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ABSTRACT  

 

Biological Evaluation of Silk Fibroin – Based 

Three Dimensional Nanofibrous Scaffolds 

for Bone Regeneration 

 

Park Sook-young 

Molecular Genetics in Dental Research Institute 

The Graduate School 

Seoul National University 

 

As the importance of developing biomaterials has grown, many studies using 

silk based scaffolds have been performed in the tissue regeneration field because 

silk has significant biocompatibility. However, although electrospining has a strong 

advantage as it enables biomaterials to have many micropores, electrospun silk 

fibroin scaffolds have not been extensively investigated. 

In this study, we developed three-dimensional (3D) electrospun silk fibroin 

scaffolds (ESFS) with controllable pore sizes. ESFSs were evaluated in vitro and in 
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vivo by comparing with a commercially available sponge type 3D polylactic acid 

(PLA) scaffold for bone regeneration. Seven weeks after implantation, micro-

computed tomography revealed that 78.30% of the original bone volume was 

attained in the ESFS with medium size pores (M-ESFS) implantation group. 

Comparatively, the PLA implantation group showed only 49.31%. Also, the 

biodegradation rates of ESFS were studied in calvaria or subcutaneous tissue of 

rats. Biodegradation is a very important element for regeneration of tissue because 

the remaining biomaterials cause chronic imflammation at the implanted site and 

interrupt the complete regeneration process. Implanted ESFSs were traced for 6 

months and the remaining scaffold volumes were measured using image analysis at 

2, 4, and 6 months after implantation. ESFSs in vivo were degraded above of 50% 

within 2 months after implantation. ESFSs were degraded more faster in 

subcutaneous tissue than in calvaria, and with 300 ~ 500 μm porous than with 100 

~ 200 μm if the size of implanted ESFSs were the same originally. In addiaion, we 

made ESFS containing hydroxyapatite manoparticles (ESFS-HNPs) as a bio-

functional scaffold for bone regeneration. ESFS-HNPs, containing 2 or 5 % of 
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HNPs in SF fiber, were implanted in a bone defected model of rats and the effects 

for bone regeneration were evaluated. Unfortunately, however, no significant 

difference was observed among ESFS and ESFS-HNPs 12 weeks after implantation, 

although the adhesion and mineralization ability of the cells were increased on 

ESFS-HNPs than those on ESFS. 

As results of this study, we assured that ESFS promote regeneration of defected 

tissue, progress the development of silk based biomaterials, and can be applied 

reliably in clinical field. 

 

Key words: Tissue engineering, Biomaterials, Bone regeneration, Silk fibroin,  

Biodegradation 

Student number: 2010-31215 
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BACKGROUND AND GENERAL INTRODUCTION 

 

Tissue regeneration occurs naturally not only in defected areas but also in 

normal areas for the optimum function of a living body. For example, areas of skin 

damage and areas of normal skin were healed and refreshed after 2 ~ 3 weeks 

(Shah et al., 2001). However, some types of tissue are said to be difficult to repair 

naturally. Clinically, implantations of autograft, allograft, xenograft, metallic 

implants, and artificial synthetic materials are used for large defects. Until now, the 

best way to repair a critical tissue defect was to use an autograft. However, the 

autograft has several limitations, including the need for another operation besides 

the defect area and functional impairment of the donor site. Grafting materials from 

other people can also cause risk of serious systemic infection from donors, immune 

rejection, chronic immune responses, and toxicity. Therefore, a wide variety of 

novel materials and methods are still being developed and suggested based on 

tissue engineering techniques for tissue regeneration (Schlichting et al., 2006; 

Garofalo, 2007; Chan and Leong, 2008). 

Silk is an organic fiber produced by silk worms, and is one of the strongest 
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materials known. Structurally, native silkworm silk protein from Bombyx mori 

consists of a core structural fibroin protein surrounded by sericin, a glue-like 

protein. Fibroin is well known for being biocompatible and cytocompatible. In 

addition, silk-based materials provide a favorable environment for cell attachment 

without ECM material coatings or immobilization by integrin-binding peptides 

(e.g., Arg-Gly-Asp, Tyr-Ile-Gly-Ser-Arg, and Ile-Lys-Val-Ala-Val). Many research 

groups have attempted to fabricate tissue engineering scaffolds with silk fibroin. 

Hofmann et al. (2007) prepared a porous silk scaffold using a salt-leaching method 

that was compatible with human mesenchymal stem cells (hMSCs). Davis et al. 

(2012) encapsulated pancreatic islets in physically cross-linked silk fibroin 

hydrogel for a type I diabetes treatment. Thus, silk fibroin is a promising 

biomaterial for tissue regeneration (Altman et al., 2003; Minoura et al., 1995; Jin et 

al., 2004; Mauney et al., 2007; Min et al., 2004-A). 

Recently, electrospinning using a high electric field has become popular for 

making biomaterials (Li et al., 2002, Prabhakaran et al., 2008). This technique can 

provide many types of scaffolds with a large surface area and natural extracellular 
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matrix (ECM)-like structure, which is vital for cellular attachment and proliferation 

(Badylak, 2002; Li et al., 2002). The electrospun 3D scaffolds (ESF) exhibit a high 

efficiency for cell attachment in the early stages of cell culture, and their highly 

porous structure is beneficial to nutrient or gas exchange for cells (Min et al., 2004-

B; Huang et al., 2003; Karageorgiou and Kaplan, 2005). 

In this study, electrospun silk fibroin scaffolds (ESFSs) with various pores were 

made for tissue regeneration and evaluated in a bone defected rat model. In 

addition, ESFS containing hydroxyapatite nanoparticles (ESFS-HNPs) were made 

and studied as tissue adaptation biomaterials. Biodegradation of ESFSs was 

implanted in the bone or the subcutaneous tissue was also traced for 6 months and 

the degradation rates were analyzed for safe and effective implantation of silk-

based biomaterials in the clinical field. 
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PART 1. 

 

Bone Regenerative Behavior 

of a Three-dimentional 

Silk Fibroin Nanofibrous Scaffolds 
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INTRODUCTION 

 

Bone remodeling is a dynamic process not only in pathological but also under 

normal conditions in the body. Bone has a three-dimensional (3D) mineralized 

structure. Bone is continuously degraded and regenerated by interaction between 

osteoclasts and osteoblasts (Betz et al., 2008; Christiansen, 2001; Boivin and 

Meunier, 2003). However, adequate bone regeneration may be limited when the 

defect is beyond the natural regeneration capacity.  

Various types of biomaterials include silk were studed for bone regeneration in 

bone defected model, but electrospun silk fibroin scaffolds (ESFSs) are not tested 

for now although electrospining has great advantage for cell adhetion and 

proliferation. In fact, electrospun scaffolds have been limited to a two-dimensional 

(2D) sheet because of the conventional collecting method using a metal plate or 

mandrel. Recently, we developed a pore size-controllable 3D ESFSs via a salt 

leaching method where various sized NaCl particles act to control pores in the 

middle of a silk fibroin mass (Ki et al., 2007-A; Ki et al., 2008). 
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In this study, we compared pore size matched ESFS with a commercially 

available sponge type 3D polylactic acid scaffold (PLAS) using an osteoblast cell 

line, MC3T3-E1, in vitro in terms of cellular viability, proliferation, and osteoblast 

differentiation. Moreover, we applied the ESFS with medium pores (M-ESFS) to 

critical bone defects of rat calvaria. We also compared bone formation between M-

ESFS and PLAS using micro-computed tomography (μCT) and H & E staining at 7 

weeks after bone defect surgery. Non-porous ESFS (N-ESFS) scaffold, normal 

calvaria, and defected calvaria were also evaluated in order to compare the bone 

regeneration of M-ESFS within in vivo experiments. 
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MATERIALS AND METHODS 

 

1. Materials and Scaffold Fabrication 

1.1 Materials 

Silk fibroin was obtained by degumming Bombyx mori cocoons. Dried cocoons 

were boiled in a solution of 0.2% (w/v) sodium carbonate (Daejung Chemicals, 

Gyeonggi, Korea) and 0.3% (w/v) sodium oleate (TCI, Japan) for 1 h. The cocoons 

were then rinsed thoroughly with warm distilled water and dried. The sericin-free 

cocoons were dissolved in a ternary solvent of CaCl2/H2O/ethanol (molar ratio = 

1:8:2) at 85 ºC for 3 min, and the solution was dialyzed against distilled water for 3 

days. The dialysate was then lyophilized. Anhydrous calcium chloride and formic 

acid were purchased from Yakuri Pure Chemicals (Japan) and Kanto Chemicals 

(Japan), respectively. Sodium chloride, ethyl alcohol, and 1,4-dioxane were 

obtained from Samchun Chemicals (Korea). Formaldehyde, hematoxylin, the 

reagents for Masson trichrome staining, and all other chemicals were purchased 

from Sigma-Aldrich (St. Louis, MO). The other solvents and chemicals were used 
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without further purification. 

 

1.2 Electrospinning and Fabrication 

The 3D ESFS was prepared by following a method. The lyophilized silk fibroin 

was dissolved in formic acid at 13% (w/v) and used to fill a 10-mL syringe with a 

22 G needle. For electrospinning, the syringe was placed on a syringe pump, and 

the needle was connected to a DC high voltage power supply (NNC-30 K-2mA, 

NanoNC, Korea). The applied voltage was positive 13 kV, and the dope flow rate 

was precisely controlled to maintain a constant drop at the end of needle. To collect 

the electrospun fibers, a methanol coagulation bath was placed 20 cm below the 

needle.  

After the electrospinning, the dispersed silk fibroin fibers were moved into a 

vessel, and the methanol was thoroughly replaced with 1,4-dioxane. Sodium 

chloride particles with a diameter of 50-100 μm, 100-200 μm or 300-500 μm were 

added to the fiber dispersion at 0.15 g per 1 mL fiber dispersion and gently blended. 

