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ABSTRACT

A study of calcification-inducing succinylated 

type I atelocollagen 

Han Hee Cho                      

Department of Biomedical Engineering

The Graduate School

Yonsei University

 The porous matrices containing succinylated type I atelocollagen (S-Col) 

and/or type I ateolocollagen (A-Col) were developed as a biomaterial for bone 

regeneration. The type I atelocollagen was modified by succinylation and then 

characterized by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE), solubility test and cytotoxicity test. The results showed that S-Col 

had higer molecular weight compared with A-Col, good solubility in neutral 

solution and the cytocompatible property. For enhancing the mechanical 

stability of the composite matrix, the fabricated scaffolds with various weight 

ratios of S-Col : A-Col (100:0, 75:25, 50:50, 25:75 and 0:100) were crosslinked 

with different concentrations (10-100 mM) of 1-ethyl-3- (3-dimethyl 

aminopropyl) carbodiimide (EDC). The morphology of the crosslinked S-Col 

based membranes were observed by scanning electronic microscopic 

observation. Also, the mechanical stability was measured with enzymatic 

degradation, and the extent of crosslinking was determined by quantifying free 

amine groups. All the scaffolds had interconnected pores with mean diameters 

of 150-250㎛ and there was no significant difference in their surfaces. 

According to the enzymatic degradation test, the EDC crosslinking did not 
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have a significant effect on the resistance of S-Col based membranes against 

collagenase. In in vitro cell free mineralization test, the membranes incubated in 

simulated body fluids (SBF) were examined by inductively coupled plasma 

atomic emission spectrophotometry (ICP-AES), X-ray diffraction (XRD) and 

Fourier transformed infrared spectroscopy (FT-IR). This in vitro test revealed 

that the growth rate of minerals on 100% S-Col or 75% S-Col containing 

membranes increased rapidly compared with other membranes. In MC3T3-E1 

osteoblast-like cell assay, the cell attachment and proliferation on the 

membranes containing 100% S-Col or 75% S-Col were enhanced compared with 

other membranes. In addition, alkaline phosphatase activity and mineralization 

assays indicated that S-Col based membranes markedly promoted cell 

differentiation. Therefore, it is suggested that S-Col membrane might be useful 

as a biomaterial for bone repair and regeneration.

key words : succinylated type I atelocollagen; type I atelocollagen; porous membrane; 

calcification; EDC crosslinking; bone regeneration
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1. Introduction

 1.1 Mineralization in bone

  Bone is an extremely complex tissue that provides many essential functions in the 

body, such as:  protection of vital organs, providing support and site of muscle 

attachment for locomotion, generation of red and white blood cells for 

immunoprotection and oxygenation of other tissues and  retaining reserve stores of 

calcium, phosphate and other important ions [1, 2]. Therefore, pathologies of bone 

can be very serious, affecting a wide range of body functions. Bone deficiencies can 

result from abnormal development, tumors or general trauma.

  As any type of bone formation occurs, the predominant collagen matrix secreted by 

the osteoblasts undergoes calcification. There are two steps to matrix mineralization: 

nucleation of calcium phosphate crystals, followed by crystal growth [3, 4]. 

Nucleation can occur either heterogeneously or homogeneously. Homogeneous 

nucleation is the formation of crystals due to supersaturation of the local 

environment with the appropriate ions.  Active transport (ion pumps) may be used to 

raise the amount of calcium and phosphate in the vesicles to levels above 

supersaturation. Heterogeneous nucleation occurs only at surfaces where the 

interaction between the surface and the ions lowers the interfacial energy 

requirement so that nucleation can proceed at concentrations that are less than that of 

supersaturation. The main example of this in bone calcification is found with 

collagen-mediated deposition. A heterogeneous nucleator must have both a strong 

affinity for the ions of the crystal and suitable topography so that a nuclear cluster 

can be easily formed. Collagen alone meets neither of these requirements, but certain 

noncollagenous proteins (NCPs) such as osteonectin and some phosphoproteins have 

high affinities for calcium and these, when bound to collagen, form nucleators in vivo. 

It is thought that nucleation may occur because phosphate is adsorbed to the collagen 

and therefore is in close proximity to the calcium associated with the NCPs. After 
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nucleation, amorphous calcium phosphate may be the first precipitate, which is then 

converted to octacalcium phosphate and finally to hydroxyapatite. The crystals in the 

matrix vesicles disrupt the membrane; the newly released crystals fuse and 

collagen-mediated precipitation predominates from this point [3, 4, 5].

1.2 Role of collagen in biomineralization

  The collagen organic matrix spatially or temporally defines the space with 

bound side chain groups and free calcium or phosphate ions (Pi) which act as 

nuclei for thin hydroxyapatite crystals. As the nucleation occurs within collagen 

compartments, the mineral crystal growth is discrete and controlled. These 

crystals are nearly monodisperse and nanometer sized. After formation of  the 

first small crystals, they quickly grow from the whole regions in the collagen 

molecules to the overlap regions, where they are aligned along the fiber axis. This 

periodic arrangement of dense calcium phosphate crystals within collagen fibril 

compartment can be seen in bone. Since the crystal is limited compartmentally, 

it has a definite structure, shape and orientation [6, 7].

1.3 Collagen as biomaterials for bone regeneration

  Among the many tissues in the human body, bone has been considered as a 

powerful marker for regeneration and its formation serves as a prototype model for 

tissue engineering based on morphogenesis [8]. Ideal characteristics of the structural 

substrate to support tissue ingrowth include spatial and compositional properties 

that attract and guide the activity of cells [9]. For tissue engineered bone, an optimal 

scaffold material is to possess high compressive strength, interfacial properties that 

support cell adhesion, proliferation, extracellular matrix (ECM) deposition, 

mineralization, and that is resorbable [5]. Current strategies for tissue regeneration 

focus on the extension of cell-matrix basic science principles for the development of 
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implantable matrices that mimic natural tissues. The chemical composition and 

physical properties of the biomaterials used in the construction of a grafting matrix 

are the key factors in determining its performance properties. 

 Among the potential bone substitutes, type I collagen is a rational option for 

use in bone defects healing. Since those early studies, collagen matrices or 

matrices of ECM proteins have been used to support the differentiation and 

expression of tissue specific function of a variety of cell type in culture such 

as hepatocytes, mammary epithelium, uroepithelium and prostate epithelial cells 

[8]. Collagen has been used as implantable carriers for bone inducing proteins, 

such as bone morphogenetic protein 2 (rhBMP-2) [10]. Recently, collagen itself 

was used as bone substitutes due to its osteoinductive activity [11].  

