calcium deposition was 

also quantified using scanning electron microscope (SEM, 

S-4700, HITACHI, Tokyo, Japan)/Energy Dispersive Spectrom-

eter (EDS, EMAX, HORIBA, Kyoto, Japan). For calcium 
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deposition quantification using EDS, the hydrogels were examined 

after the mineralization experiments. Cells were fixed in 4 % 

paraformaldehyde for 24 hours, followed by 1 % OsO4 for 1 

hour and 2 % tannic acid. Samples were then dehydrated in 

graded ethanol solutions followed by hydroxymethyl xylazine 

(HMSM), sputter-coated with gold palladium and examined in a 

SEM/EDS at an accelerating of voltage 15 kV and magnifications 

of 3,000x and 15,000x. SEM/EDS analysis was performed 

utilizing a SEM operating at 15 kV with attached Kevex EDS for 

demonstration of deposition of calcium and phosphate ions.

2.3.8 In vivo osteogenic activity of hPDLSCs in 

peptide-hydrogel

2.3.8.1 Surgical procedure of application of 

hPDLSCs peptide-hydrogel in the rat calvarial 

defect model

Sprague Dawley male rats weighing 250-300 g were used to 

assess the in vivo bone forming capacity of CBMP-hydrogel with 

hPDLSCs. The rats were anesthetized with Zoletil 50 (Virbac, 

Carros, France) and Rompun (Bayer AG, Leverkusen, German). 

A midline incision was made over the calvarium, and a 

full-thickness flap was elevated. A critically sized 8-mm 

calvarial defect was created using a trephine under sterile saline 
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irrigation. The animals were divided into five groups, as shown 

in Table 2, and treated with each method. The flaps were 

sutured by layer with 4-0 chromic gut and 4-0 silk. All the 

animals received a single intramuscular injection of cefazolin 

(Chong Kun Dang pharmaceutical corp., Seoul, Republic of 

Korea) (Fig. 1).

2.3.8.2 In vivo osteogenesis measured by 

micro-computed tomography analysis

Four weeks after implantation, the rats were sacrificed. Their 

skulls were harvested and fixed in 10 % NBF. The degree of 

bone formation at the critical-sized calvarial defects was 

estimated by micro-computed tomography (micro-CT, SkyScan 

1172, Bruker, Billerica, MA, USA). The percent of bone volume 

and bone mineral density in each defect site was calculated 

using analysis software (CT analyzer, Bruker, Billerica, MA, 

USA).

2.3.8.3 Histological analysis of osteogenesis by 

hPDLSCs in the peptide-hydrogel applied in the 

calvarial defect

Following micro-CT scanning, each sample was decalcified in 
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Calci-Clear Rapid (National Diagnostics, Atlanta, GA, USA) for 2 

weeks at room temperature on a rotating rocker. Following 

decalcification, samples were dehydrated overnight. Samples 

were then cut along the coronal plane at the midline of the 

defect and embedded in paraffin. Sections 5-μm thick were 

mounted on individual slides and stained with hematoxylin and 

eosin stain and Masson's trichrome stain. Representative samples 

were evaluated for new bone formation.

2.4 Data analysis

All experiments were independently repeated at least three 

times. All values were expressed as the mean ± S.D., and the 

means were compared using one-way ANOVA followed by 

Student's t-test. P-values of < 0.05 and < 0.001 were 

considered to be statistically significant.
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Figure 1. Surgical procedure of implanted hydrogel. (A) Creation 

of the critical size 8-mm defect in the rat calvarium. (B) 

Injection of biomolecule-conjugated hydrogels with hPDLSCs (C) 

Placement for the defected size. (D) Suturing the incised skin.
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Table 1. The nucleotide sequences of the primers used for 

constructing osteogenic markers (alkaline phosphatase (ALP), 

runt-related transcription factor 2 (RUNX2), osteocalcin (OCN) 

) and housekeeping gene (glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) )



- 21 -

Table 2. Groups of the animal experiment of new bone 

formation. Used biomolecules were control peptide (CP), collagen 

binding motif peptide (CBMP), and bone morphogenetic 

protein(BMP)-2 for incorporation of hydrogel.
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Ⅲ. Results