The mixture was then molded in a tube (inner diameter = 6 mm) and freeze-dried. 
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To stabilize its structure by crosslinking, the freeze-dried nanofibrous scaffold was 

exposed to glutaraldehyde vapor in a sealed desiccator for 1 day and subsequently 

washed with 0.1 M glycine buffer (pH 9.2) and phosphate buffered saline (PBS) to 

neutralize the toxic glutaraldehyde. The scaffold was lyophilized again and cut into 

a disk sHNPse (diameter = 6 mm, thickness = 1.5 mm). Each sample designation is 

listed in Table 1. 

 

1.3 Morphological structure analysis 

The morphological structure of the scaffold was observed via scanning electron 

microscopy (SEM). The diameter of the SF fiber was determined using image 

software (Adobe Photoshop, San Jose, CA) and the pore size was determined by 

calculating the equivalent circular diameter (ECD) after measuring the pore cross-

section area. ECD denotes the diameter of a circle which has the same area as the 

pore cross-section. 
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1.4 Porosity and water uptake measurement 

The porosity measurement of ESFSs was calculated by a previously reported 

method (Bloebaum et al., 2007). The bulk and fiber densities (ρB and ρF) were 

determined by Equations (1) and (2), respectively. 

  (1) 

 (2) 

where m1 and m2 are the masses of ESFS in air and n-hexane after a brief 

vacuum, respectively, while D is diameter and t is thickness. ρH is the density of n-

hexane at 25°C. From ρB and ρF, the porosity could be calculated as shown in 

Equation (3), 

 (3) 

On the other hand, water uptake was determined by Equation (4) after soaking 

the ESFS in PBS for 1 hour.  

 (4) 

where md and mw are the masses in dry and wet states, respectively. 
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2. Cell culture and in vitro test 

2.1 Cell culture and seeding on scaffolds 

MC3T3-E1 clone 4 cells were cultured in α-minimum essential medium (α-

MEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) 

antibiotic/antimycotic solution at 37oC in a humidified, 5% CO2 atmosphere. After 

harvest using trypsin/EDTA, cells were seeded directly on each sterilized scaffods 

(2.5 x 105 cells / cm2).  

 

2.2 Morphological analysis by SEM 

The cells cultured on scaffolds were fixed in 2.5% glutaldehyde solution for 

24hr, dried using Et-OH and coated with platinum for measuring the morphological 

features of cells with scaffolds. The images were observed with a scanning electron 

microscope (JEM-T300, Jeol Inc., Japan).  

 

2.3 Proliferation assay 

The remaining samples were tested via DNA and MTT assay to measure the cell 
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proliferation (n = 5 per group). DNA of cells on scaffolds was isolated following 

the kit protocol (QIAGEN, Valencia, CA) and the concentration was measured by 

nanodrop (ND-1000, Wilmington, USA). For MTT assay, samples were incubated 

at 37℃ in 5% CO2 for 4 h in serum free α-MEM supplemented with 0.5 g 3-(4,5-

dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide and the purple formazan 

was extracted by 0.04 M HCl in 2-propanol. The extracted solution was measured 

at 570 nm using a UV/VIS spectrophotometer.  

 

2.4 Mineralization assay 

To observe mineralization, ALP of cells was measured (n = 5 per group). ALP 

of samples was extracted according to the ALP assay kit (Takala Bio, Japan) 

protocol and measured at 405 nm. 

 

2.5 Western immunoblotting 

The other samples were prepared for western immunoblotting to compare 

adhesion signals between scaffolds. Lysate proteins were separated via 8% SDS 
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PAGE gel and transferred to PVDF membranes using an I-Blot transfer machine 

(Invitrogen, Carlsbad, CA) for 6 min. The membranes were reacted with primary 

antibodies for 12 h at 4℃. The antibodies used were anti-Integrin α5 (H-104), -c-

Src (B-12), -phospho-Tyr925 FAK (Santa Cruz Biotech, Santa Cruz, CA), -

phospho-Tyr118 paxillin, -phospho-Tyr416 c-Src, -phospho-ERK1/2, -ERK1/2 

(Cell Signaling Technology, Beverly, MA), -FAK, -paxillin (BD Bioscience, San 

Jose, CA) and -phospho-Tyr397 FAK (Chemicon, Temecula, CA). After reaction 

with the primary antibody, the membrane was incubated again with secondary 

antibody (mouse or rabbit) for 1 h at room temperature. The HRP activity was 

measured using an ECL kit (Pierce, Rockford, IL).  

 

3. Animal surgery for in vivo test 

To evaluate the performance in vivo, 24 male Sprague Dawley rats (300 – 350 g, 

Orient Bio Inc., Korea) were housed with 3 rats per cage in a temperature- and 

humidity-controlled room (20 °C, RH 60%) with a 12/12 h day/night cycle (7 

a.m./7 p.m.) and free access to food and water. The rats were anesthetized via 
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isoflurane-oxygen inhalation (FORENETM, Abbot AG, Switzerland). After incision 

of skin and muscle, the exposed calvaria were punched using a 7.00 mm diameter 

drill, and each scaffold was subsequently implanted (Fig. 1-1). Then, the rats were 

allowed to recover for 7 weeks and sacrificed with CO2 gas to retrieve the calvaria. 

The entire procedure followed the policy of the Seoul National University Animal 

Care and Ethics Committee. 

 

4. Radiographic and histological evaluation 

4.1 Radiation microtomography 

The rat calvaria specimens were fixed with 10% formalin for 3 days. After then, 

radiographs of the specimens were taken by μCT (SKYSCAN 1072-32, Belgium). 

A total of 359 slices were imaged (19.53125 um per slice for 3.4 sec exposure) for 

every specimen, and the pictures were analyzed and used to generate a 3D image of 

1024 x 1024 pixels using CT reconstruction software from SKYSCAN. The 

regenerated bone area was quantified using an image analysis program (Image Pro 

6.2, Media Cybernetics Inc, Bethesda, MD). 
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4.2 Hematoxylin and eosin staining 

After radiographic testing, samples were decalcified in 10% EDTA solution 

which was changed every day for 3 weeks. Then, samples were embedded with 

paraffin and cut into 6 μm thickness. The tissue slices were subjected to 

deparaffinization and hydration steps, and then stained with hematoxylin for 10 

min and eosin for 2 min. Histology photographs were taken under a BX-51 

microscope (OPUMPUS, Japan) and analyzed (Image Pro 6.2). 

 

5. Statistical analysis 

The quantitative data were expressed as mean ± SEM and analyzed by 

independent Student’s t-test using Origin ver. 8.0 (Origin Lab, Northampton, MA). 

The differences were considered statistically significant at *p < 0.05 and **p < 

0.01 
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RESULTS 

 

1. Pore size controllable ESFS has favorable characteristics as a bioactive 

scaffold 

The internal structure of scaffolds was evaluated by SEM (Fig. 1-2). N-ESF, 

which was fabricated without porogen NaCl particles, did not show any pores 

except very tiny spaces around the SF fiber entanglements. However, we could 

control the pores of ESFSs with a salt leaching method using various sized 

porogens. The final pore sizes of ESFSs were controlled from 0 to 500 μm 

depending on the added porogen sizes (Fig. 1-3). The small (S-), medium (M-) and 

large (L-) sized ESFSs were prepared with 50-100, 100-200, and 300-500 ㎛ sized 

NaCl during a fabrication process, respectively. Every ESFS was composed of SF 

fiber assemblies of 200-500 nm in diameter. For biological comparison, a PLAS 

purchased from BD Falcon (pore size is 150 - 230 μm) was used as a control and 

compared with M-ESF, which has a similar pore size. 

Besides pore size, porosity and water uptake of scaffolds, both of which are 

important for cytocompatibility, were also measured. Usually, scaffold porosity is 
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defined in the range of 80-90%. When the salt-leaching method is used for 

obtaining pore structure, the porosity is mainly determined by the amount of 

porogen. Figure 1-3 exhibits the porosities of ESFSs prepared with 0.15 g/ml 

particles of different sized NaCl. All samples demonstrated a 90-93% porosity 

regardless of porogen size except N-ESFS. The porosity of N-ESFS was measured 

at about 70%, even though the porogen was not added. This was attributed to the 

tremendous number of tiny spaces created by the fibrous structure, and this 

porosity value is similar to that of the 2D fibrous mat fabricated by a common 

electrospinning process (Ki et al, 2008). 

Water uptake is closely related to the scaffold porosity because water occupied 

vacant space (pore) in the scaffold when the ESFS was immersed in the solution. 

As shown in Fig. 1-3, the tendency of water uptake was very similar to that of the 

porosity value. The amount of water adsorbed by ESFS with a 90% porosity was 

approximately 1200% of its own weight. Therefore, controllability of the pore 

structure, porosity, and water uptake of new ESFS could enable us to tailor 

scaffolds suitable for specific cell types or tissues needed for regenerative medicine. 
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2. Pore size controllable ESFS for bone regeneration in vitro  

The morphologies of cultured cells in the scaffolds were evaluated by SEM, M-

ESFS and PLAS at 1, 7 and 28 day(s) after cell seeding (Fig. 1-4). In N-ESFS, no 

cell was observed inside the scaffold due to the absence of pores. However, many 

osteoblasts were observed in the middle of both the M-ESFS and PLAS groups. A 

greater number of cells were found in M-ESFS than in PLAS. At 28 days after 

seeding, osteoblasts inside M-ESFS showed five to six extending filopodia, 

indicating a large attached area to the scaffold compared with cells on PLAS.  

Cellular proliferation and metabolic activities were measured by total DNA 

content and MTT assays (Fig. 1-5). Initially, the number of cells on each scaffold 

steadily increased with time regardless of scaffold type. One day after seeding, 

PLAS showed a significant decrease compared with other groups (P < 0.05). One 

week after seeding, the DNA content and MTT assay results of PLAS surpassed 

those of N-ESFS. Interestingly, M-ESFS showed a significant increase of DNA 

content and MTT activities compared with the other scaffold types at any observed 

time (P < 0.05). Differentiation on each scaffold was measured using alkaline 
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phosphatase (ALP) activities (Fig. 1-5). The ALP assay result was simmilar to 

previous MTT and total DNA results. Initially, the ALP activities of the N-ESFS 

group was higher than that of cells on PLAS, although the ALP activities of PLAS 

groups were higher than the N-ESFS group after 7 days. However, the M-ESFS 

group showed the highest ALP activities continuously over the culture period. 

