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 A B S T R A C T 

Bombyx mori (B. mori) silk fibroin (SF) is a fibrous protein that can be readily isolated 
from the domesticated silkworm cocoons. It has received considerable attention over 
the last decades as a three-dimensional (3D) biomaterial due to its outstanding 
mechanical performance, tunable degradability, fabrication versatility, and 
biocompatibility. Here, the blending of Bombyx mori (B. mori) SF and collagen (C) was 
fabricated as scaffolds using a freeze-drying technique. The effects of collagen 
concentration (1 and 2 %w/w) on physical properties and cell proliferation were 
observed. The prepared scaffolds were sponge-like structure with highly interconnected 
pores. Average pore size of these scaffolds ranged from 124-197 µm. The in vitro cell 
viability and proliferation of human corneal cell were determined by MTT assay. The 
scaffolds prepared from SF blend with 2% of collagen (SF/2%C) exhibited higher cell 
proliferation than the SF/1%C scaffold. Cell morphology was investigated by scanning 
electron microscopy (SEM). SEM micrographs illustrated higher cell density in the 
SF/2%C scaffolds than that in the SF/1%C scaffolds. These results suggested that the 
blended SF scaffold with a high concentration of collagen showed a high potential for 
biomaterial application. 
 

© 2022 School of Agro-Industry Mae Fah Luang University. All rights reserved.    

INTRODUCTION 

Silk fibroin (SF) is a nature polymer which is the main 

component of silkworm cocoon. It can be readily purified in large 

quantities from the cocoons of the cultivated silkworm (Bombyx 
mori) (Gregory et al., 2003). It is a protein mainly comprised of 

amino acids glycine, alanine, and serine that form crystalline β-

sheets in silk fibers, leading to the unique mechanical properties 

and hydrophobic domain structure (Waree et al., 2011). SF is a 
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suitable biomaterial for both in vivo and in vitro in different 

formats, such as fibers, membranes, particles, hydrogels and three-

dimensional (3-D) scaffolds, due to its outstanding tunable 

degradability, mechanical performance, fabrication versatility, and 

biocompatibility (Gregory et al., 2003; Chris et al., 2018). SF 
biomaterials can apply for tissue engineering applications aimed to 

deliver and recruit (endogenous) cells. Therefore, these silk 

constructs must be able to provide cells with the necessary physical 

and biological cues to achieve the desired function (Chris et al., 

2018).   

During the past decade, many cornea tissue engineering 
researches has been focused on the scaffolds with good 

biocompatibility, high safety and good biomechanical properties. 

However, the limitation of SF on the scaffold component is its 

bioinertness that can delay an early adhesion of cultured cells and 

reduce the number of growing cells (Waree et al., 2011). An 

addition of inductive materials which can be recognized by cells, 
such as gelatin (G) or collagen (C), can improve the bioactivities of 

the final products. Gelatin (G) is a partially hydrolyzed product of 

collagen which its bioactivities act as a recognitive binding site for 

cell-matrix interactions (Anongnart et al., 2021). Collagen (C), one 

of the major components of the extracellular matrix, has been 

reported that it could produce scaffolds with high porosity and 
enhance the cell attachment (Amanda R et al., 2009; Linan et al., 

2013; Eun Young  et al., 2015). It is a biodegradable natural protein 

with low antigenicity (Waree et al., 2011). 

In our previous study, we successfully developed 3-D scaffolds 

prepared from SF, SF/C and SF/G using a freeze-drying 

technique. The results showed that the SF/C scaffold provided 
more favorable environment of corneal epithelium cell which 

promoted cell proliferation than SF and SF/G scaffolds. Here, the 

effects of collagen concentration (1 and 2 %w/w) on physical 

properties and human corneal cell proliferation were observed. 

 

MATERIALS AND METHODS 

Material 

Degummed Bombyx mori silk yarns were purchased from 

Chul Thai-Silk Co., LTD, Phetchabun, Thailand. Bovine collagen 
was purchased from Sigma Chamical (St. Louis, MO, USA). 

Keratinocyte serum-free medium (K-SFM), bovine pituitary 

extract, recombinant human epidermal growth factor (EGF), and 

Gibco antibiotic-antimycotic (100X) were purchased from 

Invitrogen (California, USA). Hydrocortisone solution, human 

insulin solution, bovine serum albumin (BSA), bovine collagen 
type I, and human fibronectin were obtained from Sigma-Aldrich 

(Steinheim, Germany). 

Silk fibroin blend scaffolds fabrication 

Bombyx mori silk fibroin was prepared as described by 
Tiyaboonchai et al., but with some modifications (Waree et al., 
2011). Degummed Bombyx mori silk yarns was heated at 85-90 °C 
in a mixed solution of CaCl2:H2O:EtOH at 1:8:2 mole ration until 
the solution became gel-like. Then, the silk fibroin solution was 
dialyzed in DI water (10L) for 73-120 h within the snakeskin 
dialysis tube (10,000 MWCO, Thermo  Fisher Scientific, USA) to 
remove the salts. Then, the silk fibroin gel was kept at −20°C 

overnight prior to freeze-dried (FreeZone Plus6, Labconco, USA) 
and kept in sealed plastic bag at controlled humidity until used.  