3.1 CBMP synthesis and its osteogenic activity

The CBMP was synthesized using Fmoc chemistry and the 

synthesized CP, which had tyrosine in the original sequence 

changed to glutamine, served as a negative control. Peptide 

molecular weight and purity were assessed by LC/MS and HPLC, 

respectively. The CBMP and CP were obtained as the major 

synthesis products (purity ≥ 98 %, Fig. 2). Using the LC / MS 

to confirm that the CBMP and CP were correctly synthesized 

measuring the molar weight. Mass spectra of CBMP was 

observed peak of [CBMP+H]+2. To infer this peak, the 

synthesized CBMP molecular weight was 2262. Also, Mass 

spectra of CP was observed two peaks [CP+2H]+2 and 

[CP+3H]+3. To infer these peaks, the synthesized CP molecular 

weight was 2227.

To confirm osteogenic induced potential of synthesized CBMP, 

expression level of osteogenic markers was evaluated by 

western blot. Expression level of osteogenic proteins was 

examined at 14 days after peptide or protein transduction. 

Expression level of Runx2 and collagen type 1 was significantly 

higher under the CBMP treated condition than BMP-2, CP, or 

PBS treated cells. Expression level of OCN and pSmad1/5/8 

increased under CP, CBMP, and BMP-2 treated condition 

compared with PBS treated condition. To compare CBMP and 
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BMP-2 treated condition, BMP-2 treated condition more 

increased pSmad1/5/8 expression. OPN was found to be equally 

expressed under CBMP and BMP-2 treated condition and 

expressed higher than CP and PBS treated condition (Fig. 3).

The ability of the synthesized CBMP on increased ALP activity 

and induced calcium deposits compared with the cells without 

treatment and cells treated with the CP, CBMP, and BMP-2 

showed significantly increased formation of calcium phosphate 

crystals. The ALP activity assay showed that BMP-2 and CBMP 

increased ALP activity 2.4 and 2.0-fold compared with NT in 

OM condition (**p < 0.05, Fig. 4). Similarly, BMP-2 and CBMP 

induced expression 2.6 and 2.0-fold compared with NT in GM 

condition (*p < 0.05, Fig. 4).

Biominerals were quantified by alizarin red S stain. The alizarin 

red S stain assay showed that BMP-2 and CBMP were induced 

calcium deposition. Biominerals had increased 3.0-fold by 

BMP-2 and 2.7-fold by CBMP compared with NT cultured with 

OM (**p < 0.05, Fig. 5). In addition, BMP-2 and CBMP increased 

biominerals by 1.5 and 1.4-fold compared with NT cultured with 

GM (*p < 0.05, Fig. 5).

 The calcified areas stain with ALP and alizarin red S was 

quantified (Fig. 4 and Fig. 5). The ability of the synthesized 

CBMP to induce osteogenic differentiation in hPDLSCs was 

determined to be similar to the osteogenic induction effect of 

BMP-2.
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Figure 2. LC/MS results for collagen binding motif peptide 

(CBMP) and the control peptide (CP) after purification. The 

peak indicates the molecular weight of prepared peptide.
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Figure 3. Osteogenic-specific protein expression induced by 

control peptide (CP), collagen binding motif peptide (CBMP), 

and bone morphogenetic protein (BMP)-2. The hPDLSCs were 

incubated with CBMP (100 μM), CP (100 μM), or BMP-2 

(100 ng/ml), and the expression levels of osteogenic markers 

(Runt-related transcription factor 2 (RUNX2), pSamd1/5/8, 

Smad1/5/8, collagen typeⅠ, osteocalcin (OCN), osteopontin 

(OPN) ) representing hPDLSC differentiation and mineralization, 

were detected by western blot.
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Figure 4. The alkaline phosphatase (ALP) activity assay. 

hPDLSCs were grown to confluence in 24-well culture plates 

and incubated with collagen binding motif peptide (CBMP) (100 

μM), control peptide (CP, 100 μM), or bone morphogenetic 

protein (BMP)-2 (100 ng/ml) for 7 days in growth medium 

(GM) and osteogenic medium (OM). Osteogenic differentiation 

was induced by biomolecules. The hPDLSCs were treated with 

biomolecules for 14 days in growth or osteogenic media and 

then activity of the ALP enzyme in the media was detected. (*p 

< 0.05 as compared with PBS in GM. **p < 0.05, as compared 

with PBS in OM.)
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Figure 5. The alizarin red S assay. Osteogenic differentiation 

was induced by biomolecules. hPDLSCs were grown to 

confluence in 24-well culture plates and incubated with collagen 

binding motif peptide (CBMP) (100 μM), control peptide (CP, 

100 μM), or bone morphogenetic protein (BMP)-2 (100 ng/ml) 

for 14 days in growth medium (GM) and osteogenic medium 

(OM). Osteogenic differentiation was induced by biomolecules. 