Additionally, immunoblotting was performed to evaluate cellular adhesion with 

antibodies against adhesion related proteins (Fig. 1-6). It is obvious that the protein 

expressions of integrin α5, focal adhesion kinase (FAK), its phosphorylated 

proteins (pY397FAK and pY925FAK), and phosphorylated c-Src (pY416c-Src) are 

more intense with M-ESFS than other scaffold types 1 day after seeding. 

 

3. Pore size controllable ESFS for bone formation in vivo 

To investigate bone regeneration in vivo, the scaffolds were implanted into 

punched (7 mm in diameter) rat calvaria. As negative and positive controls, no 

defect and only defect (without any scaffolds) were performed, respectively. 

Samples were obtained 7 weeks after the operation. In order to confirm the 
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regenerated bone area, defected rat calvaria were scanned by μCT (Fig. 1-7). The 

newly generated bone volume was calculated quantitatively using 3D images (Fig. 

1-8). As expected, the bone volume of the ESFS treated group was good, regardless 

of the presence of pores, compared with the PLAS treated group. In particular, the 

M-ESFS group yielded higher bone volumes of 78.30% than the N-ESFS (54.72%) 

and PLAS (49.31% ) groups, compared with the no defect group (100%). 

The histological evidence of the effect of tissue compatibility and bone 

regneration for each scaffold were shown in Fig. 1-9. The vacancies depicted in 

PLAS were caused by xylene treatment during the staining. According to H&E 

staining, there was no sign of abnormal tissue response for all scaffold types. 

Newly regenerated bone cells (deep pink) were observed with inflammation cells in 

the M-ESFS group. 
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Table 1.  Scaffold types and subscription used in PART 1 

Sample Subscription 

N-ESFS Silk fibroin scaffold without pores NaCl particles were not added 

S-ESFS Silk fibroin scaffold with small pores NaCl particle size : 50 – 100 μm 

M-ESFS Silk fibroin scaffold with medium pores NaCl particle size : 100 - 200 μm 

L-ESFS Silk fibroin scaffold with large pores NaCl particle size : 300 – 500 μm 

PLAS Commercial PLLA scaffold (from BD Falcon) Pore size : 100 – 200 μm 

The error is SEM (n = 20). 
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Figure 1-1. Surgical position and implantation of scaffold in calvarium of rat. All 

animals were allocated into five groups randomly and had 7 weeks after surgery for 

bone regeneration. 
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Figure 1-2. Scanning electron microscope (SEM) photographs of cross sected 

scaffolds: N-ESFS, nonporous electrospun silk fibroin scaffold; S-ESFS, small 

ESFS; M-ESFS, medium ESFS; L-ESFS, large ESFS; PLAS, polylactic acid 

scaffold purchased from BD Falcon. Magnified individual fiber of ESFS is also 

shown. 
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Figure 1-3. Characteristics of various pore-sized ESFSs and sponge-type PLAS. 

Average pore diameter, porosity and water uptake properties of each scaffold. Data 

are shown as mean_standard error of the mean (n = 20). N=A, not available. 
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Figure 1-4. SEM images of MC3T3-E1 cells (osteoblasts of mouse) cultured on 

scaffold: 1 day, 7 days and 28 days on M-ESFS or PLAS. 
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Figure 1-5. Quantification of total DNA contents and MTT assay activities of cells 

in the scaffolds were measured at 1, 7, and 28 days after seeding. Alkaline 

phosphatase (ALP) activities of cells in the scaffolds were tested at 7, 14, and 21 

days after seeding. Data are shown as mean_standard error of the mean (n = 5). 

*Statistically significant (Student’s t-test: *p<0.05, **p<0.01). 
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Figure 1-6. Western blot analysis with antibodies against adhesion-related proteins, 

integrin a5, focal adhesion kinase (FAK), c-Src, paxillin, ERK, and phosphorylated 

forms of FAK, c-Src, paxillin, and ERK, at 1 day after seeding osteoblasts onto 

PLAS, N-ESFS and M-ESFS. ERK was used as an internal standard. 
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Figure 1-7. Bone formation measured with reconstructed three-dimensional 

microcomputed tomography images of rat’s calvaria taken at 7 weeks after critical 

bone defects and implantation of scaffolds : No defect (as positive control), only 

defect (as negative control),  defect and N-ESFS implanted, defect and M-ESFS 

implanted, and defect and PLAS implanted. The dotted circle indicates the original 

defect.  
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Figure 1-8. Quantification of the regenerated bone area by the microcomputed 

tomography images. Data are shown as mean_SD (n = 4, no defect; n = 5, the 

others). *Statistically significant (Student’s t-test: *p<0.05). 
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Figure 1-9. Histological evaluation of bone formation at 7 weeks after bone defects 

with hematoxylin and eosin staining. No defect, only defect, defect and N-ESFS 

implanted, defect and M-ESFS implanted, and defect and PLAS implanted. Arrow 

in the M-ESPS was magnified for indicating new bone formation. 
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DISCUSSION 

 

The native ECM is a complex fibrous matrix with structural and regulatory 

proteins. Electrospun porous scaffolds could function like ECM and provide a 

favorable condition for normal celluar function. 3D electrospun scaffolds, in 

particlar, closely mimic native ECM due to many fine fibers in a small diameter 

less than several hundred µm (Li et al., 2002; Min et al, 2004-B). Until now, there 

has been no report of 3D electrospun scaffolds with interconnective macro-pores.  

In this study, macro-pores among ESFS can be easily controlled using a salt 

leaching method by changing NaCl particle size. The porosity of the newly 

developed ESFS exceeded 90% and it was not significantly changed above 0.10 

g/ml when the amount of added NaCl particles exceeded 0.05 g per unit of ESFS 

dispersion (ml). However, when over 0.20 g/ml of NaCl particles was added, the 

ESFS structure was hardly maintained in the process. Consequently, the optimum 

amount of NaCl particles seems to be 0.10 - 0.15 g/ml (data not shown). For N-

ESFS, the porosity value of 70% was attributed to the tremendous number of tiny 
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spaces created by nanofibrous structure, and this porosity value is similar to that of 

2D nanofibrous mat fabricated by a common electrospinning process (Ki et al., 

2008). 

We studied ESFS with osteoblasts (MC3T3-E1) because silk fibroin is one of 

several well known biomaterials for bone regeneration (Minoura et al., 1995; Jin et 

al., 2004). The osteoblasts were observed in the center of 3D scaffolds such as M-

ESFS and PLAS, even at 7 days after seeding (Fig. 1-4), which means cells could 

easily migrate into the scaffolds with suitable pores or porosity. This result was 

supported by MTT assay and the DNA contents of M-ESFS and PLAS groups. 

However, M-ESFS showed a higher cellular viability and proliferation compared 

with PLAS, indicating a higher migration of cells along the electrospun fibers in 

M-ESFS. Additionally, the ECM-like electrospun 3D structure of M-ESFS may 

provide a favorable condition for cellular adhesion because many extending 

filopodia of osteoblasts were observed, which is consistent with a previous report 

(Bloebaum et al., 2007). Also, we observed greater protein expression of activated 

adhesion related proteins including focal adhesion kinase (Liu C et al., 2008; 
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Demali et al., 2003) in the M-ESFS than in PLAS using western blot analyses. M-

ESFS steadily provided a favorable condition for cell adhesion, migration, and 

proliferation similar to natural ECM for osteoblasts in this study.  

Alkaline phosphatase (ALP) is commomly used as a bone formation marker 

involved in bone mineral production (Azuma et al., 2005; Schlaepfer et al., 1994). 

The ALP assay result over time was found to be similar to the cell proliferation data. 

Higher cell density in M-ESFS group resulting from the higher cell viability and 

proliferation during early periods of culture may lead to elevated ALP activities, 

indicating an enhanced differentiation of osteoblasts (Gundberg, 2000; Ogose et al., 

2001; Caswell et al., 1991). 

To assess the bone regeneration ability and compatibility in the defect area, we 

performed critical bone defects in vivo. The scaffolds were implanted into punched 

rat calvaria and then recovered 7 weeks after the operation. According to µCT data 

(Fig. 1-7), bone is depicted as white and the defect area is black. There is vacant 

area present in a normal calvarium because the X-ray beam intensity was set high 

enough to examine the bone regeneration more specifically. There was almost no 
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difference between the only defect and PLAS treated groups, while bone 

regeneration occurred in the N-ESFS and M-ESFS groups. In the N-ESFS group, 

the newly formed bone filled the edge of the defect, but the recovered area was 

insufficient. In case of M-ESFS, it was difficult to observe the circular shapes of 

the defect and a significant area was filled with new bone. Moreover, bone volume 

recovery (78.30%) in the M-ESFS group is comparable to that of N-ESFS 

(54.72%) and PLAS (49.31%). Regarding N-ESFS, the lower bone volume 

observed compared to M-ESFS is due to a lack of porous structure. Silk fibroin 

seems to be a superior biomaterial to PLAS because ESFS with or without pores 

showed a higher recovery than PLAS with pores. The histological evidence of 

tissue compatibility and scaffold degradation is shown in Fig. 1-9. In H & E 

staining, there was no sign of severe pathologic tissue response for all scaffold 

types. This may be due to the excellent biocompatibility of ESFS and PLAS as 

previously reported (Kang et al., 2006; Declercq et al., 2005; Wang et al., 2006; 

Yang et al., 2007). New bone formation was the most prominent occurance in the 

M-ESFS group. In magnification picture in Fig. 1-9, a piece of the regenerated 
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bone was stained pink with the surrounding inflammation cells. Silk fibroin is a 

suitable biomaterial and the fibrous structure with macro-pores is very effective for 

conducing bone regeneration in vivo. 
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PART 2. 