Collagen, as a major component of bone extracellular matrix, is a great source for 

biomaterial development. Some advantages of collagen as biomaterials are the low 

immunogenic response across species, non-cytotoxicity, high tensile strength, 

haemostatic promotion and easy manipulation into different forms. In particular, the 

interaction of collagen with osteoblst in bone tissue engineering affects signal 

transduction by binding to integrins α1β1, α2β1 and leads to enhanced activities of 

alkaline phosphatase, osteoblast-associated gene expression and stimulation of 

mineralization [12]. Type I collagen crosslinked N-telopeptide was used as a marker 

of bone resorption and clinically used as a marker of bone metastasis of prostate 

cancer and breast cancer [13, 14]. The polymorphisms of collagen type I alpha1 and 

vitamin D receptor as genetic markers for osteoporotic fracture in women was also 

reported [15]. This result added to evidence that interlocus interaction is an important 

component of osteoporotic fracture risk.

 1.4 Chemical modification of collagen : Succinylation

Collagen is a widely used raw material for biomaterials. However, 
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Biomaterials originated from collagen still have some limitations as to their use in 

human tissue due to tensile properties and biodegradation [16-19]. In order to 

improve biocompatibility and mechanical properties, chemical modifications are 

achieved by the treatment of native tissues or materials reconstituted from 

collagen gels with cross-linking reagents. Other chemical changes include 

esterification, acetylation, deamination of the ε-amino group of lysine 

(succinylation), and the blocking of the guanidine groups of arginine residues 

[20]. Chemical modifications of collagen side chains have been shown to affect the  

adhesion and proliferation of platelets and cells to the substrata.

  Succinylation of amino groups is one of the well-known techniques to control the 

rate of biodegradation and dissociation. S-Col is polyanion polymer which has a  

hydrophilic property. The presence of extra carboxyl groups of succinylated collagen 

enhances the piezoelectric properties of collagen and can nucleate minerals. The 

negatively charged groups of some amino acid in collagen molecules probably 

play an important role in regulating mineralization process. The negatively 

charged groups in collagen have a good affinity for calcium ions in calcium 

solution and thus causing a uniform distribution of small particles on the 

collagen surface [23]. Although the succinylation of collagen has been frequently 

performed in tissue engineering, the direct characterization and chemical analysis of 

succinylated collagen are problematic due to the complicated structure and its 

instability under analytical conditions [16].
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Figure 1. Mineralization in bone; collagen matrix defining the space with 
bound side chain groups which at as nuclei for the development of a mineral 

phase [Ref. Materials Science and Engineering 1998;C6:183-196]
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Figure 2. Reaction scheme of the succinylation of collagen
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1.5 Objectives of this study

The aim of this study is to evaluate the feasibility of the porous membranes 

containing S-Col and/or A-Col for further use as a osteoinductive material. To clarify 

the osteoindutivity, we measured the in vitro cell free mineralization of S-Col based 

membranes and observed the biological characteristics of the membranes in terms of 

the enhancement of attachment, proliferation, alkaline phosphatase (ALPase) activity 

and mineralization of MC3T3-E1 osteoblast-like cells. 
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2. EXPERIMENTAL

2.1 Succinylated atelocollagen (S-Col)

 2.1.1. Purification of S-Col

 Type I atelocollagen (RBC-1; RegenMed, Seoul, Korea ) was  dissolved  in 0.01N 

acetic acid. Collagen suspension was adjusted to pH 10  by 4N NaOH solution and 

stirred at 4℃. Then 950 mg of succinic anhydride was added to the suspension and 

the pH  was maintained at 10 for 2 h by periodically adding 4N NaOH solution. S-Col 

was precipitated by adjusting to pH 4 with 4N HCl solution and collected by 

centrifugation. The collected collagen was dissolved in distilled water and dialyzed 

for 3 days. S-Col solution was frozen at -70℃and lyophilized.  

   

  2.1.2 Characterization of S-Col

  2.1.2.1 Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE)

 The molecular masses of the S-Col was estimated by SDS-PAGE. SDS-PAGE was 

prepared as follows : 6% running gels were overlaid with 5% stacking gel, samples 

were loaded and run at 80V until the dye front ran off the gel. Gel were removed 

from glass plates and stained with Coomassie Brilliant Blue R250 (Sigma B-1049, St. 

Louis, MO, USA) on a shaker at room temperature. After completion of staining, gel 

were destained in destaining solution. The photographs of gel were taken with a 

digital camera (Cannon IXUS 400, Tokyo, Japan ).

     

 2.1.2.2 Solubility test

 A-Col and S-Col of 10 mg were suspended in 10ml distilled water or neutral 

solution (pH 7.0) at room temperature for 30 min. Solubility of collagen 
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suspension was compared with the unaided eye.

  

 2.1.2.3 Cytotoxicity test

 The cellular cytotoxicity of S-Col and A-Col membrane was performed by 

direct contact method. High-density polyethylene (HDPE) was used as the 

negative control and polyurethane (PU) containing 0.1% zinc 

diethyldithiocarbamate (ZDEC) was used as the positive control [23, 24]. A-Col 

and S-Col sponges (1×1 cm in size) were immersed in Dulbecco's modified 

Eagle's medium (DMEM) supplemented with 5% fetal bovine  serum (FBS) and 

1% antibiotic solution including 10,000 U of penicillin, 10 mg of streptomycin, 

and 25 ㎍ of amphotericin B/ml (FBS-DMEM) and incubated for 72h at 37℃ 

[24]. L929 fibroblasts (ATCC CCL1, NCTC clone 929, from mouse) were cultured 

in FBS-DMEM at 37℃ in a humidified atmosphere of 5% CO2. For the 

cytotoxicity test, the fibroblastic cells were dissociated with trypsin-EDTA 

solution containing 5.0 g porcine trypsin per 2.0 g EDTA and resuspended in 

FBS-DMEM. The suspensions of L929 fibroblast (1×106 cells/well) were seeded 

into each well of a 6 well plate. The cells were incubated for 2 days as 

described previously as the cell culture. After incubation, the medium of each 

well was replaced with fresh FBS-DMEM. The test specimens were overlaid on 

the center of the well where confluent monolayers of the cells were formed 

and incubated for 24 h [25]. After removal of the specimens from each well, 

the well was washed with phosphate-bufferd saline (PBS) and stained with 

0.2% crystal violet (CV, Gibco BRL, Grand Island, NY, USA)-ethanol solution 

for 20 min. The results were compared with controls and the interpreted by 

the value of zone index (table 1) [25].
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    Table 1.  Zone description of direct contact toxicity test