The hPDLSCs were treated with biomolecules for 14 days in 

GM or OM and then stained for alizarin red S. (*p < 0.05 as 

compared with PBS in GM. **p < 0.05, as compared with PBS in 

OM.)
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3.2 Peptide conjugated hydrogel

3.2.1 Incorporation efficiency of peptide in the 

hydrogel

 Peptide-conjugated hydrogel was formed with 1 mg peptide or 

100 ng protein per 1 mL hydrogel to evaluate the effect of the 

peptide on conjugation efficiency. The CBMP-hydrogel 

conjugation efficiency was 81 % (0.81 mg/gel). The BMP-2 and 

hydrogel conjugation efficiency was 29 % (29 ng/gel). The 

CP-hydrogel conjugation efficiency was 12 % (0.12 mg/gel) due 

to the lack of phenol molecules in peptide (Fig. 6, Table 3).
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Figure 6. Biomolecule concentrations within the hydrogels as a 

function of the feed peptide concentration. Hydrogels conjugated 

peptide in the hydrogels was quantified by relative fluorescence 

unit (RFU) intensity using FITC−peptides. FITC−peptide−

hydrogels were prepared as previously described of control 

peptide (CP) and collagen binding motif peptide (CBMP). They 

were then washed to remove unconjugated peptides for 3 hours. 

The hydrogel samples were imaged using an LAS-1000 CCD 

camera. In case of bone morphogenetic protein (BMP)-2−

hydrogels, hydrogel were washed to remove unconjugated 

proteins for 3 hours. Washed buffer were collected and measure 

unconjugated proteins by BCA assay. (***p < 0.001 as compared 

with PBS.)
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Table 3. Groups of incorporation efficiency experiment of PBS-, 

control peptide (CP)-, collagen binding motif peptide (CBMP)- 

,and bone morphogenetic protein (BMP)-2-hydrogel.
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3.2.2 Evaluation of cell proliferation in a 3D 

environment

The proliferation of hPDLSCs in the CBMP-, CP-, 

BMP-2-hydrogel was examined by dsDNA content assay and 

LIVE/DEAD viability assay measurements. The majority of the 

cells in all hydrogels were viable (stained green) after 1, 3, 7, 

and 14 days of culture, and dead cells were scarcely detected 

(stained red) (Fig. 7). The cells were no significant change in 

cell growth and death for cultured in CP-, CBMP-, and 

BMP-2-hydrogel compared with PBS-hydrogel.

The density of cells proliferating in the hydrogel was 

quantitatively measured using the CCK-8 assay. Cells were 

seeded on day 0 with PBS-, CP-, CBMP-, and 

BMP-2-hydrogel. The cell proliferation was analysis on days 1, 

3, 7, and 14. The cells were found to be equally proliferative in 

the untreated, within peptide, or protein conjugated hydrogel 

environment (Fig. 8). 

Also, cell proliferation was confirmed by DNA contents assay. 

Analysis of cell proliferation in hydrogel condition compared the 

initial DNA content of seeded cells on day 0 with that of cells 

on days 1, 3, 7, and 14. The DNA contents were found to be 

equally value in the untreated, within peptide, or protein 

conjugated hydrogel environment (Fig. 9). These results indicate 

that the hydrogels were compatible to hPDLSCs, and that CBMP 

administration could be a safe in vitro and in vivo osteogenic 

procedure.
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Figure 7. Effect of PBS, control peptide (CP), collagen binding 

motif peptide (CBMP), or bone morphogenetic protein (BMP)-2 

incorporation on viability of the hPDLSCs cultured in hydrogels. 