 

Quantitative Analysis 

of Biodegradation of a Three-dimensional 

Silk Fibroin Nanofibrous Scaffolds 
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INTRODUCTION 

 

Scaffolds are critical in regenerative medicine because they provide an 

appropriate three-dimensional (3D) environment for cells until the new tissue is 

completely regenerated. In general, during the tissue regeneration process, the 

scaffold should degrade and be substituted with newly generated tissue while not 

hindering the regeneration process. Therefore, the temporal control of scaffold 

degradation is very important. Various types of biodegradable polymers (e.g., 

PLGA, PCL, PLA, collagen, and hyaluronic acid) have been studied, and diverse 

methods to control their degradation as scaffold materials have been reported. 

Moreover, the degradation mechanisms, changes in mechanical properties, and 

degradation by-products should be considered. 

Silk fibroin is an excellent biocompatible material that induces little immune 

response with less inflammation, even though it is not a mammalian protein. 

Despite their excellent advantages, silk-based scaffolds are limited by their 

uncontrollable biodegradability. In the silk regeneration process, the 
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recrystallization of silk fibroin is achieved by alcohol treatment using either methyl 

or ethyl alcohol. Once recrystallized, the silk has poor biodegradability; the 

recrystallized silk fibroin scaffold can remain in the dermis for more than a year. 

Water vapor treatment has been investigated to increase the degradation rate of 

silk-based materials. The water vapor treatment improves the stability of 

regenerated silk fibroin under aqueous conditions with reduced crystallinity 

compared with the alcohol treatment. However, the water vapor-treated silk fibroin 

degrades too rapidly in tissue. Thus, biodegradation control remains a critical 

drawback of silk-based scaffolds (Wang et al., 2008). 

Electrospun silk fibroin nano- or submicro-fibers exhibit relatively higher 

biodegradability than other material types (e.g., sponge, film, and micro-particle), 

despite the alcohol-induced recrystallization process (Park et al., 2012; Kim et al., 

2012). This increased biodegradability might be due to the extremely large surface 

area of the electrospun fiber itself, which has been hypothesized to not only 

accelerate enzymatic degradation but also facilitate macrophage access. Kim et al. 

demonstrated that the degradation rate of an electrospun silk fibroin nanofiber mat 
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could be controlled by controlling the recrystallization with a mixture of ethanol 

and propanol (Kim et al., 2012). In spite of these efforts, the in vivo degradation of 

a silk-based scaffold has not been quantitatively analyzed, and the degradation 

mechanism of silk fibroin in mammal tissues has not been elucidated.  

In this study, we performed a quantitative analysis of 3D electrospun silk fibroin 

scaffolds (ESFSs) of different volumes and pore sizes. We also identified a 

potential degradation mechanism by candidate protease cathepsin G. ESFSs with 

different structural features were implanted in calvarium and dorsal subcutaneous 

tissue, and their degradation was traced for 6 months. We first attempted to 

measure the remaining scaffold volume using image analysis and the integration of 

sectioned specimens after histological staining. 



 

40 

 

MATERIALS AND METHODS 

 

1. Materials and Scaffold Fabrication 

1.1 Materials 

The same materials were used as that in PART 1. 

 

1.2. Electrospinning and Fabrication  

Electrospinning and general favrication were performed using the same method 

as PART 1. But sodium chloride particles with a diameter of 100-200 μm or 300-

500 μm were added for medium or large pores. And tubes have inner diameter 6 or 

11 mm respectively were used for molding. Fabricated scaffolds cut into a disk 

shapes (diameter = 5 or 10 mm, thickness = 1.5 mm). Each sample designation is 

listed in Table 2. 

 

1.3 Morphological structure analysis 

The morphological structure analysis was performed using the same method as 
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that in PART 1. 

 

2. Cell culture and in vitro test 

2.1 Cell culture and seeding on scaffolds 

The RAW 264.7 leukemic monocyte-macrophage cell line derived from mice 

was obtained from the Korean Cell Line Bank and cultured in Dulbecco’s Modified 

Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) 

and 1% (v/v) antibiotic/antimycotic solution at 37 ºC in a humidified 5% CO2 

atmosphere. The cells were harvested using a scraper without any chemical regents 

and seeded directly on each sterilized M-ESFS-10 or L-ESFS-10 (1 x 105 cells / 

cm2). 

 

2.2 Morphological analysis by SEM 

The morphological analysis by SEM was performed using the same method as 

that in PART 1. 
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2.3 Immunofluorescence staining for cells 

The RAW 264.7 cells cultured on scaffolds were fixed in 10% formalin solution 

for 24 hours after each culture period. Samples were washed with PBS three times, 

blocked with 1% bovine serum albumin in PBS, and incubated overnight at 4 °C 

with the following primary antibodies: Mouse monoclonal anti-F4/80 (1:100 

dilution) and rabbit polyclonal anti-cathepsin G (1:100 dilution). The samples were 

washed with PBS and incubated with secondary antibodies (goat anti-mouse IgG 

FITC and goat anti-rabbit IgG cy3, dilution ratio = 1:1,000 for douable labeling) 

for 1 h at room temperature (RT). Coverslips were mounted after washing with 

PBS, and fluorescence images were acquired with a confocal laser scanning 

microscope (FV-300, OLYMPUS, Japan). 

 

3. Animal surgery for in vivo test 

3.1 Implantation of ESFSs in rat 

A total of 74 male Sprague-Dawley rats (200 - 250 g) were housed with the 

same condition described in PART 1. Carvaria surgery for implantation ESFSs (M-
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ESFS-05 or L-ESFS-05, n = 4) in bone was performed with the same method as 

that in PART 1. For implantation scaffolds in subcutaneous tissue, dorsal skins of 

rats were incised with a circular shapes with a diameter of 10 mm. Then, ESFSs of 

four different types (M-ESFS-05, M-ESFS-10, L-ESFS-05 or L-ESFS-10, n = 4) 

were implanted subcutaneously tissue. The skin wounds were closed with a 6-0 silk 

suture. The experimental rats were sacrificed using the carbon dioxide method 2, 4, 

and 6 months after the implantation of the scaffolds. 

 

3.2. Volumetric measurements of scaffold degradation 

ESFSs-implanted tissue area, including the whole size of the scaffold, was 

extracted at each time point, fixed in 4% formaldehyde in PBS for 24 h, and 

embedded in paraffin. Samples implanted in calvarium were performed after 

decalcification for 3 weeks as described in PART 1. The tissue specimen was then 

serially sected into slices of 100-μm thickness. Each slice was stained with 

hematoxylin dye and scanned under an optical microscope (BX-51, OLYMPUS, 

Japan). The acquired images were analyzed, and the cross-sectional area (Fig. 2-1, 
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white) of the remaining scaffold in the slice was measured using an Image Pro 6.2 

(Media Cybernetics Inc.). The total remaining volume was obtained by integrating 

each scaffold volume from the slice using the following equation: 

å= tA
V

(%) volume Remaining n

0

1
 

where V0 is the initial volume of the scaffold (ESFS-05 = 29 mm3 ,ESFS-10 = 118 

mm3) and An and t are the cross-sectional area and thickness (100 μm) of each slice, 

respectively. 

 

3.3. Immunohistochemistry staining 

The samples implanted in calvarium were sliced into 10 μm, subjected to 

deparaffinization and hydration steps and endogenous peroxidase activity was 

quenched by incubating sections with 3% hydrogen peroxide in PBS. Samples 

were washed with PBS, blocked with 5% bovine serum albumin (BSA) for 30 

minutes and incubated with mouse monoclonal anti-bone sialo protein (BSP, 1:100 

dilution, Santa Cruz Biotech, Santa Cruz, CA) in 5% BSA overnight at 4℃. After 

being washed three times with PBS, samples were incubated with biotinylated 
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secondary antibody (Vectastain Elite ABC) for 45 min at room temperature, then 

for 1 hour with avidinbiotin-peroxidase complex (Vectastain Elite ABC). Reaction 

product was detected using peroxidase substrate kit DAB (SK-4100, Vectro 

laboratories, Burlingame, CA). Finally, samples were dehydrated through graded 

alcohols, cleared in xylene, and coverslipped using Canadian balsam solution. 

Histology photographs were taken under a BX-51 microscope (OPUMPUS, Japan) 

and analyzed (Image Pro 6.2). 

 

3.4 Collagen fiber staining 

The sectioned tissue specimen preserved in paraffin resin was de-paraffinized 

and hydrated for collagen fiber staining, which was conducted according to the 

manufacturer's protocol (HT15, Sigma, St. Louis, MO). Sections were post-fixed in 

Bouin’s solution for 2 h at 60 °C, rinsed in water, and stained in Weigert's iron 

hematoxylin for 5 min. After washing, the sections were stained in Biebrich scarlet 

solution for 5 min, washed, and sequentially placed in phosphotungstic 

/phosphomolybdic acid, an aniline blue solution and a 1% acetic acid solution. The 
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sections were then rinsed in distilled water. Coverslips were mounted after 

rehydration in an ethanol series. Collagen was stained blue, whereas the cytoplasm 

and keratin were stained red. The stained samples were then observed using an 

optical microscope (BX-51, OLYMPUS, Japan).  

 

4. Statistical analysis 

The quantitative data were expressed as the mean ± standard deviation and 

analyzed by two-way ANOVA using Prism 5.0 (Graphpad). The differences were 

considered statistically significant at * p < 0.05 and ** p < 0.01. 



 

47 

 

RESULTS 

 

1. General overviews and inner structure of ESFSs 

General overviews of ESFSs used in this study and the internal structure by 

SEM were represented in figure 2-2. For the degradability assay, four different 

types of scaffold were prepared (medium or large pores, diameter = 5 mm or 10 

mm). The pore structures were varied by using different sized salt particles as the 

porogen (i.e., 139 μm of M-ESFS-05 and M-ESFS-10, 316 μm of L-ESFS-05 and 

L-ESFS-10. The M- or L- mean that the inner pore size of ESFS is 100-200 µm or 

300-500 µm of ESFS respectively, and -05 or -10 mean the diameter of each ESFS 

is 5 mm or 10 mm. 

