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Abstract: The present study was carried out to investigate the impact of various types of silk 

fibroin (SF) scaffolds on human osteoblast-like cell (MG63) attachment and proliferation. SF 

was isolated from Bombyx mori silk worm cocoons after degumming. Protein concentration in 

the degummed SF solution was estimated using Bradford method. Aqueous SF solution was 

used to fabricate three different types of scaffolds, viz, electrospun nanofiber mat, sponge, and 

porous film. The structures of the prepared scaffolds were characterized using optical micro

scopy and field emission scanning electron microscopy. The changes in the secondary structure 

of the proteins and the thermal behavior of the scaffolds were determined by Fourier transform 

infrared spectroscopy and thermo-gravimetric analysis, respectively. The biodegradation rate 

of scaffolds was determined by incubating the scaffolds in simulated body fluid for 4 weeks. 

MG63 cells were seeded on the scaffolds and their attachment and proliferation onto the scaf-

folds were studied. The MTT assay was carried out to deduce the toxicity of the developed 

scaffolds. All the scaffolds were found to be biocompatible. The amount of collagen produced 

by the osteoblast-like cells growing on different scaffolds was estimated.
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Introduction
Regenerative medicine for bone repair and replacement is an important area of research. 

According to a US report, each year 1.3 million people undergo bone graft surger-

ies due to skeletal defects associated with accidents or diseases.1 One of the current 

treatments under practice is transplantation (either as autograft or allograft). There 

are various significant risks associated with this treatment approach, including second 

site damage, additional pain, longer healing time of the defective site, and conformal 

needs at the repair site.1,2 An alternative and widely practiced treatment method to 

replace diseased or damaged bone tissue is the application of a scaffold structure with 

a shape of interest. These scaffolds can be implanted either cell-free or pre-seeded 

in vitro with the patient’s or donor’s bone specific cells. In both cases, the cells are 

expected to differentiate and populate the entire scaffold and to resume the functions 

of the replaced tissue with time.

Different natural and synthetic biodegradable polymers are being used in 

tissue engineering of bone, including chitosan, hyaluronic acid, poly(l-lactide-co- 

glycolide), polymethyl methacrylate, and poly-ε-caprolactone, as well as many ceramic 

materials like calcium sulfate, calcium phosphate, and bioactive glass.3–5 In addition to 

supporting qualities, such as mechanical properties, each of these materials possesses 

limitations in fulfilling the requirements for bone tissue engineering scaffolds.  
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The scaffold materials for bone tissue engineering should 

have proper morphology, biochemistry, and structure to pro-

mote adhesion, migration, and differentiation of osteoblasts 

and osteoprogenitor cells. The synthesis of new bone matrix 

with homogeneous distribution of cells in the scaffold avoids 

necrosis in the central regions where transport is more limited.6  

In this scenario, silk fibroin (SF) can be exploited as an impor-

tant class of biomaterial, as it has excellent biocompatibility, 

outstanding mechanical properties, low level of inflamma-

tory response, and versatility in processing.7 Thus, silk has 

been considered as an ideal material for tissue engineering 

and biomedical applications.8 Natural silk fibers consist of 

two types of proteins, namely, fibroin and sericin. Fibroin 

is a hydrophobic protein that forms the filaments of silk, 

and sericin is a group of gummy hydrophilic proteins that 

bind the fibroin filaments together to form a cocoon. Silk 

displays remarkable toughness, strength, and compression 

resistance required for bone repair.9 Silk fibers obtained from 

Bombyx mori silk worms have been used as high-quality 

textile fibers and sutures for decades.10 SF has been widely 

applied in regenerative medicine in different forms, includ-

ing films,11 fibers,12 porous scaffolds,13 and microspheres.14 

For the proper formation of bone tissue in the defective or 

diseased area, porous sponge scaffold fabricated from SF is 

more suitable as the pores in the scaffold can facilitate the 

attachment, proliferation, and migration of osteoblast cells. 