The cells were cultured in the hydrogel 3D environment for 2 

weeks, and viability was assessed at days 1, 3, 7, and 14 using 

the LIVE/DEAD assay (scale bar=200 μm). The cells were 

incubated with a mixture of 6 mM calcein AM and 4 mM 

ethidium homodimer-1 at 37 ℃ for 30 min, and they were then 

imaged using a fluorescence microscope (FV300, Olympus, 

Tokyo, Japan). Representative LIVE/DEAD images are shown 

for each time point.
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Figure 8. Proliferation of 3D cultured hPDLSCs. CCK-8 assays 

were performed to determine cell viability with PBS, control 

peptide (CP), collagen binding motif peptide (CBMP), and bone 

morphogenetic protein (BMP)-2. The cells in the peptide or 

protein-hydrogel were incubated with WST-8 for 1 hour at 37 

℃. Cells cultured for 1, 3, 7 and 14 days was measured using 

the CCK-8 assay. The intensity of the CCK product was 

measured at 450nm using microplate reader.
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Figure 9. Proliferation of 3D-cultured hPDLSCs. Cells cultured 

in PBS-, control peptide (CP)-, collagen binding motif peptide 

(CBMP)-, or bone morphogenetic protein (BMP)-2-hydrogel 

were recovered by selective degradation of hydrogels using 2.5–

25 units per mL of collagenase treatment. The cells were lysed 

with 200 μL of lysis buffer, and the lystaes were mixed with 

PicoGreen working solution. Sample fluorescence was measured 

The total DNA isolated from 3D constructs cultured for 1, 3, 7 

and 14 days was measured using the PicoGreen assay.
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3.2.3 Peptide-conjugated hydrogel for osteogenic 

ability

The efficiency of CBMP-hydrogel in osteoinduction was 

monitored at the protein level using immunofluorescence assay. 

After 14 days, Runx2 and OCN protein levels were induced. 

Intensity of FITC (Runx2) and rhodamine (OCN) was 

significantly higher in the CBMP-hydrogel than PBS-, CP-, 

BMP-2-hydrogel (Fig. 10). In detail, expression level of Runx2 

increased 2-fold by CP-hydrogel, 7.5-fold by CBMP-hydrogel, 

and 4-fold by BMP-2-hydrogel compared with PBS-hydrogel. 

Also, expression level of OCN increased 2.7-fold by 

CP-hydrogel, 6.1-fold by CBMP-hydrogel, and 3.2-fold by 

BMP-2-hydrogel compared with PBS-hydrogel (Fig. 11). This 

effect was accompanied by a significant increase of the 

expression of the master regulators of osteogenesis, Runx2 and 

OCN.

To understand the action of CBMP on the hPDLSCs at the 

molecular level, osteogenic gene expression marker including 

ALP, OCN, and Runx2 were measured. Quantitative real-time 

PCR analysis showed that both OCN and Runx2 expression 

increased during osteogenic differentiation in CBMP-hydrogels 

compared with those observed in CP-hydrogels and 

BMP-2-hydrogels (Fig. 12). In detail, expression level of Runx2 

mRNA increased 1.4-fold by CP-hydrogel, 3.3-fold by 

CBMP-hydrogel, and 3.8-fold by BMP-2-hydrogel compared 

with PBS-hydrogel (*p < 0.05). Expression level of ALP mRNA 

increased 1400-fold by CP-hydrogel, 2800-fold by 
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CBMP-hydrogel, and 1300-fold by BMP-2-hydrogel compared 

with PBS-hydrogel (*p < 0.05). Also, expression level of OCN 

mRNA increased 2-fold by CBMP-hydrogel and 1.5-fold by 

BMP-2-hydrogel compared with PBS-hydrogel (*p < 0.05, Fig. 

12). This evidence suggests that the CBMP-hydrogel has 

osteogenic potential.

Matrix mineralization was assessed using SEM/EDS. Calcium 

deposit formation was examined. After day 14 in culture, the 

formation of mineralized nodules was observed. The SEM images 

of calcium deposits at 14 days indicate that CBMP-hydrogels 

enhanced matrix deposition and mineralization compared with 

PBS-, CP-, and BMP-2-hydrogels (Fig. 13). EDS spectra of 

mineralization showed that peaks of calcium and phosphate ions 

indicative of deposition in CP-, CBMP-, and BMP-2-hydrogel 

and each Ca/P ratio was 0.75, 1.47, 1.52, and 1.32 (Table 4). 