 

2. Formation of a giant cell on ESFSs 

The RAW 264.7 cell morphology was observed by SEM at 1 and 7 days after 

seeding on the ESFSs (Fig. 2-3). After attaching to the fibrous surface of the 

scaffold, the seeded cells maintained a spherical shapes on day 1 regardless of pore 

sizes of ESFSs. In contrast, on day 7, the cells had spread widely and fused with 
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the silk fibroin fiber, forming a multinuclear giant cell (MnGC) in both ESFSs. 

Immunostaining revealed that cathepsin G (red) was expressed in macrophage 

monocytes on the M-ESFS-10 surface on day 1 (Fig. 2-4), and its expression 

became much stronger and distributed throughout the entire scaffold surface at day 

7 after cell seeding. 

 

3. Quantitative analysis of ESFSs in vivo degradation 

Gross photos of implanted ESFSs in calvarium (Fig. 2-5) and subcutaneous 

tissue (Fig. 2-6) were showed at immediately, 2, 4 and 6 month after implantation. 

M-ESFS-05 and M-ESFS-10 were obviously decreased of its size as time goes by 

in figure 2-5. It is the same phenomenon at ESFSs implanted in subcutaneous 

tissue in figure 2-6. At 2 months post-implantation, the surrounding tissue had 

invaded into the interior of the scaffold from the edge, and the scaffolds had 

contracted in every ESFS. The remaining scaffold volume subsequently decreased. 

A very small trace of the scaffold remained at the implantation site after 4 months. 

After 6 months, a significant decrease in volume was observed in all groups. To 
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quantitatively analyze the scaffold degradation, the tissue surrounding the 

implanted scaffold was recovered and sectioned into 100 μm thicknesses. The total 

remaining scaffold volume was obtained by integrating each volume of the slice. 

As shown in Figure 2-7, the remaining volumes of M-ESFS-05 and L-ESFS-05 

implanted in calvarium were degraded were 47% and 24% of original volume 

repectively at 2 month after implantation. L-ESFS-05 remained much lower than 

any other groups in subcutaneous group. And most of the scaffold had disappeared 

after 4 months. For the larger scaffolds, the remaining volume of L-ESFS-10 was 

slightly lower than that of M-ESFS-10, although the difference in volume was not 

significant during the entire implantation period. After 6 months, the remaining 

volumes of the larger pore scaffolds (L-ESFS-05 and L-ESFS-10) were less than 

10%, while approximately 20% of the volume of the small pore scaffold (M-ESFS-

05 and M-ESFS-10) still remained in the dermis tissue layer. ESFSs implanted in 

subcutaneous tissue were degraded more quichkly than the same types ESFSs 

implanted in calvarium. 
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4. Expression of bone sialo protein in ESFSs implanted in calvarium 

Bone sialoprotein (BSP), also known as osteopontin (OPN), expressions of M-

ESFS-10 and L-ESFS-10 implanted in calvarium were represented in figure 2-8. 

BSP signals were appeared strong thoughout whole area of both types of ESFSs in 

2 month and gradually weaked as time goes by. Deposit shapes of BSP signals in 

L-ESFS-10 were more small and scattered compared with M-ESFS-10, it is 

probably due to lage pore size of L-ESFS-10. Stem cells from surrounding bone 

tissue were more easily migrated to inner space of scaffold following the large 

pores, and differenciate to osteoblast for regeneration of defected tissue. 

 

5. Regeneration of collagen fibers in ESFSs implanted in subcutaneous tissue 

ESFSs implanted in subcutaneous tissue and the attached collagen tissues were 

stained with Masson-trichrome dye to visualize the regenerated collagen fibers (Fig. 

2-9). The black dotted circles indicate the initial area in which the ESFS was 

implanted, and the blue depicts the regenerated collagen tissue. At 2 month, most 

of the initial scaffold volume (red) was maintained regardless of the pore size, 
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whereas a very small amount of collagen was observed inside the scaffold that was 

surrounded by collagen tissue. However, by 4 months post-implantation, the 

collagen fibers had invaded into the scaffold and gradually replaced the scaffold 

volume. For the L-ESFS-10, a larger amount of collagen tissue was observed 

compared with the M-ESFS-10. 
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Table 2.  Scaffold types and subscription used in PART 2 

Sample M-ESFS-05 M-ESFS-10 L-ESFS-05 L-ESFS-10 

Diameter (mm) 5 10 5 10 

Pore size (nm) 139 ± 32 316 ± 71 139 ± 32 316 ± 71 

Net volume (mm3) 29 118 29 118 

The error is SEM (n = 20). 
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Figure 2-1. Volumetric measurements method of remained scaffold 12 weeks after 

implantation was summarized by a figure. The tissue specimen was serially 

sectioned into slices of 100-μm thickness and each slice was scanned under an 

optical microscope after staining using hematoxylin dye. The acquired images were 

analyzed, and the cross-sectional area (white space in sample) of the remaining 

scaffold was measured using an Image Pro 6.2. 
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Figure 2-2. The overall shapes of the M-ESFS-05, L-ESFS-05, M-ESFS-10 and L-

ESFS-10; M- or L- indicate medium or large porous respectively; -05 or -10 

indicate the diameter of scaffold (mm). SEM images of scaffolds containing a 

small pore structure (M-ESFS-05 and M-ESFS-10) or large pore structure (L-

ESFS-05 and L-ESFS-10). 
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Figure 2-3. SEM images of RAW 264.7 cells cultured on M-ESFS and L-ESFS at 

1 day and 7 days after cell seeding. The initially spherical RAW 264.7 cells at 1 

DAY flattened and formed multinuclear giant cells with numerous tentacles by 

DAY 7. 
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Figure 2-4. Immunofluorescence images of RAW 264.7 cells at 1 day and 7 days 

after cell seeding. (green, macrophages; red, cathepsin G; purple, silk nanofiber). 
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Figure 2-5. Gross images of M-ESFS-05 and L-ESFS-05 implanted in calvarium 

of rats at immediately, 2, 4 and 6 months after implantaion. 
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Figure 2-6. Gross images of M-ESFS-05, L-ESFS-05, M-ESFS-10 and L-ESFS-10 

implanted in subcutaneous tissue of rats at immediately, 2, 4 and 6 months after 

implantaion. 
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Figure 2-7. Scaffold volume reduction with implantation time (6 months) in 

calvarium and subcutaneous tissue. The residual scaffold volume was determined 

by integrating the serially sectioned tissue slices in which the scaffold was 

embedded. Specimens were collected 2, 4, and 6 months after implantation (n = 4, 

mean ± SEM). *p < 0.05 and **p < 0.01 compared with zero month of each 

scaffolds. 
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Figure 2-8. Immunohistochemistry staining (IHC) with antibody against bone 

sialoprotein (BSP). BSP expression of cell in M-ESFS-10 and L-ESFS-10 

implanted in calvarium were represented at 2, 4 and 6 months after implantation 

compared with calvarium of naïve rat. Indicate BSP as dark brown. 
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Figure 2-9. Changes in collagen deposition in the M-ESFS-10 and L-ESFS-10 

implanted in subcutaneous tissue over 6 months. Scaffold-embedded tissue 

specimens were stained with Masson-trichrome staining kit. The black dotted line 

depicts the initial area of the ESFSs  (dark-red, infiltrated cells; light-red, vacant 

scaffold; blue, collagen). 
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DISCUSSION 

 

The biodegradability of implantable biomaterials, particularly those used as a 

scaffold, is very important for the wound healing process because non-degradable 

material and residual material can lead to a chronic inflammatory response, which 

will hinder complete tissue regeneration (Anderson et al., 2008; Garg et al., 2012; 

Franz et al., 2011; Boehler et al., 2011). Although silk-based biomaterials (e.g., 

wound dressings, sutures, artificial dermis, ligaments, and scaffolds) have been 

extensively studied (Kasoju and Bora, 2012; Altman et al., 2003; Zhang et al., 

2009; Macintosh et al., 2008), investigations of their biodegradation have been 

limited because it was very hard to control the degradation of silk-based materials. 

In most silk regeneration processes, re-crystallization through the use of alcohol 

species has been employed to enhance its structural stability and mechanical 

properties. However, in most cases, controlling degradability by varying the 

crystallinity of the regenerated silk is very difficult. Once crystallized, the silk 

fibroin degrades very slowly, whereas non-crystallized silk dissolves or degrades 

rapidly at the implantation site. Recent studies have reported that the degradation of 
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silk nanofibers can be controlled in vivo, possibly due to its fine structure. Kim et al. 

reported that the degradability of electrospun silk nanofiber mat in a murine dermis 

could be controlled by varying the β-sheet structure content (Kim et al., 2012). 

Nevertheless, the kinetics and mechanism of the biodegradation of a silk-based 

scaffold in vivo have not been reported. 

In this study, we have hypothesized that the in vivo degradation of silk 

nanofibers is mainly based on enzymatic degradation by leukocytes. Prior to the 

animal experiments, RAW264.7 cells (monocyte/macrophage) cultured on ESFSs 

formed MnGCs at 7 days after seeding, indicating that the cells had started 

digesting the silk fibers. We also observed increased cathepsin G expression from 

MnGCs at day 7. Cathepsin G, which is found in the azurophil granules of 

neutrophilic polymorphonuclear leukocytes, is a protease that participates in the 

killing and digestion of engulfed pathogens and in connective tissue remodeling at 

the sites of inflammation (Kargi et al., 1990; Riese and CHNPsman, 2000; Burster 

et al., 2010). Although cathepsin G is mostly expressed from neutrophils in the 

initial stage of the immune response, cathepsin G is also secreted by macrophage 
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(Anderson et al., 2008; Kargi et al., 1990; SHNPsiro et al., 1991; Jones et al., 2008). 

Cathepsin G cleaves peptide bonds adjacent to tyrosine, similar to trypsin and α-

chymotrypsin (Vartio et al., 1981). The tyrosine content of silk fibroin as a 

proportion of the total amino acid composition is approximately 7% (Ki et al., 

2007-B), and the hydrophobic segment that comprises the crystalline region has 

regularly repeating sequences such as [(Gly-Ala)x-Ser-(Gly-Ala)y-Tyr]n (Jin and 

Kaplan, 2003; Ha et al., 2005). In addition, silk fibroin can be digested by α-

chymotrypsin (Horan et al., 2005; Longo et al., 1985), further supporting the 

potential degradation of silk fibroin by cathepsin G. 