In addition, the transport of nutrients and waste into and out 

of the scaffold can be enhanced by its porosity.15 Porous silk 

sponges can be fabricated by using porogens, gas foaming, 

or lyophilization techniques.16 SF nanofibrous scaffolds can 

be fabricated by electrospinning. It is a process by which 

fibers with nanometer-scale diameter can be fabricated 

from a solution containing SF by applying a high electric 

field.12 Films can be made from SF solution by the solution 

casting method.11 Silk along with RGD tripeptide exerts an 

anabolic effect on bone formation by acting as a receptor 

for the attachment of integrins present on the osteoblast cell 

membrane17 and increases osteogenic marker expression by 

suppressing the notch signaling pathway in mesenchymal 

stem cells.18

The purpose of this study was to understand the impact of 

structural morphology of various SF based scaffolds, such as 

nanofiber mats, sponges (lyophilized), and films, on human 

osteoblast-like cells (MG63), their attachment, growth, and 

proliferation. Biocompatibility, porosity, water retaining 

capacity, and biodegradability of these scaffolds were tested 

and analyzed for their suitability in tissue engineering. Cell 

viability of MG63 cells in scaffolds was deduced using the 

MTT assay. The ability of osteoblast-like cells to secrete an 

extracellular matrix (ECM) was deduced by estimating the 

amount of collagen secreted into the medium.

Materials and methods
Materials
B. mori silk worm cocoons collected from TANSILK, 

Coimbatore, India were used as the raw material for scaffold 

fabrication. Dulbecco’s Modified Eagle’s Medium (DMEM), 

fetal bovine serum (FBS), Na
2
CO

3
, NaCl, NaHCO

3
,  

MgSO
4
⋅7H

2
O, Na

2
HPO

4
⋅2H

2
O, MgCl

2
⋅6H

2
O (Himedia, 

Mumbai, India), calcium chloride (CaCl
2
⋅2H

2
O) (Fisher 

Scientific, Mumbai, India), ethanol (99.9%), Hoechst stain 

33258, calf collagen, Sirius Red dye, chondroitin sulfate 

A sodium salt, 1,9-dimethylmethylene blue (DMMB), and 

trypsin (Sigma-Aldrich, St Louis, MO, USA) were used in 

this study. CaCl
2
, KCl, KOH, and NaH

2
PO

4 
were obtained 

from Merck (Mumbai, India). Dialysis membrane was pur-

chased from Himedia (pore size 2.4 nm, cut off 12–14 kDa). 

Human osteoblast-like cells used in this study were kindly 

donated by Dr C Sabarinathan, Department of Biotechnology, 

PSG College of Technology, Coimbatore, India.

Extraction of SF from cocoon 
and purification
SF was extracted from the cocoons according to modified 

protocols of Meechaisue et al.19 The cocoon was boiled for 

30 minutes in 0.5% (w/v) Na
2
CO

3
 solution to remove bound 

sericin. The process was repeated thrice by replacing the boiled 

solution with fresh Na
2
CO

3
 solution each time. Silk fibers 

degummed in this way were washed with copious amounts 

of distilled water and allowed to dry at 50°C in a hot-air oven 

overnight. Extracted SF was then dissolved in Ajisawa’s 

reagent (containing CaCl
2
: ethanol: water in a molar ratio of 

1:2:8) at 55°C for 4 hours with continuous stirring at 120 rpm. 

The dissolved SF solution was then dialyzed against ultrapure 

water with dialysis membrane for 3 days and concentrated 

using polyethylene glycol (PEG). Protein concentration in the 

dialyzed solution was estimated using Bradford method.

Scaffold fabrication
The purified SF aqueous solution was then processed to 

obtain different porous scaffolds, such as nanofibrous 

mats, sponges, and films using the same concentration of 

aqueous SF solution. Nanofibrous mats were prepared by 

electrospinning at optimized solution concentration (35%), 

flow rate (0.1 mL/h), voltage (9 kV), needle tip and collec-

tor plate distance (15 cm), and needle diameter (0.8 mm).  
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SF sponge was prepared by the lyophilization technique,20 

and the porous film was fabricated by solution casting.11 All 

the scaffolds were treated with 90% methanol for 15 minutes 

in line with modified protocols of Jin et al.11

Characterization of scaffold
The morphology of the scaffolds was characterized using 

field emission scanning electron microscopy (FESEM) (Carl 

Zeiss, Germany). The scaffolds were dried at room tempera-

ture and gold coated before analysis. Fourier transform infra-

red spectroscopy (FTIR) spectra of pure and treated scaffolds 

were acquired over the wavenumber range of 4,000–400 cm-1 

with ZnSe ATR cell (Shimadzu IR Affinity-1, Kyoto, Japan). 

The thermal behavior of treated SF scaffolds was analyzed 

using thermo-gravimetry (TG)/differential scanning calo-

rimetry (DSC) (Netzsch, Selb, Germany). The temperature 

was raised from room temperature to 500°C at a heating rate 

of 10°C min-1 under nitrogen atmosphere. The porosity of 

scaffolds was calculated by the liquid displacement method 

using hexane as the displacement liquid.21 The surface pore 

size was measured using Image J software from FESEM 

images. The structural integrity of the scaffold was tested in 

simulated body fluid (SBF). All three types of SF scaffolds 

were immersed in SBF (pH 7.4) in a 24-well plate and 

incubated at room temperature and observed for structural 

integrity under an inverted phase contrast epi-fluorescence 

microscope (Nikon Eclipse Ti-S series; Tokyo, Japan) for 

different time intervals.