This result demonstrates the bioactive nature of the composite 

scaffolds.
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Figure 10. The hPDLSCs cultured in osteogenic medium (OM) 

for 14 days expressed runt-related transcription factor 2 

(Runx2, green) and osteocalcin (OCN, red). The hPDLSCs were 

cultured in hydrogels with PBS, collagen binding motif peptide 

(CBMP), control peptide (CP), or BMP-2 in 4-well chambers 

and incubated. When cultured in OM for 14 days, hPDLSCs 

strongly expressed Runx2 and OCN as shown by 

immunofluorescent staining. Cell nuclei were stained with DAPI. 

The magnifications shown are 200x and 800x.
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Figure 11. Fluorescence intensities of runt-related transcription 

factor 2 (Runx2) and osteocalcin (OCN) in PBS, control peptide 

(CP), collagen binding motif peptide (CBMP), and bone 

morphogenetic protein (BMP)-2 treated groups. After taking 

images, total signal arising from cells were obtain average pixel 

intensity value using FV300. Quantified fluorescence microscopy 

results are shown. (*p < 0.05 as compared with PBS in Runx2. 

**p < 0.05, as compared with PBS in OCN.)
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Figure 12. Analysis of peptide-hydrogel osteoinductivity with 

hPDLSCs. The hPDLSCs were incubated in PBS-, control 

peptide (CP)-, collagen binding motif peptide (CBMP)-, and 

bone morphogenetic protein (BMP)-2-hydrogel for 14 days in 

mineralization medium. the encapsulated cells were harvested 

using the collagenase treatment, total RNA was isolated and then 

a cDNA library was synthesized. Real-time quantitative PCR 

analysis was performed by SYBR Green I dye detection. The 

mRNA levels of alkaline phosphatase (ALP), osteocalcin (OCN), 

and runt-related transcription factor 2 (RUNX2) at day 14 of 

hPDLSC osteogenic differentiation are shown, as determined by 

real-time PCR. (*p < 0.05 as compared with PBS. **p < 0.05, as 

compared with BMP-2)
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Figure 13. Mineralization of hPDLSCs in a PBS-, control peptide 

(CP)-, collagen binding motif peptide (CBMP)-, and bone 

morphogenetic protein (BMP)-2-hydrogel, as shown by SEM 

and EDS element analysis (arrow indicates the biominerals). 

Note clear peaks of calcium (Ca) in CBMP-hydrogel compared 

with PBS-, CP-, and BMP-2-hydrogel
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Table 4. Surface elemental analysis of hydrogels by EDS with 

platinum, osmium, fluorine, and sulphur. Calcium (Ca) and 

phosphorus (P) were detected on surfaces of PBS-, control 

peptide (CP)-, collagen binding motif peptide (CBMP)-, and 

bone morphogenetic protein (BMP)-2-hydrogel
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3.2.4 New bone formation by the hPDLSCs in the 

peptide-hydrogel

Typical 3D images are shown in Fig. 14. New bone formation 

was clearly advanced in defects treated with hPDLSCs in 

CBMP-hydrogel. In the group without treatment, dense and 

fibrous connective tissue at the defect site was observed. No 

severe inflammatory reaction was observed in untreated groups. 

The group treated with hydrogel showed little bone formation 

from the defect, similar to the group without treatment. 

Connective tissue rather than new osteoid was evident in the 

specimens treated with CP-hydrogel. However, in the group 

treated with CBMP-hydrogel, the new bone formation was 

marked, bone growth starting from the bony borders toward the 

center of the defect. In addition, in the group treated with 

BMP-2-hydrogel, the new bone formation was marked but less 

than CBMP-hydrogel.

Histological specimens were taken to examine no treatment, 

PBS-, CP-, CBMP-, and BMP-2-hydrogel. The no treatment 

and PBS-hydrogel groups exhibited minimal mineralized regions, 

and the mineralized regions were confined mostly to the defect 

edge. CP-hydrogel displayed small patches of mineralization. In 

contrast, CBMP- and BMP-2-hydrogel demonstrated multiple 

layers and islets of dispersed irregularly shaped mineralized 

regions within the treated region. In addition, the 

CBMP-hydrogel appeared to have had more ingrowth of 

mineralized areas from the defect edge, relative to the PBS 

group, hydrogel, CP-, and BMP-2-hydrogel (Fig. 14, Fig. 16, 
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and Fig. 17). Both micro-CT and histology results showed that 