Zone Index Description of Zone

0   No detectable zone around or under specimen

1   Zone limited to area under specimen

2   Zone extends less than 0.5cm beyond specimen

3   Zone extends 0.5-1.0 cm beyond specimen

4
  Zone extends greater than 1.0 cm beyond

  specimen but does not involve entire dish

5   Zone involves entire dish
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2.2 S-Col based membrane

 2.2.1 Fabrication and cross-linking of porous S-Col based  

membranes

  1% (w/v) S-Col and 1% (w/v) A-Col suspensions were prepared in distilled water 

(pH 7). The collagen suspensions were mixed at various weight ratios of S-Col : 

A-Col (100:0, 75:25, 50:50, 25:75, 0:100) at 4℃. The resulting slurry was poured into a 

mold (diameter = 1 cm), frozen and  lyophilized. Cross-linking of membranes was  

performed using 10-100 mM 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) 

solution (Sigma E1769, St. Louis, MO, USA). The cross-linked membranes were 

washed in distilled water with sonicator for 30 s five times for the removal of the 

residual EDC. The washed membranes were frozen and  re-lyophilized. 

 2.2.2  Characterization of S-Col based membranes
   2.2.2.1 Determination of free amine groups

   Specimens were divided into five groups crosslinked with various concentration of  

EDC ( S-Col : A-Col = 100:0, 75:25, 50:50, 25:75, 0:100). To determine the number of ε

-amino groups blocked due to cross-linking was performed by a method of  Kakade 

and Liener with some modification [26, 27, 28]. 1 ml of 4% NaHCO3 (pH 8.5) was 

added to a collagen disc and heated in a boiling water bath for 5 min. 1 ml of freshly 

prepared 0.5% trinitrobenzenesulfonic acid (TNBS, Sigma P2297, St. Louis, MO, USA) 

then was added. The mixture was shaken at 40℃for 2 h, followed by the addition of 3 

ml of concentrated HCl and finally heated 80℃ for 1 h. The solution was diluted with 

5 ml of distilled water and washed twice with 10 ml of ethyl ether to remove excess 

TNBS and trinitophenyl N-terminal amino acid. The aqueous layer was heated in hot 

water for 20 min to remove ether and diluted as necessary. The absorbance was 

measured at 346 nm with an ELISA reader (Spectra Max 340, Molecular Device Inc., 
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CA, USA). A blank was run by the same procedure except that HCl was added prior 

to the addition of TNBS. 

    2.2.2.2  In vitro enzymatic degradation

 Specimens were divided into five groups (S-Col : A-Col = 100:0, 75:25, 50:50, 25:75, 

0:100). In vitro degradation test were performed using bacterial collagenase obtained 

from Clostridium histolyticum (Type IA, EC 3. 4. 24. 3 Sigma, St. Louis, MO, USA) 

with a collagenase activity of 499 units/mg. Samples cross-linked with various 

concentrations of EDC were used to compare the resistances to enzymatic 

degradation. Each specimen was incubated with shaking for 24 h at 37℃ in 2 ml of 

collagenase solution (25 units/ml in 0.1M Tri-HCl buffer, pH7.4) containing 50 mM 

CaCl2. The extent of cross-linking was determined by measuring the amount of 

collagen dissolved using the Bradford method [29].

   2.2.2.3 Scanning electron microscopic characterization

 The morphologies of the 50 mM EDC treated S-Col and A-Col membranes were 

characterized by a scanning electron microscopic (SEM, Hitachi S-800, Tokyo, Japan). 

Samples were fixed in a glutaraldehyde solution in PBS (2% w/v, 4℃) for at least 24 

h. Thereafter, samples were dehydrated with methanol before gold coating .The 

samples were observed by SEM. 

2.3 In vitro cell free mineralization test

 2.3.1 Mineral formation

 Simulated body fluid (SBF) with ion concentration (in mM: Na
+
 142, K

+
 5.0, 

Mg
2+
 1.5, Ca

2+
 2.5, Cl

-
 103, HCO3

-
 27, HPO4

2-
 1.0, SO44

2-
 0.5) nearly equal to 

those of human blood plasma was prepared by dissolving NaCl, NaHCO3, 

Na2CO3, KCl, K2HPO4 ․3H2O, MgCl2․ 6H2O, CaCl2, and Na2SO4 in ultra-pure water 
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in a polystyrene beaker, according to the method of Oyane A. et al. [30]. This solution 

was buffered at pH 7.4 with 2-(4-(2-hydroxyethyl)-1-piperazinyl)ethanesulfonic acid 

(HEPES) (Sigma, H3375, St. Louis, MO, USA) and 1 M NaOH at  36.5℃.  The 

prepared SBF was filtered through a sterile vented filter unit (Sterivex™-GP, 

Millipore Co., Bedford, MA, USA) consisting of a polyether sulfone membrane with a 

pore size of 0.22 ㎛ located on a clean bench to eliminate any dust particles and 

bacteria from the fluid. It was confirmed experimentally that the filtering procedure 

caused no apparent change in the element/ion concentrations and pH of the SBFs. 

Specimens from each experimental group were soaked  in 30 ml of  SBF  at 36.5℃ 

for various periods of up to 15 days. During soaking, the SBF was renewed everyday.

 2.3.2 Chemical analysis by inductively coupled plasma atomic 

emission spectrometer (ICP-AES)

 After the specified time periods, specimens (n=3/group) were removed and 

rinsed with distilled water to remove excess solution and loosely attached 

deposits. The specimens were dried under vacuum at room temperature for 

24hr, and then hydrolyzed in 6N HCl at 100℃ for 24 h in a heating bath 

(DB104320-33, Thermolyne, Dubuque, IA, USA). The calcium concentrations 

were assayed by ICP-AES (ICPS-1000IV, Shimadazu, Kyoto, Japan) and the 

amount of calcium per weight of specimen was calculated. Data were 

expressed as the mean±standard error of mean and statistical significance 

determined with the Student's t-test.

 
 2.3.3  Observation of X-ray diffraction (XRD) patterns 

  X-Ray diffraction patterns were recorded with a Bruker D8 DISCOVER High 

Resolution X-ray diffractometer (lCuKa, 40 mA, 40 kV) equipped with a graphite 

back-monochromator, using the stepscan procedure (step, 2θ counting time, 1 
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seconds per step). In order to avoid X-ray diffusion by an amorphous substrate, the 

pieces of collagen sponges were fixed with ethanol on a silicon wafer cut parallel to

(511) plane, instead of on the usual glass slide on the sample holder.