MTT assay
The cell viability after growth in scaffolds was estimated 

using the MTT assay. Silk scaffolds of 2 mm size were placed 

in a 24-well plate and 10,000 cells/well were seeded onto it. 

After 4 days of incubation, the scaffolds were removed from 

the culture plate and used for the MTT assay in a 96-well 

plate. Twenty microliters of MTT was added to each well 

and incubated for 3.5 hours at 37°C in a culture hood. The 

media was removed carefully and 150 µL of 4 mM HCl was 

added followed by agitation in an orbital shaker for 15 min-

utes. Optical density was read at 590 nm using a microplate 

reader (Multiskan GO; USA).

Cell culture studies
Scaffolds of known size were sterilized by immersing in 100% 

ethanol for 6 hours followed by repeated washing in sterile 

distilled water and exposure to UV light for 2 hours. The cells 

were cultured in DMEM supplemented with 10% FBS and 

incubated in a carbon dioxide (CO
2
) incubator (Eppendorf,  

Hamburg, Germany). Cells were allowed to reach 80% 

confluency and trypsinized for the study. Sterile scaffolds 

were placed in 24-well plates and inoculated with human 

osteoblast-like cells with a cell density of 10,000 cells/well. The 

attachment and morphology of the cells on the scaffolds were 

monitored by using an inverted phase contrast epi-fluorescence 

microscope and FESEM. Cell-seeded scaffolds were stained 

with Hoechst stain and observed under an inverted phase con-

trast epi-fluorescence microscope fitted with a filter having a 

wavelength of 460–490 nm. The images were captured using 

a Nikon CCD camera attached to the microscope.

Nuclear staining
Hoechst 33258 stain was used to visualize cell nucleus. Cells 

were prewashed with phosphate-buffered saline (PBS) solu-

tion and incubated for 10 minutes in room temperature after 

adding Carnoy’s fixative (acetic acid: methanol, 1:3). Further, 

cells were treated with Hoechst 33258 stain and incubated for 

30 minutes. Cells were monitored for fluorescence using the 

inverted phase contrast epi-fluorescence microscope.

Estimation of collagen
The collagen secreted by the cells in the ECM was estimated 

at regular time intervals. The medium taken from the scaf-

folds without cells was used as blank. The extracellular 

collagen content in the medium was estimated using Sirius 

Red dye according to the modified Tullberg-Reinert and 

Jundt method.22 A known concentration of Sirius Red dye 

prepared in 0.5 M acetic acid solution was added to a known 

quantity of medium from the cell culture plates and mixed 

well for 5 seconds. The plates were incubated undisturbed 

for 30 minutes. The samples were centrifuged at 1,500 rpm 

for 10 minutes and the pellet was washed with 0.01 N HCl 

to remove the unbound dye. The pellet was resuspended in 

0.1 N KOH and absorbance was measured at 540 nm using 

a microplate reader. Calf collagen was used as standard.

Statistical analysis
All experiments were performed in triplicate and data were 

expressed as mean ± standard deviation. Statistical analysis 

was carried out using Origin Pro8.0 software. One-way 

ANOVA with Tukey’s multiple comparison tests were used 

to analyze MTT assay and collagen estimation (P#0.05).

Results and discussion
Scaffold fabrication and characterization
The dialyzed SF was used for the preparation of three differ-

ent scaffolds, namely, nanofibrous mats, sponges, and films.  
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The amount of total protein in the partially purified SF 

solution was found to be 2.0 g/100 mL. All the three scaf-

folds were prepared using suitable techniques as mentioned 

earlier. The advantage of our process over other reported 

processes is the use of aqueous SF solution for scaffold 

preparation instead of caustic solvents. The use of aqueous 

phase with SF proteins will lead to complete degradation of 

silk matrix by protease over time that is unlikely when dis-

solved in organic solvents.23 The morphology and diameter 

of the scaffolds were calculated from FESEM images. The 

FESEM images of the nanofiber, sponge, and film revealed 

the porous nature of all the scaffolds. The silk nanofibers 

had an average fiber diameter of 400±100 nm (Figure 1A). 