bone formation area and bone mineral density (BMD) of 

CBMP-hydrogel (12.3 ± 1.4 mm3, 0.1 ± 0.01 g/cm2) were 

higher than that of BMP-2-hydrogel (8.5 ± 1.6 mm3, 0.077 ± 

0.002 g/cm2) (Fig. 15). Bone formation within CBMP-hydrogel 

was qualitatively and quantitatively superior to that obtained with 

scaffolds containing CP- or BMP-2-hydrogel defects.
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Figure 14. 3D micro-CT images were reconstructed using 

analysis software. Calvarial defect models were implantation of 

no treatment, PBS-, control peptide (CP)-, collagen binding 

motif peptide (CBMP)-, and bone morphogenetic protein 

(BMP)-2-hydrogel. After 4 weeks from implanted, rats were 

sacrificed and estimated by micro-CT. The red area indicates 

the regeneration bone area
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Figure 15. The no treatment, PBS, control peptide (CP), 

collagen binding motif peptide (CBMP), and bone morphogenetic 

protein (BMP)-2 groups were measured for bone volume (A) 

and bone mineral density (B). BMD were prepared as different 

density of phantom. (*p<0.01 as compared with PBS, **p<0.01 as 

compared with BMP-2.)
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Figure 16. Representative H&E stained histological sample 

obtained 4 weeks post-surgery from rats that received 

hydrogel implants. Untreatment group (original magnification 

12.5x, 40x, 100x), PBS-hydrogel group (original magnification 

12.5x, 40x, 100x), control peptide (CP)-hydrogel (original 

magnification 12.5x, 40x, 100x), collagen binding motif peptide 

(CBMP)-hydrogel group (original magnification 12.5x, 40x, 

100x), bone morphogenetic protein (BMP)-2-hydrogel group 

(original magnification 12.5x, 40x, 100x). (OB = old bone, NB 

= new bone, arrow indicates the boundary between old and new 

bone)
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Figure 17. Representative Masson's trichrome stained 

histological sample obtained 4 weeks post-surgery from rats 

that received hydrogel implants. Untreatment group (original 

magnification 12.5x, 40x, 100x), PBS-hydrogel group (original 

magnification 12.5x, 40x, 100x), control peptide (CP)-hydrogel 

(original magnification 12.5x, 40x, 100x), collagen binding motif 

peptide (CBMP)-hydrogel group (original magnification 12.5x, 

40x, 100x), bone morphogenetic protein (BMP)-2-hydrogel 

group (original magnification 12.5x, 40x, 100x). (OB = old 

bone, NB = new bone, arrow indicates the boundary between 

old and new bone.)
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Ⅳ. Discussion & Conclusion

Biomaterials play a critical role in the success of tissue 

engineering, since they provide mechanical stability to the 

self-healing tissues and drive their shape and structure [1, 18]. 

Moreover, they can control and stimulate the regeneration of the 

living tissue itself by activating specific genes through their 

dissolution or, if required, releasing growth factors and drugs.

The injectable hydrogel is one of particular interest in various 

biomaterials because the hydrogels can be implanted through a 

facile process with minimal use of invasive surgical procedures. 

Thus, no surgical procedures are required for the implantation of 

hydrogels, or their removal in the case of the biodegradable 

ones. Hydrogels can be formed in situ either via chemical or 

physical cross-linking reaction mechanisms [19-21]. In this 

word, hydrogel easily modified with chemicals or drugs such as 

protein, peptide.

MSC-like cells can be isolated from periodontal ligament tissue 

and expanded in culture to generate populations with the 

properties expected of MSCs. Human PDLSC expanded ex vivo 

and seeded in three dimensional scaffolds were shown to 

generate bone [22-24]. These cells have also been shown to 

retain stem cell properties and tissue regeneration capacity.

Growth factors such as BMP are proven [25] and licensed 

therapies. However, lack of an efficient delivery vehicle requires 

application at supraphysiological doses to reach clinical efficacy. 

As well as stability, the application at supraphysiological doses 
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significantly increases the risk of side-effects, such as 

osteolysis, heterotopic ossification and swelling [26-27]. 

Peptides are small compared to large molecules such as proteins. 

Due to this smaller size, peptides can be easily synthesized, 

optimized and do not cause serious immune responses [28-30]. 

Peptides could be metabolically cleaved and rapidly cleared from 

body. Peptides do not accumulate in specific organs and this can 

minimize their toxic side effects. The region of the OPN was the 

only way to enhance osteogenesis.