The integration of serially sectioned tissue specimens enabled a precise 

evaluation of the residual scaffold volume in vivo. Most (> 90%) of the implanted 

ESFS had degraded within 6 months after implantation, regardless of the structural 

dimensions in both bone and subcutaneous tissue. Although the ESFS was re-

crystallized using methyl alcohol in the fabrication process, it exhibited a much 

faster degradation rate than the conventional sponge-type silk fibroin scaffold 

fabricated by salt-leaching method (Wang et al., 2008; Horan et al., 2005) because 
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the large surface area of the nanofibers accelerated the degradation, even with the 

recrystallized structure. The in vivo degradation of ESFS largely depended on both 

the scaffold volume and pore size although it consisted of an identical fiber 

structure with similar porosity. And degradation rates are also varied following 

implanted sites even it is the same kind of scaffold. These findings indicated that 

the penetration of regenerated tissue and/or cell infiltration might play a more 

important role in degradation than soluble proteases from body fluids. The L-ESFS, 

large pore structure, facilitated cell migration and mineral signals or collagen 

deposition into the scaffold implanted in calvarium or subcutaensou tissue 

respectively.  

The in vivo degradation of biomaterials is dependent on a variety of factors (e.g., 

material type, structure, implantation site, metabolism, and healing process). 

Although this study did not clarify the complete in vivo degradation mechanism of 

ESFS, this study represents the first attempt for a quantitative analysis of 

nanofibrous silk scaffold degradation. Hence, we expect that these results will 

provide crucial insights into the in vivo responses and biodegradation control of 
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silk-based biomaterials. 



 

67 

 

PART 3. 

 

Bone Regenerative Behavior 

of a Three-dimentional Silk Fibroin 

Nanofibrous / Hydroxyapatite Nanoparticles 

Composite Scaffolds 
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INTRODUCTION 

 

Hydroxyapatite (HAp), a naturally occurring mineral form of calcium apatitie, is 

a crucial component of bone and teeth. Known as bone mineral, up to 50% of bone 

weight is a modified form of hydroxyapatite and carbonated calcium-deficient HAp 

is the main mineral of dental enamel and dentin. Due to a large molecular structure 

and a high rigidity property of hydroxyapatite, it is a challenge to amalgamate 

hydroxyapatite crystal with other polymers (Fritsch et al., 2009; Dunn et al., 2001). 

Thus much effort has been made to develop the hydroxyapatite nanoparticles 

(HNPs) to biomaterials for bone regeneration in defected bone regions (Thomson et 

al., 1998; Petite et al., 2000; Swetha et al., 2010; Zhao et al., 2002; Sui et al., 2007). 

However, research on the effect of electrospun silk fibroin scaffolds (ESFSs) 

containing HNPs (ESFS-HNPs) in the bone regeneration field has not been carried 

out, despite the excellent biocompatibility of silk and powerful advantage of the 

electrospining method for cell adhesion and proliferation. Only a few studies have 

been conducted using 2-dimensional electrospun silk fibroin sheets (not 3-
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dimension) or 3-dimensional silk fibroin scaffold with spunge structure (not using 

the elecrospinning method) (Liu L et al., 2008; Bhumiratana et al., 2011). 

In this study, we developed ESFSs containing various concentrations of HNPs in 

SF fiber using the electrospinning method. Midium pores ESFSs with 2% (M-

ESFS-HNP2) or 5% (M-ESFS-HNP5) of hydroxyapatite nanoparticles were 

evaluated as biomaterials for bone regeneration compared with M-ESFS (non 

added HNPs). MC3T3-E1, an osteoblast cell line, is used for in vitro tests such as 

cellular viability, proliferation, and osteoblast differentiation. An aninal experiment 

using a bone defects model was also performed for confirmation of the 

effectiveness of M-ESFS-HNPs in bone regeneration similarly to that in PART 1. 
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MATERIALS AND METHODS 

 

1. Materials and Scaffold Fabrication 

1.1 Surface modification of hydroxyapatite Nanoparticles 

The first step in the surface modification process of HNPs is the synthesis of 

hyaluronic acid-dopamine conjugate using 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) coupling reaction. Sodium hyaluronate (HA, 

Bio-land, Korea) was dissolved in distilled water at a concentration of 0.2 wt% for 

6 hours, followed by the addition of 0.95 mg/ml EDC and 0.87 mg/ml dopamine 

hydrochloride (DA, Sigma-Aldrich). The solution was reacted at room temperature 

for about 2 hours, followed by titrating of pH 4.7 using 0.1 M HCl. The solution 

was then dialyzed in 0.1 M NaCl solution and distilled water for 1 day and 2 days, 

respectively. In the second step, various amounts of HNPs (average diameter of 200 

nm, Sigma-Aldrich) were dispersed in 0.5 wt% HA-DA conjugate solution, and 

ultrasonication was then applied to the solution in an ice water bath for 30 mins 

using an ultrasonic processor VCX-130 (Sonics, USA). The solution was then 
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vigorously stirred at 60 ℃ for 3 hours, followed by centrifuging at 3,000g for 10 

mins and rinsing with distilled water twice. 

 

1.2 Preparation of dope solution and fabrication of M-ESFS-H 

Bombyx mori silk was completely degummed using Na2CO3 and sodium oleate, 

and then dissolved in 9.3 M LiBr solution at 60 ℃ for 20 min. After dialyzing in 

distilled water for 3 days, the SF solution was enriched using PEO flakes up to 

about 18 wt%, and was finally diluted down to a fixed concentration of 14 wt%. 

The concentrated SF solution was mixed with the 3 wt% PEO (MW 900K) solution 

at a volume ratio of 3:2, followed by the addition of various amounts of HA-DA 

modified HNPs (2 wt% and 5 wt% of total volume of SF/PEO dope solution). For 

the electrospinning process, a high voltage of 10-12k V was applied to the syringe 

filled with dope solution, and the feeding rate was 0.8-2 ml/h. To fabricate M-

ESFS-HNPs, the nanofiber dispersion that had been collected into a methanol 

coagulation bath was immersed in a 1,4 dioxane solution (Sam-Chun Chemicals, 

Korea) for 2 days, and then mixed with NaCl particles with diameters of 100-200 
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μm at the rate of 0.2 g/ml. The mixture was then molded in a glass tube (diameter 

of 6 mm), lyophilized, and then soaked in water to remove the salt porogen and 

remaining dioxane. 

Each sample designation is listed in Table 3. 

 

1.3 Morphological structure analysis 

The morphological structure analysis was performed using the same method as 

that in PART 1. 

 

1.4 Surface roughness of scaffolds 

The surface roughness was measured using confocal laser scanning microscopy 

(OLS1200; Olympus Optical Co., Ltd., Tokyo, Japan). The average roughness was 

used to characterize the roughness of the specimens, and the measured area was 

100 μm × 100 μm. The average of seven tests was used for each experimental 

measurement. 
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2. Cell culture and in vitro test 

2.1 Cell culture and seeding on scaffolds 

The MC3T3-E1 clone 4 cells and the RAW 264.7 cells were cultured and 

seeded on each sterilized scaffolds using the same method as that in PART 1 or 

PART 2. 

 

2.2 Morphological analysis by SEM 

The morphological analysis using SEM was performed using the same method 

as that in PART 1. 

 

2.3 Proliferation assay 

The MTT assay was performed using the same method as that in PART 1. 

 

2.4 Mineralization assay 

The ALP assay was performed using the same method as that in PART 1. 
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2.5 Western immunoblotting 

Western immunoblotting was perfomed using the same method as that in PART 

1. Anti-Integrin β1 (Santa Cruz Biotech, Santa Cruz, CA), -AKT, -phospho-AKT 

(Cell Signaling Technology, Beverly, MA), and GAPDH (BD Bioscience, San Jose, 

CA) were added as primary antibodies. 

 

2.6 Immunofluorescence staining  

The MC3T3-E1 cells cultured on scaffolds were fixed and stained using the 

same method as that in PART 2. Mouse monoclonal anti-bone sialo protein (BSP, 

1:200 dilution, Santa Cruz Biotech, Santa Cruz, CA) were used for primary 

antibodies and goat anti-mouse IgG cy3 were used for secondary antibodies for 1 h 

at room temperature (RT). Coverslips were mounted with mounting solution 

containing DAPI (94010, Vector Laboratories Inc., Burlingame, CA) after washing 

with PBS, and fluorescence images were acquired with a confocal laser scanning 

microscope (FV-300, OLYMPUS, Japan). 

 



 

75 

 

2.7 TNF-α assay 

AT each time point, the TNF-α activity of the media was determined by a 

quantitative sandwich enzyme-linked immunosorbent assay using the mouse TNF-

α Quantikine ELISA kit (MTA00B, R & D Systems, Minneapolis, MN) according 

to the manufacturer's recommendation. The experiments were performed in 

duplicate at room temperature. Absorbances were detected at 450 nm using a 

UV/VIS spectrophotometer. 

 

3. Animal surgery for in vivo test 

Animal surgeries for implantation of scaffolds were perfomed using the same 

method as that in PART 1. A total of 35 male Sprague Dawley rats (250 – 300 g) 

were used and 12 weeks was allowed for the regeneration of the defected bone. 

 

4. Radiographic and histological evaluation 

4.1 Radiation microtomogrophy 

The rat calvarium were recollected 12 weeks after implantation and fixed with 
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10% formalin for 3 days. The samples were then scanned using high-resolution 

micro-computed tomography (micro-C.T; Skyscan1172 scanner, Skyscan, Kontich, 

Belgium). Three-dimensional images of the calvarium were obtained using C.T-

volume software (Skyscan) and analyzed using a C.T-analyzer program (Skyscan) 

to determine the mineral deposit volumes. Reconstruction of the 3D image and 

quantification for the mineralization area were perfomed using the same method as 

that in PART 1. 

 

4.2 Hematoxylin and eosin staining 

Decalcification and H & E staining were perfomed using the same method as 

that in PART 1. 