The minimum and maximum nanofiber diameter was found 

to be 100 nm and 600 nm, respectively. The sponge-type 

scaffold showed the presence of large interconnected 

pores (35±17 µm) (Figure 1B). The nanofibrous mats had 

the smallest pore diameter (0.25±0.053 µm) (Figure 1A) 

when compared to all the scaffolds. The film diameter 

was found to be 0.35±0.10 µm (Figure 1C). The surface 

functional groups of the scaffolds were deduced using 

FTIR analysis (Figure 2). The presence of methanol on 

different scaffolds fabricated from SF, as well as pure 

and treated scaffolds were also analyzed by FTIR. In the 

spectrum of pure SF nanofiber (Figure 2A), the band for 

amide I was observed at 1,643  cm-1 (C=O stretching), 

amide II at 1,527 cm-1 (N–H deformation), and amide III 

at 1,234.44 cm-1 (C–N stretching, C=O bending vibration). 

These results indicate a random coil/silk I conformation.14–16 

The result of methanol-treated SF nanofiber was obtained 

by comparing the spectra of pure and treated SF nanofibers 

(Figure 2A), where there is a shifting of band 1,643 cm-1 

(amide I) in pure SF to 1,519 cm-1 (amide II) in treated SF. 

SF sponge (Figure 2B) and SF film (Figure 2C) show the 

Figure 1 SEM images of SF scaffolds – electrospun nanofibrous scaffold (A), lyophilized sponge (B), and solvent casted film (C).
Abbreviations: SEM, scanning electron microscopy; SF, silk fibroin.
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wavenumber shift corresponding to conformational change 

between pure and treated SFs.24–26 After methanol treat-

ment, SF molecules present in the scaffold can structurally 

rearrange themselves due to the variations in hydrogen 

bonding, resulting in β-sheet conformational change.21 

Thermo-gravimetric analyses of the treated SF nanofiber, 

sponge, and film are shown in Figure 3. In the case of 

each scaffold, there is an exothermic peak at 275°C that 

may be due to the crystallization of protein molecules as a 

result of methanol treatment. The TG curve of SF is also 

characterized by an intense endothermic peak at 284°C (T
d
) 

related to the decomposition of SF chains.25–27 The porosity 

of the scaffold was estimated using the liquid displace-

ment method. The porosity was high in the case of sponge 

(67%), followed by nanofiber (49%) and thin films (33%). 

Since porosity supports better cell growth by facilitating 

nutrition as well as excretion of wastes, it is necessary 

that the scaffolds are porous enough. The degradation 

behavior of SF scaffolds treated with methanol was  

determined by analyzing the structural integrity of the 

scaffolds microscopically. Scaffolds incubated in SBF solu-

tion were analyzed at different periods of time (figure not 

shown). The structural integrity of the treated nanofibrous 

mat was lost after 4 weeks of incubation in SBF. However, 

in the case of sponge and film, the structural integrity was 

intact even after 4 weeks of incubation in SBF. The delay 

in the biodegradation process may be attributed to the 

crystallinity or the methanol treatment of scaffolds. This 

identified structural loss in the nanofiber scaffold may be 

due to degradation of small hydrolytic peptide sequences 

that remain even after scaffold crystallization.28

MTT assay
The response and cytotoxicity of various silk scaffolds 

on MG63 osteoblast-like cells was investigated by the 

MTT assay. The MTT assay is based on the reduction of 

Figure 2 FTIR absorbance spectra of SF scaffolds with and without methanol-treated electrospun nanofibrous scaffold (A), lyophilized sponge (B), and solvent-casted film (C).
Abbreviations: FTIR, Fourier transform infrared spectroscopy; SF, silk fibroin.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015: 10 (Suppl 1: Challenges in biomaterials research)submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

48

Varkey et al

the yellow tetrazolium salt to purple formazan crystals by 

dehydrogenase enzymes secreted from the mitochondria of 

metabolically active cells. The amount of purple formazan 

crystals formed is proportional to the number of viable 

cells.29 A known concentration of cells was seeded onto silk 

scaffolds. Figure 4 clearly indicates that the SF-based scaf-

fold did not have any toxic effect on the osteoblast-like cells, 

but in turn, a few scaffolds increased the viability of cells. 

However, the percentage viability of the cells in scaffolds 

and in control was at the same level of statistical signifi-

cance. These results clearly indicate that SF-based scaf-

folds prepared using aqueous solution are totally nontoxic 

to osteoblast-like cells and the scaffolds do not show any 

adverse effect on the growth of cells. Hence, these scaffolds 

can be considered suitable for bone tissue engineering.