 2.3.4 Fourier transform Infrared (FT-IR) spectroscopic 

measurement

 Fourier transform infrared (FT-IR) spectra of membranes soaked or unsoaked  

in SBF were measured to confirm the formation of crystals on surfaces of 

membranes. The specimens were freeze-dried, ground thoroughly with KBr at 

approximately 1% by weight and pressed into a pellet (thickness = 1 mm, 

diameter = 13 mm). Fourier transform infrared spectroscopy spectra were recorded 

with a Tensor27 FT-IR over the wave number range of 1,600-400 cm
-1 
.  

 2.3.5  Scanning electron microscopic characterization

 The morphologies of deposits on collagen scaffolds incubated in SBF for 10 days 

were characterized by a scanning electron microscopy (SEM, Hitachi S-800, Tokyo, 

Japan). Samples were fixed in glutaraldehyde solution in PBS (2%w/v, 4℃) for at 

least 24 h. Thereafter, samples were dehydrated with methanol, coated by ultrathin 

layer (300 Å) of gold and their morphology was examined.  

2.4  In vitro cell assay

 2.4.1  Cell culture 

 The clonal MC3T3-E1 osteoblast-like cells were maintained in α-modified 

essential medium (α-MEM, GIBCO BRL, USA) supplemented with 10% FBS, 

penicillin(100 U/ml), and streptomycin (100 ㎍/ml) in tissue culture flasks in a 

CO2 incubator (5% CO2, 95% humidity) at 37℃. The culture medium was 
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changed every 2 days and they were subcultured (0.25% trypsin, 0.02% EDTA). 

The samples of each type of collagen membrane that were sterilized in 70% 

alcohol for 24 h and placed individually into 48-well plate were each 

inoculated with 2×10
4 
cells/membrane.

 2.4.2  Cell attachment

 The study of osteoblast attachment was on 5 groups (S-Col : A-Col = 100:0, 

75:25, 50:50, 25:75, 0:100). Each specimen (1 ㎠) was throughly washed by PBS 

solution and finally soaked by the culture medium. Tissue culture plates (48 

well) were coated with sigmacote (Sigma SL-2, St. Louis, MO, USA) to prevent cell 

from attaching  on tissue culture plates. 100 ㎕ of Cell suspension containing 1×10
6 

cells were placed onto each specimen (diameter = 10 mm, thickness = 3 mm). 

Culture medium (1 ml) was added 2 h after seeding and then allowed to 

attach for 4 h. Unattached cells were removed by washing with PBS and the 

number of attached cells was quantified using Cell Counting Kit-8 (CCK-8, 

Dojindo, CKO4-11, USA). 200 ㎕ of medium and 20 ㎕ of CCK-8 assay 

solution were added to each culture well. After incubation 4 h, optical 

densities were investigated using ELISA reader (Spectra Max 340, Molecular 

Device Inc., CA, USA) at a wavelength of 450 nm.

 2.4.3  Cell proliferation

 The study of osteoblast attachment was on 5 groups (S-Col : A-Col = 100:0, 

75:25, 50:50, 25:75, 0:100). Each specimen (1 ㎠) was throughly washed by PBS 

solution and finally soaked by the culture medium. Tissue culture plates (48 

well) were coated with sigmacote (Sigma SL-2, St. Louis, MO, USA) to prevent cell 

from attaching  on tissue culture plates.  100 ㎕ of  cell suspension containing 2×10
5
 

cells were placed onto each specimen (diameter = 10 mm, thickness = 3 mm). 
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Culture medium (1 ml) was added 2 h after seeding. the proliferation on each 

specimen was determined after 1, 3, 5, 7 and 9 days. Unattached cells were 

removed by washing with PBS and the number of attached cells was 

quantified the using CCK-8 kit (Dojindo, CKO4-11, U.S.A). 200 ㎕ of medium 

and 20 ㎕ of CCK-8 solution were added to each culture well. After incubation 

4 h, optical densities were investigated using ELISA reader (Spectra Max 340, 

Molecular Device Inc, CA, U.S.A) at a wavelength of 450 nm.

  2.4.4 Alkaline phophatase(ALPase) activity

 The study of osteoblast attachment was on 5 groups (S-Col : A-Col = 100:0, 

75:25, 50:50, 25:75, 0:100). S-Col and A-Col membranes were placed on tissue 

culture plates (48 well) coated with sigmacote (Sigma SL-2, St. Louis, MO, U.S.A). The 

MC3T3-E1 osteoblast-like cells (2×104 cells/membrane) were plated on 

specimens and the medium was changed every 2 days during incubation in a 

CO2 incubator. ALPase activity on each specimen was determined after 1, 3, 5, 

7 and 9 days. To remove unattached cells, specimens were gently washed by 

PBS solution. Each specimen was incubated with 100 ㎕ of a ρ-nitrophenyl 

phosphate solution (Dignostic kit 104, Sigma, St. Louis, MO, USA) at incubator 

for 30 min. The production of ρ-nitrophenol in the presence of ALPase was 

measured with ELISA reader at 405 nm. The slope was calculated and 

converted into enzyme activity based on the standard curve. Standard curve 

was obtained from the successive dilutions of ρ-nitrophenol standard solution.

  2.4.5 Mineralization

  To promote differentiation of MC3T3-E1 osteoblast-like cells, the osteogenic 

medium was used from 7 days after culture. The osteogenic medium was 

prepared α-modified essential medium (α-MEM, GIBCO BRL, USA) 
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supplemented with 10% FBS, penicillin (100 U/ml), streptomycin (100 ㎍/ml), 

10 mM β-glycerophosphate, 100 uM L-ascorbic acid-2-phosphate. S-Col and 

A-Col membranes were placed on tissue culture plates (48 well) coated with 

sigmacote (Sigma SL-2, St. Louis, MO, USA). The MC3T3-E1 osteoblast-like cells 

(2×10
4
 cells/membrane) were plated on specimens and the medium was 

changed every 2 days during incubation in a CO2 incubator. Mineralization on 

each specimen was determined in 14 days. Cultured osteoblast-like cells and 

membranes were fixed on ice for 30 min with 100%(v/v) methanol and 

subsequently air dried. The fixed cells and membranes were washed with 0.1 

M borate buffer, pH 4.0 and stained with 0.5% alizarin red-S (Sigma A-5544, 

St. Louis, MO, U.S.A) for 15 min. The stained membrane was washed with 

borate buffer and PBS. Finally, the stained membrane was freeze-dried and 

photographed. 