In this study, CBMP from the collagen binding motif of OPN 

was synthesized, and its biological role in hPDLSCs was 

examined. This initial experiment attempted to determine 

whether this synthesized CBMP had osteogenic potential. The 

CBMP had potential of increase of osteogenic protein such as 

ALP, OPN, OCN, and Runx2 (Fig. 3). In addition, the CBMP 

increased ALP activity (Fig. 4) and induced calcium deposition 

(Fig. 5) similarly to BMP-2. The osteogenic potential of CBMP 

was almost similar to BMP-2. The CP which changed tyrosine 

to glutamine from CBMP also had osteogenic potential. The CP 

increased expression level of osteogenic proteins compared with 

PBS treated group (Fig. 3). The CP increased ALP activity and 

induced calcium deposition similarly to CBMP in GM and OM 

condition (Fig. 4 and Fig. 5). Therefore, CP could work control 

group in experiment of CBMP.

Incorporation efficiency of biomolecule-hydrogel was influenced 

by biomolecule. The mechanism of gelation was phenol-phenol 

crosslinking with H2O2 and HRP [22]. One of amino acids had 

phenol residue such as tyrosine. On the gelation, biomolecule 

which had tyrosine naturally crosslinked to hydrogel. The 
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hydrogel monomer and CBMP which had tyrosine were naturally 

crosslinked with H2O2 and HRP. However, incorporation 

efficiency of CP and hydrogel decreased due to absence of 

tyrosine. Though BMP-2 had eight tyrosines, incorporation 

efficiency was low (Fig. 6 and Table 3). According to previous 

studies, Almost tyrosines in BMP-2 were located in B-sheet 

[31] and in β-sheet, residues of amino acids were arranged 

inside or outside [32]. Also, chance of exposure of residue 

arranged in upper tertiary structure was declined [33]. For this 

reason, Probability of exposure of tyrosines in BMP-2 may low 

compared with CBMP which was secondary structure.

Proliferation of hPDLSCs as 3D culture was not any influenced 

by circumstance such as PBS-, CP-, CBMP-, and 

BMP-2-hydrogel. The cells in hydrogel were observed using 

calcein AM. The cells in CP-, CBMP-, and BMP-2-hydrogel 

were observed similarly to PBS-hydrogel control gruop (Fig. 7). 

In addition, the density of cells proliferating in the hydrogel was 

quantitatively measured using the CCK-8 assay and dsDNA 

content assay. Compared with PBS-hydrogel group, CP-, 

CBMP-, BMP-2-hydrogel groups were found to be equally 

prolierative (Fig. 8 and Fig. 9). In this reason hPDLSCs as 3D 

culture were not influenced by biomoleucle-hydrogel.

The hPDLSC osteogenesis was enhanced by CBMP-conjugated 

hydrogels. These results suggest that CBMP-induced 

osteogenesis may result from controlling the lineage-specific 

transcriptional program based on inducing Runx2 gene expression 

(Fig. 10 and Fig. 12). Runx2 is the early and master 

transcription factor of the osteogenic transcriptional program, the 

initiation of which leads to up-regulation of various bone-related 
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genes and markers such as ALP, OCN. OCN is a late bone 

formation marker involved in constructing the bone matrix 

[34-37]. As shown in Fig. 10, Fig. 12, and Fig. 13, the 

CBMP-hydrogels induced OCN expression and calcium deposition 

more than the PBS-, CP-, and BMP-2-hydrogels. Table 4 

shows that hPDLSCs in the CBMP-hydrogels deposited 

biominerals that exhibited a Ca/P ratio of 1.52, according to EDS 

measurements. The observed bone mineral Ca/P ratios ranged 

from 1.37-1.87 [38]. The Ca/P biominerals ratios induced by 

the CBMP-hydrogels are very similar to those of bone minerals. 

For this reason, the CBMP-hydrogel with hPDLSCs was induced 

osteogenesis and biominerals deposition like ossification.