Cell culture studies
The cytocompatibility of the scaffolds was studied in vitro by 

seeding osteoblast-like cells onto the methanol-treated scaf-

folds in DMEM. The attachment and morphology of the cells 

on the scaffold were observed each day under an inverted 

phase contrast microscope. As an evidence of the capacity 

of scaffolds to support cell attachment, it was observed that 

the majority of the cells started extending their cytoplasm 

over the surface of the scaffold after 5 days of cell seeding. 

The formation of filopodia was also observed. The number of 

cells on the scaffold surface was found to increase with the 

increase in incubation time. After 15 days (fixed based on a 

preliminary study for optimum cell attachment) of cell seed-

ing, the scaffolds were air dried and observed under inverted 

phase contrast microscope and FESEM. Scaffolds with vary-

ing porosities promote osteoblast-like cell attachment and 

proliferation as reported earlier.30 In this study, the prolifera-

tion of cells inside the scaffold was not observed in the case 

of SF films and nanofiber, whereas in sponge, attached cells 

were observed inside the pores (Figure 5). Less penetration 

of cells onto nanofibrous mat and thin film scaffolds may be 

attributed to the smaller pore size.19 Nanofibrous scaffolds 

showed a monolayer of cells. However, sponge scaffolds 

showed individual osteoblast attachment and proliferation 

that may be attributed to the high interconnectivity of pores.25 

The attachment and proliferation of cells on various scaffolds 

were also visualized using nuclear staining (Hoechst stain-

ing). These images of stained nuclei indicated the attachment 

and proliferation of cells on the scaffold surface and their 

viability (Figure 6). The SF film and nanofibrous mat sup-

ported more cell attachment on the surface.

Estimation of collagen
Collagen content was found to increase with the number of 

days. The amount of collagen estimated in control (cells with-

out any scaffolds) and in scaffolds is illustrated in Figure 7. 

Initially, the rate of collagen secretion into the medium was 

high for all samples until 14 days, after which they reached 

saturation. Up to the 12th day, there was no significant dif-

ference in collagen secretion between control and cells on 

scaffolds. However, from the 14th day, the control showed 

significantly increased collagen secretion until the last day 

of analysis. At the end of 24 days, the control cells secreted 

5.3±0.19 µg/mL of collagen. After 24 days of cell growth 

in various scaffolds, collagen content was found to be 

3.3±0.51 µg/mL, 2.89±0.16 µg/mL, and 3.5±0.2 µg/mL for 

the SF nanofiber, sponge, and film, respectively (Figure 7). 

The statistical analysis indicated little significance in the 

°
Figure 3 TGA curve of methanol treated SF scaffolds.
Abbreviations: TGA, thermo-gravimetric analysis; SF, silk fibroin.

Figure 4 MTT assay for various SF scaffolds with osteoblast-like cells.
Abbreviation: SF, silk fibroin.
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Figure 5 SEM images of osteoblast cells (MG63) attached to SF scaffolds – electrospun nanofibrous scaffold (A), lyophilized sponge (B), and solvent casted film (C).
Note: Attached cells are indicated by arrows.
Abbreviations: SEM, scanning electron microscopy; SF, silk fibroin.

Figure 6 Hoechst stained images of osteoblast cells (MG63) control (A), cells attached to film (B), electrospun nanofibrous scaffold (C), and lyophilized sponge (D).
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Figure 7 Amount of collagen secreted in culture media by osteoblast cells with and 
without scaffold (control).
Note: *P,0.05.

quantity of collagen secreted into the medium with respect 

to the SF scaffolds. This study clearly indicates that although 

the secretion of collagen by osteoblast-like cells in control 

was high beyond the 12th day, it varies slightly among the 

different types of SF scaffolds studied. The increase/decrease 

in collagen concentration directly provides the evidence of 

ECM production in the scaffolds by the cells.

Conclusion
SF-derived scaffolds were studied for the attachment and 

growth of osteoblast-like cells (MG63). Different types of 

porous scaffolds, such as the nanofiber, sponge, and film, 

were fabricated from an aqueous solution of SF protein iso-

lated from B. mori cocoons. The porosity of scaffolds was 

found to be high in the sponge type of SF scaffolds when 

compared to films and nanofibers. When the scaffolds were 

incubated in SBF, the nanofibrous mat lost its structural 

integrity after 4  weeks, whereas the structural integrity 

was retained by sponge and film scaffolds. The SF film and 

nanofibrous mat supported more cell attachment. All the 

scaffolds were nontoxic to osteoblast-like cells. Hence, SF 

in various forms, including fibers, films, and sponges are 

promising scaffolds that can be exploited for the expansion 

of osteoblast-like cells for bone tissue engineering.
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