 2.5 Statistical analysis

 All results were analyzed using the Student's t-test (Excel 5.0, Microsoft, WA, 

USA) and expressed as mean ± the standard deviation. A value of p < 0.05 

was accepted as statistically significant.



- 18 -

3. RESULTS AND DISCUSSION

3.1 Characterization of S-Col

 3.1.1 Chemical modification of Collagen : succinylation

  Succinylation of collagen was performed by the reaction of succinic anhydride with 

A-Col under basic conditions for 2 h. Succinylation of collagen does not cause any 

conformational change in collagen. However, the net charge on succinylated collagen 

at pH 7.3 is negative [21]. In this study, the modified S-Col was characterized by 

SDS-PAGE in comparison with A-Col. The molecular weight standards are used to 

measure the relative sizes of samples. Under reducing conditions, SDS-PAGE 

analysis of S-Col revealed similar band like A-Col. However, the bands of  S-Col and 

A-Col  migrated the different distances in the gel (Figure 3). This result indicated that 

succinylation slightly increased the molecular weight. Previous studies 

demonstrated that the bands of S-Col were shifted upward with increasing the 

degree of succinylation. In addition, the SDS-PAGE analysis also showed that 

polymerization of synthesized proteins was negligible [31]. Until now, the 

modification of proteins was conventionally identified by molecular weight 

determination by SDS-PAGE. However, it was difficult to identify accurate 

molecular weight.    

  Analysis of Matrix-assisted laser desorption/ionization (MALDI) mass spectra 

reported that about 28 succinyl groups were  attached to the collagen strand and the 

succinylation resulted in a mass increase of about 2800 Da [16]. The 28 succinylated 

sites correspond to 85% derivatization of available lysine residues based on the 

collagen molecular structure [32].        

 

 3.1.2  Solubility 

   10 mg of  S-Col and A-Col were put in 10 ml of distilled water (pH 7.0) at room 
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(A)      (B)      (C)

α1(I)

α2(I)

Figure 3. SDS-PAGE for characterization of S-Col : The sample were 

electrophoresed on 5% gel under reducing conditions. the bands of S-Col were 

shifted upward compared with the bands of A-Col : (A) Molecular weight  

marker  (B) S-Col (C) A-Col.
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        (A)                 (B)

   Figure 4. Solubility of collagen in distilled water (pH 7.0) at room 

temperature : A-Col and S-Col were suspended in distilled water. In particular, 

S-Col was dissolved completely : (A) 0.1% A-Col suspension (B) 0.1% S-Col 

suspension.
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  Table 2. The numerical value for zone index of the specimens

 

Specimens Formed Zone Size (cm) Zone Index

(+) control 0.57±0.03 cm 3

(–) control – 0

Bovine collagen – 0 

Succinylated collagen – 0

Specimens Formed Zone Size (cm) Zone Index

(+) control 0.57±0.03 cm 3

(–) control – 0

Bovine collagen – 0 

Succinylated collagen – 0
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      (A)             (B)                   (C)             (D)

Figure 5. The cytotoxicity test of A-Col and S-Col by direct contact method (I) using 

L929 cell line (top : before removal of specimens from well, bottom : after removal of 

specimens from well, CV stained well) : (A) Type I atelocollagen (B) Succinylated 

type I atelocollagen (C) (+) control : PU with 0.1% ZDEC (D) (-) control : HDPE.
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 (A)                              (B)

 (C)                             (D)

     

  Figure 6 . The cytotoxicity test of A-Col and S-Col by direct contact method (II); 

Light microscopic photographs show the morphology of cultured L929 fibroblasts 

under and around the specimens: (A) Type I atelocollagen,  (B) Succinylated type I 

atelocollagen,  (C) (+) control : PU with 0.1% ZDEC,  (D) (-) control : HDPE.
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temperate for 30 min. Contrary to A-Col, S-Col was completely soluble in neutral 

solvent (Figure 4). These results indicated that succinylated type I atelocollagen had 

superior soluble capacity and solution stability [33]. 

 3.1.3 Cytotoxicity

  In vitro cytotoxicity tests by a direct contact method were performed with 

uncrosslinked S-Col membrane and A-Col membrane. The results of direct contact   

between L929 fibroblast cells and the specimens are summarized in Table 2 and 

Figure 5, 6. The distinct zone under and around positive control was produced 

because toxic leachables from the (+) control could promote neither cell proliferation 

nor cell adhesion whereas the (-) control and the other specimen did not produce the 

zone. While normal cells in unaffected areas were stained well by the crystal violet 

(CV) stain, dead cells were detached from the well plate during the staining process. 

The affected area below the specimens was transparent and could be easily 

discriminated from the unaffected area. 

  S-Col membrane was completely dissolved before removal process of specimen and 

was not observed after 24 h of incubation. It seems that both A-Col and S-Col 

membrane were not produced the zone due to the specimen toxicity, but to physical 

trauma to the cells derived from the specimen movement. According to the toxicity 

value of zone index (Table 1), the results suggested that S-Col may be nontoxic to the 

cells and encourage the cells to grow in a single layer with favorable cellular 

attachment. In addition, direct contact test also could provide the supplementary 

information for the effects on the cell-specimen interface as well as the toxicity of 

leaching substances. The cells under and around positive control were detached on 

the culture  dish and demonstrated round-shape (Figure 6 (C)). In the  case of S-Col 

membrane, however, the cells seemed to be well attached without significant 

morphological changes in comparison with control (Figure 6(B)). The cells under 
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S-Col and A-Col membrane were grown also with maintaining morphology.

3.2. Characterization of S-Col based membranes

 3.2.1 Determination of free amine groups

   Specimens were cross-linked with various concentrations of EDC. To investigate 

cross-linking degree  of succinylation of specimens, the content of free amine groups 

of specimens was determined spectrophotometrically after the reaction with 2, 4, 

6-trinitrobenzene sulfonic acid (TNBS). EDC as a cross-linking reagent has been 

found to modify side-groups on proteins to make them reactive with other 

side-groups and to mediate the ester bond formation between hydroxyl and carboxyl 

groups [33]. Therefore, it has been widespread used in cross-linking of collagen [34]. 