Moreover, in the animal study, the CBMP-hydrogels showed 

better bone regeneration than the BMP-2-hydrogels. In the case 

of the BMP-2-hydrogels, BMP-2 is definitely a powerful 

biomolecule that can aid bone regeneration, but it has 

disadvantages. It strongly induced bone regeneration in the early 

phase, but it failed to induce a sustained, expanded bone 

regeneration due to protein stability in vivo [39]. The results 

showed minimal accumulation of calcium (Fig. 14). However, the 

CBMP-hydrogels aided bone regeneration much more than the 

BMP-2-hydrogels, and the resulting bone was much denser 

(Fig. 15B). The peptide-conjugated hydrogel, which constantly 

affected the defect areas, also induced dense new bone 

formation (Fig. 15A). Because peptide was more stable than 

protein, peptide worked sustainedly [40]. Moreover, stained 

CBMP-hydrogel specimens show that new bone was formed 

more denser and more larger than CP-hydrogel and 

BMP-2-hydrogel specimen (Fig. 16 and Fig. 17). For this 



- 52 -

reason, the CBMP-hydrogel with hPDLSC had potential of bone 

regeneration in vivo.

 These study shows that the in vivo and in vitro 

bone-generating efficacy of CBMP, which is the region of the 

OPN-derived peptide, can greatly enhance the osteogenic 

differentiation of hPDLSCs and up-regulate osteogenic 

biomarkers. These results could have a great impact on 

osteogenesis and bone generation in dentistry and orthopedics. 

Further studies are necessary to assess the therapeutic potential 

of CBMP. These results provide new insight into using CBMP 

instead of BMP-2 as an osteogenic stimulator in further bone 

generation engineering clinical trials.
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Figure 18. Schematic depicting the overall experimental model 

using the synthetic osteo-inductive peptide-conjugated 

hydrogel.
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국 요약(국 )

골재생효과에 한 합  펩타이드 

함  하이드  능  연구

조 범 

울 학  학원 과학과

재생생명공학 공

(지도    )

 포를 탑재 가능한 다공  지지체, 인과 같  생체재료는 

골 재생 역에  우 한 골재생능  보여주고 있다. 그  주입  하이

드  시스  경우 다재다능함, 변  가능함 그리고 손상  역에 

시  시 개가 불필요하다는 편리  인하여 각 고 있다. 또한 

단 질, 펩타이드 그리고 질과 같  생리  질  하이드

에 탑재가 가능하고 골재생  한 약  출  조 가능하다. 이러한 

생리 질  효능이 좋 에도 불구하고  내부에 탑재하 에는 질

인 한계가 존재한다. 하이드 과 생리 질  단  복합체  경

우 속 인 약  출 같  이  약  조 이 한계가 있다. 그러므  
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이를 체하  하여 생리 인자  하이드 과  결합 법  고안

할 필요가 있다.

 단 질  경우 하이드 과  학  결합  인하여 약효  변 를 

불러   있다. 생리  펩타이드  경우 하이드 과  학  결합

 새 운 안이   있  것  다. Osteopontin  라겐 

결합 모티프(CBM)에  래  합  펩타이드  경우 이  연구에 하

면 골분  도 능  지닌다고 알  있다. 라겐 결합 모티프 펩

타이드(CBMP)  경우 간엽 포를 골분  도를 가능  하여 

하이드 과  결합 후보 질  하 다. 하이드  경우 페놀  

지니고 있는데 이는 과산 소  겨자 과산 효소에 하여 페놀과 페

놀이  학 인 결합  도하여 이를 이용, 를 도하는 식

이다. CBMP  경우 타이 신이 존재하여 페놀  지니고 있어  

도를 과산 소  겨자 과산 효소  도 시 하이드 과 결합  시

도하 며 동시에 포 또한 같이 포함하여 복합체  시도하

다.

 CBMP-하이드  복합체 내에  포  생존  인하 다. 또

한 CBMP-하이드  복합체 내부에  포  골분  도를 골분

 인자 단 질   증가, 알칼리  인산가  분해효소 도 증가, 

그리고 EDS를 통한 칼슘  축  통하여 인하 다.  나아가 동

 연구에  포가 탑재  CBMP-하이드  복합체를 

 개골 결손모델  통하여 결손부가 BMP-2-하이드 과 견하

게 재생이  것  인할  있었다. 이러한 결과를 통하여 CBMP가 

결합  하이드  포  골분 를 도하는 능  지니고 있

며 그리고 조직재생  한 포  운  단  이용 가능함  

인할  있었다.

                                                                 

주요어 : 골조직재생, 합  펩타이드, 라겐 결합 모티프, 하이드 , 

포
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