 

5. Statistical analysis 

Statistical analysis was perfomed using the same method as that in PART 1. 
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RESULTS 

 

1. Morphological characteristics of M-ESFS-HNPs 

The internal structures and magnified fibers of M-ESFS, M-ESFS-HNP2, and 

M-ESFS-HNP5 were represented by SEM (Fig. 3-1). As all of the scaffolds were 

made using 100–200 particles of NaCl, they have similar internal micro pores. 

However, the fibers were gradually thickened and rod-roughened following 

concentration of HNPs added into fiber. The overall surface roughnesses (SA) of 

the scaffolds are evaluated as shown in Fig. 3-2. The increase of fiber diameter 

causes a rougher surface on the scaffolds. The M-ESFS yielded a smaller SA of 

0.74 µm than the M-ESFS-HNP2 (0.82 µm) and M-ESFS-HNP5 (0.93 µm). 

 

2. M-ESFS-HNPs for bone regeneration in vitro 

The early adhesion related proteins when MC3T3 cells attached to scaffolds 

were evaluated by western immunoblotting at 6 and 24 hours after cell seeding (Fig. 

3-3). The protsin expressions of integrin α5 and pY397FAK as adhesion related 
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proteins were shown strongly in the HNP groups at both time points. 

Phosphorylated proteins of focal adhesion kinase (FAK) are particularly more 

indicated in M-ESFS-HNP5 at 24 hr. Aditionally, the total and phosphorylated 

protein signals of PI3K/AKT meant that M-ESFS-HNPs were not harmful to the 

cells. The morphologies of culture cells on scaffolds are shown by SEM in Fig. 3-4. 

The cells on every type of scaffold had attached well at day 1 and grew healthy 

until a week later. Proliferation rates and differentiation of cells on each scaffold 

were measured using MTT and alkaline phosphatase (ALP) assay, respectivily (Fig. 

3-5). Cells seeded on scaffolds steadily increased with time, regardless of the 

scaffold type. However, cells on M-ESFS-HNP5 significantly grew and showed a 

high proliferation rate at any observed time with superior attachment than cells 

seeded on M-ESFS or M-ESFS-HNP2. Notwithstainding, the result of ALP 

activities per cell show that the total amounts of ALP activities increase following 

the concentration of HNPs in the scaffold. The ALP activities of M-ESFS-HNP2 

and M-ESFS-HNP5 were increased compared with M-ESFS at day 4, and the gap 

was larger at day 7, whereas the ALP activities after day 1 were not significant in 
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every group. The ALP activities of M-ESFS-HNP5 were increased compared with 

that of M-ESFS-HNP2. The signals of bone sialo protein (BSP) in cells cultued on 

the scaffold were detected by immunofluorescence staining as shown in Fig. 3-6. 

The cells on both the HNPs groups started the BSP expression before 4 days after 

cell seeding while those on M-ESFS were initiated at around 7 days. Also, M-

ESFS-HNP5 showed high BSP expression compared with M-ESFS or M-ESFS-

HNP2, respectively at 7 days. TNF-α assay was carried out to evaluate the 

cytotoxicity of M-ESFSs containing HNPs. In the initial stages, the TNF-α activity 

in all scaffold groups were high compared with the tissue culture plate (TCP), 

regardless of whether the scaffold groups were with or without HNPs. This 

phenomenon continued until day 7, but ceased by day 14. Also, no significant 

difference was observed among scaffold groups regardless of whether HNPs is 

added. 

 

3. M-ESFS-HNPs for bone regeneration in vivo  

To determine the effect of M-ESFS-HNPs for bone regeneration in vivo, 3 types 
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of material were implanted on a bone defected rat model (7 mm hole in calvarium), 

using the same method as that in PART 1. Only the defect, without any scaffold, 

and the Bio-oss were used as a negative control and a positive control, repectively. 

The samples were recollected 12 weeks after implantation and volumes of newly 

mineralized areas were measured using micro-CT scan with reconstruction for 

three-dimensional images (Fig. 3-8). A large amount of mineral deposition (MD) 

was developed in all the silk scaffold groups compared with the only defect group, 

which regenerated just small volumes of mineral deposition along the edges of the 

damaged tissue. In the case of M-ESFS-HNP2 and M-ESFS-HNP5, bone 

regeneration had progressed in an island shapes in the middle of the defect. Howver, 

this is not reliable data because the images in fig. 3-8 contained the mineral 

component of implanted materials itself. Especially Bio-oss can be detected 

similarly to mineral depositions by scanning using micro-CT because it is a bone 

fragment of the aminal. Therefore, 3D images show that the hole in the original 

bone defect seemed to be completely filled. Bio-oss and silk based scaffold 

containing HNPs have innate mineral deposition (MD) unlike M-ESFS (Fig. 3-9). 
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The total MD of each group (A), MD of each scaffolds itself (B) and MD of 

pure regenerated bone at defected site of rates were represented in fig. 3-10. The C 

was computed by A – B. The increase in the reformed bone volume of every silk 

scaffold group was about 200% based on the only defect group (Fig. 3-10 C). And 

Bio-oss group, excluded MD of material itself, showed the poor regeneration. 

Every silk based scaffolds has statistically significant (independent Student’s t-test: 

*p<0.05) compared with only defect or Bio-oss group, there was no significant 

difference between the groups, regardless of the presence of HNPs. The 

histological morphologies of obtained tissues were represented using hematoxylin 

and eosin (H & E) staining (Fig. 3-11). The calvarium of every M-ESFS group 

maintained an appropriate thickness of calvarium at the defected and scaffold 

implanted site according to histological observation, while only thin fibrous tissue 

was presented in the hole of the only defect group. However, more than 50% of 

implanted scaffolds remained in the M-ESFS-HNP2 and M-ESFS-HNP5 groups 

(black arrows), although M-ESFS was almost degraded 12 weeks after 

implantation. Newly formed bones were observed in the M-ESFS group (white 



 

82 

 

arrows). In addition, the vacancies depicted in the Bio-oss groups were caused by a 

decalcification process using 10% EDTA solution. There was no sign of abnormal 

tissue response in all scaffold groups. 
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Table 3.  Scaffold types and subscription used in PART 3 

Sample Subscription Fiber diameter 

M-ESFS Silk fibroin scaffold with medium pores 427 ± 59 nm 

M-ESFS-HNP2 
Silk fibroin scaffold containing 2% of hydroxyapatite 

Nanoparticles with medium pores 
471 ± 44 nm 

M-ESFS-HNP5 
Silk fibroin scaffold containing 5% of hydroxyapatite 

Nanoparticles with medium pores 
583 ± 69 nm 

The error is SEM (n = 20). 



 

84 

 

 

 

 

 

 

Figure 3-1. Scanning electron microscope (SEM) photographs of corss sected 

scaffolds: M-ESFS, medium porous electrospun silk fibroin scaffold; M-ESFS-

HNP2, M-ESFS with 2% hydroxyapatite inside fibers; M-ESFS-HNP5, M-ESFS 

with 5% hydroxyapatite inside fibers. Magnified individual fiber of each scaffold is 

also shown. 
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Figure 3-2. Surface roughness of M-ESFS, M-ESFS-HNP2, and M-ESFS-HNP5. 

The average roughness was used to characterize the roughness of the specimens. 

The measured area was 100 μm × 100 μm (n = 7).  
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Figure 3-3. Western blot analysis with antibodies against adhesion-related proteins, 

integrin a5, integrin β1, focal adhesion kinase (FAK), paxillin, PI3K/AKT, and 

phosphorylated forms of FAK, paxillin, and PI3K/AKT, at 6 and 24 hours after 

seeding osteoblasts onto M-ESFS, M-ESFS-HNP2, and M-ESFS-HNP5. GAPDH 

was used as an internal standard. 
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Figure 3-4. SEM images of MC3T3-E1 cells (osteoblasts of mouse) cultured on 

scaffold: 1 day and 7 days on M-ESFS, M-ESFS-HNP2 or M-ESFS-HNP5. 
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Figure 3-5. Quantification rates of cell proliferation and alkaline phosphatase 

(ALP) activities were measured using MTT and ALP assay, respectively, at 1, 4, 

and 7 day(s) after cell seeding. Data are shown as mean_standard error of the mean 

(n = 5). *Statistically significant (independent Student’s t-test: *p<0.05, **p<0.01). 
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Figure 3-6. Immunofluorescence staining with antibody against bone sialoprotein 

(BSP). BSP expression of cell cultured on M-ESFS, M-ESFS-HNP2, and M-ESFS-

HNP5 were represented at 1, 4, and 7 day(s) after cell seeding. BSP is indicated in 

red and nucleus is indicated in blue. 
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Figure 3-7. Tumor necrosis factor – alpha (TNF-α) activites by a quantitative 

sandwich enzyme-linked immunosorbent assay. TNF-α activities of cells cultued 

on M-ESFS, M-ESFS-HNP2, and M-ESFS-HNP5 were shown at 1, 4, 7, and 14 

day(s) after cell seeding. Every TNF-α activities of cells cultured on silk based 

materials was not statistically significant compared with that of tissue culture plate 

(TCP) group at same time point. 
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Figure 3-8. Mineral deposition measured with reconstructed three-dimensional 

microcomputed tomography images of a rat’s calvaria taken at 12 weeks after 

critical bone defects and implantation of scaffolds: only defect (as negative control), 

defect and Bio-oss implanted (as positive control), defect and M-ESFS implanted, 

defect and M-ESFS-HNP2 implanted, and defect and M-ESFS-HNP5 implanted. 