 As shown in Figure 7, succinylation of collagen lowered the amine group content in 

uncross-linked specimens. The decrease of free amine group of EDC treated 

specimens indicated the increase of cross-linking degree of specimens. In case of 

membranes with high contents of S-Col, the cross-linking degree was not changed 

depending on EDC concentrations. Especially, there was no significant effect of EDC 

cross-linking on 100% S-Col membranes. In contrast, 100% A-Col membrane was  

cross-linked effectively  in proportion to EDC concentration (Figure 7). The results 

indicated that S-Col containing membrane was smaller number of reaction site of 

collagen  than A-Col membrane. 

  In prior to reaction of EDC, succinyl groups were attached to reaction site of 

lysyl primary amino groups of collagen [16]. According to reduction of the 

number of reaction site in collagen, the effect of EDC cross-linking to S-Col 

was limited. 
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Figure 7.  Determination of free amine group in collagen membranes crosslinked with 

0 mM, 25 mM, 50 mM and 100 mM EDC solution : There were significance effect on 

cross-linking in 75:25, 50:50, 25:75, A-Col membrane compared with uncrosslinked 

membrane (＊p<0.05 ).  
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＊ ＊
＊

＊ ＊

Figure 8. Enzymatic degradation of EDC-crosslinked collagen membranes: 

degradation test was performed by measuring the amount of dissolved collagen  

using the Bradford method; Crosslinking efficiency was highest for A-Col membrane, 

and smallest for 100% S-Col membrane : optical density is in proportion to the 

degradation of scaffolds.
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Figure 9. Scanning electron micrographs of the surfaces of 50 mM EDC crosslinked 

collagen membrane. S-Col containing membranes displayed a similar porous 

structure with interconnected pores and pore size ranging between 150 ~ 250 ㎛ : (A) 

S-Col, (B) 75:25 (C) 50:50 (D) 25:50 and (E) A-Col (magnification ×100). 
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Figure 10. Scanning electron micrographs of the cross-sections of 50 mM EDC 

cross-linked collagen membrane : (A) S-Col (B) 75:25 (C) 50:50 (D) 25:50 and (E) A-Col 

(Magnification ×150) ;  S-Col containing membranes showed porous structure like 

A-Col membrane.  
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3.2.2  In vitro enzymatic degradation 

 The resistance to enzymatic degradation of membranes containing S-Col is 

illustrated in Figure 8. The resistance of cross-linked membranes was greater 

than uncross-linked samples which was so easily dissolved in the collagenase 

solution. This can be explained by structural changes in cross-linked 

membranes. Membranes containing S-Col showed rapid degradation rate 

compared with A-Col membranes. The degradation rate of A-Col membranes 

was appeared to be different in proportion to EDC concentration, but 

membranes containing S-Col did not show any difference. These results also 

might be explained by the reduced reaction site in S-Col as previously 

mentioned. Collagenase cleaves a unique site of peptide bonds in triple-helical 

collagen, i. e. the primary sequence of the amino acids leucine and glycine 

[34]. The structural integrity after chemical cross-linking caused enzymes to 

have difficulty in reaching attack sites in the collagen, possibly due to many 

intermolecular cross-links [35, 36].     

 3.2.3 Scanning electron microscopic characterization

 In this study, the freeze-dried matrices had the porous structure as water, which had 

been homogeneously dispersed in the collagen solution.  

  In the present study, all 50 mM EDC crosslinked membranes displayed a similar 

porous structure with interconnected pores and pore size ranging between 150 ~ 250 

㎛ in diameter as judged by SEM analysis (Figure 9, 10). Generally, the inner 

three-dimensional structure of the sponges including pore size and porosity has been 

shown to modulate the behavior of cells [37]. Therefore, it is suggested that S-Col 

based membrane was optimal scaffolding biomaterial to accomodate a large number 

of cells.   
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3.3 In vitro  mineralization  

  3.3.1 Calcification onto S-Col based membranes

 Ion concentrations of conventional SBF (c-SBF) are not exactly equal to those blood 

plasma and hence the apatite formed in c-SBF is not the same as bone apatite in its 

composition and structure. The r-SBF used in the experiment have ion concentrations 

equal to those of blood plasma in total and dissociated amounts, respectively [30, 38].  

 Calcification onto collagen membranes was investigated after soaking the collagen  

membrane in SBF solution at 36.5℃ for 5 and 10 days. As shwon Figure 11 (A),  

patchy and thick calcitic films were deposited on the surface of membrane containing 

S-Col in SBF. It was found that many spherulites deposited on the surface of  

membranes containing S-Col than A-Col membranes (Figure 11 (C)). This result 

shows that S-Col is a good substrate for heterogeneous nucleation of calcite.   

  The calcification extent in collagen membranes was quantified calcium using ICP. 

For 10 days of incubation , the absolute amount of calcium on  S-Col membranes  was 

greater than other membranes. Generally, the S-Col containing membranes were 

favorable effects in calcium deposition  than A-Col membranes (Figure 12).  

  3.3.2 Observation of X-ray diffraction (XRD) patterns 

 Figure 13 shows the XRD patterns of minerals deposited collagen membrane and 

pure collagen membrane after 15 days of incubation. Only an extensive broadening 

peak in the 2θ range of 12-30° has been observed in the pure collagen membrane [40].  

Several diffraction peaks appeared more intensive in 75 :25 membrane than A-Col 

membrane. Despite low intensity signals, the X-ray diffraction patterns obtained with 

the mineralized collagen sponge were similar, corresponding to poorly crystallized 

apatite, as shown by the comparison with the pattern obtained with highly 

crystallized hydroxyapatite. The crystallization of deposits on the collagen membrane 
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is not complete and an amorphous phase [39]. Positions of the most intense peaks 

and the not-resolved of 75:25 membrane intensity bumps corresponded well to the 

expected Bragg peaks for hydroxyapatite (JCPDS card No. 9-432) [41-44]. The result 

indicates that the deposits on collagen membrane in Figure 11 are apatite.

  3.3.3 Fourier transform IR (FT-IR) spectroscopic measurement

 The mineral deposition on collagen scaffold with various ratio of S-Col and A-Col 

was confirmed by FT-IR. IR spectrum of hydroxyapatite powder showed numerous 

peaks associated with phosphate band at 600, 962, and 1025cm
-1
, respectively [44].  

Peaks ascribed to CO3
2- were  observed at about 871 and 1450 cm-1(Figure 15(a) and 

15(a)) [45].

 IR spectrum of collagen scaffolds at incubation 5 day had no remarkable difference 

in the intensity of peaks (Figure 14). For 15 day of incubation, the phosphate band at 

1025cm
-1  
in the spectra of membrane containing S-Col and 75 : 25 membrane had a 

higher intensity than other collagen samples. 

3.4 In vitro cell assay

 3.4.1  Cell attachment

  In cell attachment test, the osteoblast-like cells (MC3T3-E1) were seeded on the each 

matrix at a cell density of 1×105cells/membrane and evaluated after incubation for 

4hr. The osteoblast-like cells (MC3T3-E1) were attached to matrices containing 100% 

or 75% S-Col significantly better than other matrices (Figure 16). Cell attachement test 

was to study the interaction of negatively charged S-Col and cells. The enhancement 

of cell attachment on S-Col membranes might depend on changes in negative charge 

content and hydrophilicity of S-Col.  Shunji kasai et al. studied that succinylation of 
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(A) (B) (C)

Figure 11. Scanning electron microscopic observation of minerals deposited 

on the surface of  75:25 membrane (magnification ×20 (A), ×6000 (B), ×50000 

(C) ).
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Figure 12. The amount  of calcium deposited in  S-Col, 75:25, 50:50, 25:75 or A-Col  

membrane in SBF as a function of time.
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Figure 13. The XRD patterns of collagen  membranes : (A) Hydroxyapatite powder 

(control) (B) A-Col membrane after 15days of incubation (C) 75:25 membrane after 

15days of incubation (D) S-Col membrane after 15 days of incubation (E) 

Unincubated A-Col membrane ;  Amorphous apatites were formed on S-Col 

membrane and 75:25 membrane ( open circle : 002 apatite peak)    
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 Figure 14. The FT-IR spectra of collagen membranes incubated for 5days in SBF : (A) 

hydroxyapatite powder (B) Unincubated A-Col membrane (C) S-Col membrane (D) 

75:25 membrane (E) 50:50 membrane (F) 25:75 membrane  (G) A-Col membrane 
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Figure15. The FTIR spectra of collagen membranes incubated for 15days in SBF: (A) 

hydroxyapatite powder (B) S-Col membrane (C) 75:25 membrane (D) 50:50 

membrane (E) 25:75 membrane (F) A-Col membrane (G) Unincubated A-Col 

membrane.
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collagen enhanced the attachment rate of fibroblast regardless of the presence or 

absence of serum [21]. Therefore, alteration of the net charge of collagen 

 3.4.2  Cell proliferation 

  The cell proliferation was observed for 1, 3, 5, 7 and 9 days. It was found that the 

proliferation rate of osteoblast-like cells (MC3T3-E1) increased  with time of culture, 

reaching a maximum at 5 days in all specimens. Especially, cell proliferated more 

rapidly on the membrane containing 100% S-Col and 75% S-Col than other 

membranes (Figure 17).   

  At 7day of culture, proliferous features of cells within porous collagen membranes 

was observed  by  hematoxylin & eosin (H&E) staining methods. Purple colors in 

H&E showed that osteoblast-like cells (MC3T3-E1) proliferated in the membranes.  In 

this routine histological observation, matrices containing succinylated collagen 

showed a progressive penetration of cells throughout the collagen network (Figure 

18). Chemical modifications of collagen side chains not only promote the attachment 

of cells to the substrata but also directly affect cell proliferation [21].  Many studies 

reported that collagen fibrils strongly inhibited DNA synthesis and suppressed cell 

growth. Collagen fibrils also induced a specific cell shape with abundant cytoplasmic 

protrusions.  Native collagen loses ability to form a fibril in the culture medium, but 

chemically modified collagen does not induce any collagen-mediated changes in cells 

[46, 47].  

 3.4.3  Scanning electron Microscopic observation

 In SEM photographs of MC3T3-E1 cells after 7days of incubation, the cells with 

polygonal shape were spread on all the matrices. 75:25 membranes showed a 

favorable cell to cell connection and aggregation in comparison to A-Col membrane. 

The attached and aggregated cells were depicted in Figure 19.



- 39 -

   3.4.4.  Alkaline phosphatase (ALPase) activity

  The osteoblast-like cells (MC3T3-E1) cultured on S-Col and 75:25 membranes 

expressed high ALPase activity in the early culture time compared with other 

matrices (Figure 20).  This result indicated an inverse relationship between growth 

and differentiation of cells under in vitro condition. 75:25 membranes showed higher 

cell attachment and proliferation in early time. Proliferating osteoblasts demonstrated 

the decreased expression of their typical phenotype activities during periods of rapid 

growth as well.  

3.4.5. Mineralization

 In order to promote differentiation of osteoblast-like cells, the culture medium 

contained β-glycerophosphate and L-ascorbic acid-2-phosphate as promotors of cell 

differentiation after 7days of incubation. β-glycerophosphate stimulated the 

deposition of mineral particles in the collagen network [49]. The mineralization in 

osteoblast-like cells on S-Col membranes was determined by Alizarin red-S staining 

in 14 days. As shown in figure 19, mineralized nodule was formed in osteoblast-like 

cells grown on membranes containing high content of S-Col. In contrast, mineralized 

nodule was not yet detected in osteoblast-like cells grown on  A-Col membranes. The 

most favorable conditions for induction of mineralization were also tested by giving β

-glycerophosphate as a single administration from day 0 to day 3 [49]. In this 

experiment, because promotors of cell differentiation were added from 7 days, β

-glycerophosphate and L-ascorbic acid-2-phosphate did not fully induce 

mineralization with mineral accumulation up to 14 days, respectively. 
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✱

Figure 16.  Cell attachment onto various types of scaffolds : cell attachment 

assessed by CCK-8 kit performed 4 h after seeding. 100% S-Col Membrane 

and 75% S-Col membrane showed better attachment than A-Col membrane. 