The dotted circle indicates the original defect. 
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Figure 3-9. Reconstructed three-dimensional microcomputed tomography images 

of materials itself: Bio-oss, M-ESFS, M-ESFS-HNP2 and M-ESFS-HNP5. The 

dotted circle indicates the area for measurement the mineral density (MD). 
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Figure 3-10. Quantification of the mineral deposition (MD) from the 

microcomputed tomography images. (A) Total average of the mineral density of 

each group. (B) MD of each scaffolds itself. (C) MD of pure regenerated bone at 

defected site of rats. The C was computed by A – B. Data are shown as mean_SD 

(n = 7). *Statistically significant (independent Student’s t-test: *p<0.05) compared 

with only defect or Bio-oss group. 
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Figure 3-11. Histological evaluation of bone formation at 12 weeks after bone 

defects with hematoxylin and eosin staining: Only defect, defect and Bio-oss 

implanted, defect and M-ESFS implanted, defect and M-ESFS-HNP2 implanted, 

and defect and M-ESFS-HNP5 implanted. White arrows in the M-ESPS indicate 

the newly regenerated bone and black arrows are the scaffolds still remaining at 12 

weeks after implantation in the M-ESFS-HNP2 and M-ESFS-HNP5 groups. 
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DISCUSSION 

 

The hydroxyapatite (HAp), widely known as a major component of bones and 

teeth, is a vital mineral of the human body. Natural HAp has high biocompatibility 

and good osteoconductivity. Also, it has good stability and is present for a long 

time in the body because it degrades slower in vivo than other bioceramic materials 

such as tricalcium phosphate (TCP) or dicalcium phosphate (DCP) (Combes and 

Rey, 2010; Kurashina et al., 1995; Kurashina et al., 1997). However, chemically 

compounded hydroxyapatite nanoparticles (HNPs) are problematic as it can be 

harmful to cells in morphologic and metabolic aspects when cells are directly 

exposed to the HNPs. In fact, several studies have been carried out on the 

cytotoxicity of cells cultured on HNPs-surface coated scaffolds (Wang et al., 2012; 

Shi et al., 2009; Sun and Ding, 2009; Geetha et al., 2013). 

We therefore developed an electrospun silk fibroin scaffold (ESFS) which has 

HNPs inside the silk fibers (ESFS-HNPs). M-ESFS-HNPs were expected to have 

no cytotoxicity because the cells were not in direct contact with the M-ESFS-HNPs. 

Normal morphology and stable proliferation rates of cells cultured on M-ESFS, M-
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ESFS-HNP2 (adding 2% of HNPs), and M-ESFS-HNP5 (adding 5% of HNPs) are 

shown in Figs. 3-4 and 3-5. The cellular viability of both M-ESFS-HNP groups was 

not significantly less than that of the M-ESFS group. The cellular adhesion ability 

was somewhat increased by the expanded sulface roughness of the scaffold in the 

M-ESFS-HNP groups (Figs. 3-1 and 3-2), which became the cause of the superior 

viability of the cells. The greater protein expression of activated adhesion related 

proteins is presented in Fig. 3-3, including integrin α5 and focal adhesion kinase 

(Liu C et al., 2008; Demali et al., 2003), using western immunoblotting at 6 and 24 

hours after cell seeding. Also, the AKT activity presented in Fig. 3-3 shows the 

non-stressful condition to cells directly. AKT, known as protein kinase B (PKB), is 

a serine/threonine-specific protein kinase that plays a key role in multiple cellular 

processes such as glucose metabolism, apoptosis, cell proliferation, transcription, 

and cell migration (Lawlor and Alessi, 2001; Pene et al., 2002). The AKT activities 

in the toxic environment drastically decreased. As shown in Fig. 3-3, the AKT 

activities of both M-ESFS-HNP groups do not decrease compared with that of M-

ESFS. Also, the Tumor necrosis factor α (TNF-α) assay was performed. The TNF-α 
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is a primary role in the regulation of immune cells. TNF, being an endogenous 

pyrogen, can induce fever, apoptotic cell death, cachexia, and inflammation 

(Sidoti-de Fraisse et al., 1998; Feuerstein et al., 1994; Sethi et al., 2008). Fig. 3-7 

shows a similar activitie of TNF-α in all groups, regardless of with or without 

HNPs. In particular, the TNF activities of all scaffold groups were similar to the 

tissue culture plate (TCP) group at 14 days. This implies a relaxed immune 

response from the silk fibroin itself. These results suggest that ESFSs can be 

excellent stable biomaterials immunologically, considering that silk is a 

heterologous protein to RAW 264.7 cells (leukaemic monocyte macrophage cell 

line of mouse).  

In addition, we checked the mineralization effect of osteoblast on M-ESFS-

HNPs using an alkaline phosphatase assay (ALP, stimulate osteoblast for 

mineralization) and bone sialo protein imuunofluorescent staining (BSP, 

component of mineralized tissue such as boen and dentin). The ALP activities of 

cells cultured on the M-ESFS-HNP groups increased in proportion to the 

concentration of HNPs in the scaffold (Fig. 3-5). The BSP expressions in both M-
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ESFS-HNP groups increased and became more early time (Fig. 3-6). 

Unfortunately, however, the bone regeneration effects of both the M-ESFS-HNP 

groups were not superior to those of M-ESFS in animal test using the bone defect 

rat model (Fig. 3-10 C). The M-ESFS-HNP groups showed no significant 

differences, although the increase in regenerated mineral deposition of the M-ESFS, 

M-ESFS-HNP2, and M-ESFS-HNP5 groups was about twice that of the only 

defect group. This may be due to degradation of the implanted scaffold in vivo. For 

complete tissue regeneration, the implanted scaffold on damaged site must be 

degraded (Santerre et al., 2005; Xia and Triffitt, 2006; Furth et al., 2007). M-ESFSs 

containing HNPs might interfere with the regeneration because HNPs is very 

slowly degraded in vivo. In fact, substantial M-ESFS-HNPs remained, while M-

ESFS was almost degraded 12 weeks after implantation as shown in Fig. 3-11. In 

terms of the results of micro C.T. and the holes of the H & E staining after 

dicalcification, the volume of Bio-oss seems to be the implanted Bio-oss itself (not 

regenerated bone). Therefore, there was scant regenerated bone in Bio-oss group 

and fragments as implanted Bio-oss itself can lead fractures by tiny shock. 
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Considering the in vitro data, the cells that indirectly contacted the HNPs did not 

cause cytotoxicity, and the adhesion ability of the cells was rather enhanced with 

the expanded roughness of the scaffold. However, in order to apply M-ESFS-HNPs 

in the clinical field for promotion of the effect of bone regeneration, the 

degradation rate of HNPs in the body needs to be controlled. The control of proper 

degradation time could promote the regeneration rate and effect. 
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CONCLUSIONS 

 

In conclusion, three-dimensional (3D) electrospun silk fibroin scaffolds (ESFS) 

were investigated with controllable pore sizes. The medium porous ESFS (M-

ESFS) revealed superior effect for bone regeneration compared with the 3D 

polylactic acid scaffold (PLAS). Moreover, the cellular adhesion, proliferation, and 

mineralization ability of the osteoblast were increased when we added 

hydroxyapatitie nanoparticles (HNPs) to the inside of the silk fibroin fibers. ESFSs 

implanted in calvarium or subcutaneous tissues were almost degraded 6 months 

after implantation, and newly formed bone or collagen-rich tissue replaced the 

previous bone or subcutaneous tissue at the site. Consequently, porous ESFS is a 

promising material for tissue engineering and regenerative medicine because it has 

cytocompatible, sufficiently flexible, stable, and biodegradable properties with 

little immune reaction. Therefore, we expected that the ESFS can be applied not 

only to progress the development of a wide variety of silk-based biomaterials, but 

also as clinical strategies. 
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국문 초록 

 

생체재료 개   커짐에 라, 실크 재  생체재료  

한 많  연 가 진행 어 다. 실크는 우수한 생체 합  해 

직 공학 야에  한 재료  지 고 다. 그러나 생체재료에 

수많  미  공극  갖게 하는 사  에도 하고 

사  해  삼차원 실크 재 생체재료는 거  연 어 지 

않  실 다. 

본 연 에 는 사  해  삼차원 실크 피브  생체재

료 (electrospun silk fibroin scaffolds, ESFS) 만들고,  스폰지  삼

차원 폴리라틱산 생체재료 (polylactic acid scaffolds, PLA)  비 하여 뼈 

재생에 미치는 효과  평가하 다.  뼈 상 에 생체재료  식

하고 7 주 후 마 크 시티 측  통하여 재생  뼈 볼  찰한 결

과, PLAS 그룹에 는  에 비하여 49.31%  뼈 재생  어난 

 ESFS 그룹에 는 78.30%  뼈 재생  생하 다. 또한 ESFS 가 

체내에  생 해 는 도  과 에 하여 연 하 다. 체내  식  
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생체재료  해가 상  직  재생 는 도보다 무 느리거나 빠

  직 재생  해하거나 만  염  킬 수 다. 에

 뼈 또는 피하 직 내에 식  ESFS 들  6 개월 지 었고, 

각 2, 4 그리고 6 개월  지나는 시 에  회수 어 생 해 고 남  

피가 측 었다. 체내  식  ESFS 들  식  직  에 상

없 , 식 후 2 개월 내에 50% 상  해 는 빠  해  보

다. 같  크  경우, 개골에 비해 피하 직에 식  ESFS 가, 100 ~ 

200 μm 보다는 300 ~ 500 μm 공극  가진 ESFS 가  빨리 해 었다. 

하여, 뼈 재생에 특화  능  생체 재료 , 실크   안에 

하이드 시아 타이트 나 입자 (hydroxyapatitie nanoparticles, HNPs)  포

함하는 ESFS (ESFS-HNPs)가 개 되었고, 뼈 재생에 미치는 과가 평가

되었다. MC3T3-E1 뼈모 포  이 한 실험에 , ESFS-HNPs 위에  양

된 포들은 ESFS 위에  양된 포들에 비하여 포 착 , 포 

식   포 내 무 질 침착 진 가 가하는 결과  보 다. 그

러나  뼈 상 에 생체재료  식하고 12 주 후 마 크 시티 

측  통하여 재생  뼈 볼  찰한 결과에 는  그룹간  한 
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차 가 나타나지 않았다.  

 같  결과  ESFS  우수한 직 재생 진 효과가 확 었

, ESFS가 실크 재 생체재료  개  진보시키고 상 야에 안

  수  할 수 다. 

 

주 어: 직 공학, 생체재료, 골 재생, 실크 피브 인, 생 해 

학  : 2010-31215 
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