Each values for the S-Col, 75:25, 50:50, 25:75 and A-Col membranes represent 

means ±SD for n=3, ✱p<0.05
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Figure 17. Cell proliferation onto collagen membranes : proliferation curves for 

MC3T3-E1 cells on various types of membranes. Cell proliferation test assessed by 

CCK-8 kit was performed in 1, 3, 5, 7 and 9 days. Each values for the S-Col, 75:25, 

50:50, 25:75 and A-Col membranes represent means ±SD for n=3, ✱p<0.05
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                     (A)                                                             (B)

Figure 18. Routine histological observations of cell proliferation in collagen 

membrane. Proliferation of MC3T3-E1 cells in the collagen membranes stained with 

hematoxylin-eosin (culture for 7days, magnification ×40) : (A) 75:25 membrane (B) 

A-Col membrane.
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(C)(C) (D)(D)

Figure 19. Scanning electron microscopic characterization of proliferated MC3T3-E1 

cells  on 75:25 membrane and A-Col membrane after 7 days : (A) 75:25 membrane 

(magnification ×200) (B) 75:25 membrane (magnification, ×3000) (C) A-Col membrane 

(magnification ×200) (D) A-Col membrane (magnification, ×3000).
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Figure 20. ALP activity of osteoblast-like cells (MC3T3-E1) grown on various types of 

collagen membranes, There were a significant differences between S-Col and other 

membranes in ALP activity. S-Col membrane could not be peformed for mechanical 

stability after 7 days. ✱p<0.05
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(A)

(B)

       

Figure 21. Mineralization in  75: 25 S-Col membrane cultured with MC3T3-E1 cells for 

14 days (alizarin red S staining) :  (A) Mineral nodule on the membrane by light 

microscopic observation (magnification  ×400) (B) Left :  control (A-Col membrane),     

Right : alizarin red S stained 75: 25 S-Col membrane 
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Conclusions

  The goal of this study was to investigate the mineral formation on S-Col based 

membranes and the interaction of MC3T3-E1 cells with S-Col based membranes. 

S-Col based membranes which have properties such as good solubility, 

biodegradability and non-cytotoxicity were successfully prepared during this study.  

In addition, S-Col based membranes enhanced cell attachment, proliferation and 

differentiation compared with A-Col membrane. In vitro mineralization test, the 

growth rate of crystals on S-Col membranes also increased rapidly compared with 

A-Col scaffolds. These results indicated that S-Col scaffold  inducted the mineral 

formation and enhance biocompatibility.

  Therefore, it is suggested that S-Col membrane might be useful as a promising 

biomaterial for bone repair and regeneration.
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국문 요약

  석회화를 유도하는 숙신화 아텔로콜라겐에 관한 연구

연세대학교 대학원

생체공학협동과정

생체재료학전공

조 한 희

 콜라겐은 골 조직의 주요 구성성분으로서 높은 인장강도, 비세포독성, 낮은 항원

성 등의 특성으로 생체재료로 널리 이용되고 있으며 특히 골 재생용 지지체의 연

구 및 개발에 많이 사용되고 있다. 그러나 콜라겐은 기계적 강도가 약하여 골 재

생용 지지체로 단독으로 사용함에 있어서 제약점을 갖고 있다. 따라서, 콜라겐의 

화학적 개질은 생물의학에서의 응용에 있어서 용도에 적합한 특성을 부여하는 방

법으로 이용되고 있다. 

 본 연구에서는 생체적합성이 우수하고 면역반응이 적은 아텔로콜라겐을 숙신화 

처리한 숙신화 아텔로콜라겐의 골 조직재생을 위한 생체재료로써의 이용가능성을 

알아보고자 하 다. 먼저, 숙신화 아텔로콜라겐은 분자량, 순도, 세포독성과 용해

도를 평가하 다. 전기 동법을 통해 숙신화 콜라겐은 아텔로콜라겐의 band와 유

사하나 상향으로 이동된 모습을 보 다. 이를 통해 아텔로콜라겐보다 상대적으로 

분자량이 큰 것을 알 수 있었다. 또한, 용해도 시험을 통해 중성용매에서 좋은 용

해성을 보 고 세포독성 시험에서 숙신화 처리된 아텔로콜라겐이 세포에 대해 독

성을 나타내지 않음을 확인하 다.

 무게 비율에 따라 달리한 숙신화 아텔로콜라겐/아텔로콜라겐의 복합체 막 (100:0, 

75:25, 50:50, 25:75, 0:100) 를 제조한 후 기계적 강도를 증대시키기 위해 10 mM - 

100 mM 농도의 1-ethyl-3-(3-dimethylaminopropryl) carbodiimide (EDC) 용액을 
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사용하여 가교화시켰다. 제조된 숙신화 아텔로콜라겐/아텔로콜라겐의 복합체 막의 

가교화 후 전자현미경 관찰 결과, 모든 복합체 막에서 유사한 형태를 보 다. 이

는 150~250 ㎛의 pore와 망 구조를 지닌 모습으로 확인되었다. 숙신화 아텔로콜라

겐/아텔로콜라겐의 복합체 막의 free amine group을 정량함으로써 EDC에 의한 

가교화 정도를 측정하 다. 효소분해 시험에서는 아텔로콜라겐 함량이 높은 복합

체에서 EDC 처리 농도가 높을수록 강한 저항성을 보 으나, 이와 달리 숙신화 아

텔로콜라겐 함량이 높은 복합체에서는 상반된 양상을 보 다. Free amine group

정량시험과 효소분해 시험을 통해 숙신화 아텔로콜라겐 함량이 높은 복합체에서

의 기계적인 안정성은 EDC 처리 농도의 증가에 큰 향을 받지 않았다.   

 숙신화 아텔로콜라겐의 석회화를 유도하는 능력을 알아보기 위해 숙신화 아텔로

콜라겐/아텔로콜라겐의 복합체 막을 36.5 ℃ 유사체액에서 15일간 배양 후 복합체 

막 표면상에 형성된 석회물질을 관찰하 다. 유도결합 플라즈마 방출 분광기 

(ICP-AES)를 통해 막 표면상에 형성된 칼슘의 양을 측정하 고 푸리에 변환 적외

선분광기(FT-IR), X선 회절분석기 (XRD)를 통해 석회물질의 결정도와 화학구조를 

분석하 다. 이 실험 결과, 숙신화 콜라겐 함량이 높은 복합체 막 (100:0, 75:25 복

합체)에서 표면상에 형성된 석회물질의 성장속도가 빠르다는 것을 확인하 다. 

 또한, 숙신화 아텔로콜라겐/아텔로콜라겐의 복합체 막과 골아세포간의 상호작용

을 측정한 결과 숙신화 아텔로콜라겐 함량이 높은 복합체 막 상에서 골아세포의 

향상된 부착능, 증식속도를 보 다. 골아세포의 분화 지표인 Alkaline phospatase

의 활성도 시험과 mineralization 시험에서도 숙신화 아텔로콜라겐이 많이 포함된 

복합체 막에서 빠른 분화속도를 보인 것을 확인하 다.  

 따라서, 이러한 연구 결과를 통하여 숙신화 아텔로콜라겐이 손상된 골 조직의 재

생을 위한 생체재료로서 응용될 수 있음을 제시하 다.     

핵심되는 말 : 숙신화 제1형 아텔로콜라겐, 제1형 아텔로콜라겐, 다공성 막, 석회

화, EDC 가교화, 골 재생
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