Three dimensional scaffolds of 2%SF/1%C and 2%SF/2%C 
were prepared using a freeze-drying technique as described by 
Tiyaboonchai et al., but with some modifications (Waree et al., 
2011). SF solutions were prepared from 2% w/v SF aqueous 
solution. The 1 and 2 % w/v C solution was prepared by dissolving 
collagen in 5% v/v acetic acid at 4°C and left overnight before use. 
Then, the SF and C solutions were mixed at the volume ratio of 
75:25 with mild stirring for 20 min. Finally, the resulting solutions, 
2%SF/1%C and 2%SF/2%C, were transferred into 12 well plate 
and kept at −20°C overnight prior to lyophilization. Scaffolds were 
punched by skin biopsy punch to attain circular- shaped scaffolds 
with 6 mm diameter and 2 mm thickness. Then the scaffolds were 
treated with methanol for 30 min and evaporate at room 
temperature. The sterilization of the scaffolds was conducted by 
autoclaving method, the scaffolds were heated to 120 ◦C (at a 
pressure of 0.11 MPa for 20 min) in ion-exchanged water using an 
autoclave (TOMY, Tokyo, Japan). 

Physical characterization of the silk fibroin blend scaffolds   

The morphology of porous 3-D scaffolds was investigated 

using a scanning electron microscopy and energy dispersive X-ray 

spectrometer (SEM-EDS, JSM-IT300LV, JEOL Ltd., Tokyo, 

Japan). The mean pore diameter of the scaffolds was determined 

by randomly measuring at least 30 pores from the SEM-EDS 
micrographs using an image analysis program called “ImageJ” 

(Java image processing program, downloaded from 

http://rsb.info.nih.gov/ij/index.html). The porosity of the 

prepared scaffolds was determined using liquid displacement 

method (Waree et al., 2011). To determine the swelling property, 

the scaffolds were immersed in distilled water for 24 h and the 
percentage water uptake was calculated from wet and dry weight of 

these scaffolds (Anongnart et al., 2021). Degradability of the 

scaffolds was conducted in cell culture medium to mimic cell 

culture conditions. The samples (average weight = 5.0 ± 0.1 mg, n 

= 3) were incubated at 37 ◦C in humidified air with 5% CO2, before 

collecting, washing with DI water and freeze-drying. Subsequently, 
the weight of the remaining samples was measured and compared 

to their initial weight to calculate the weight loss percentage. 

Corneal epithelium cell culture in the silk fibroin blend 
scaffolds   

Human corneal epithelial cells (HCE-2) were purchased from 
ATCC (VA, USA). Until seeding, HCEs were cultured in 
keratinocyte serum-free medium (KSFM, Gibco, USA) with 50 
µg/mL bovine pituitary extract (BPE), 5 ng/mL EGF, 0.005 
mg/mL insulin and 1% penicillin/streptomycin, according to 
manufacturer’s specifications. The coating solution was prepared 
from 0.01 mg/mL fibronectin, 0.03 mg/mL collagen and 0.01 
mg/mL bovine serum albumin (BSA) for coating 96-well plate. All 
cells were cultured at 37°C with 5% CO2 in humid conditions. A 
single cell suspension at a density of 2×104 cells/well were seeded 
on 2%SF/1%C and 2%SF/2%C scaffolds and cultured for 7 days. 
Culture media was changed every 2 days.  

Cell viability and proliferation studies 

The proliferation activity of the cells was quantitatively 
determined at 0, 3, 5, and 7 days by using a MTT assay. Briefly, 
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each well contained the cells to be tested with a cultured medium 
or rinsing solution removed. Then, 100 μL MTT solution (1 
mg/mL in serum-free medium) was added to each well and the 
plates were incubated at 37 °C for 3 h. During the incubation, the 
active enzymes of the viable cells transformed the yellow MTT into 
purple formazan crystals. The top medium was then removed, and 
isopropanol was added to each well to dissolve the formazan 
crystals. The optical density (OD) value of absorbance at 570 nm 
was measured by a microplate reader (Tecan, Switzerland).  

SEM examination of cell seeded scaffolds 

After 7 days in culture, the scaffolds with attached cells were 
rinsed twice with 0.01 PBS (pH 7.4), fixed with 3% glutaraldehyde 
in PBS for 3 h and then rinsed twice with PBS for 10 min. The 
samples were dehydrated through graded ethanol solutions and air-
dried overnight at room temperature. The scaffolds were then 
mounted on aluminum stubs, vacuum sputter-coated with gold-
palladium and examined under a scanning electron microscopy 
and energy dispersive X-ray spectrometer (SEM-EDS, JSM-
IT300LV, JEOL Ltd., Tokyo, Japan).  

Statistical analysis 

All data were expressed as mean ± standard error (Mean ± SE) 

of triplicated determination. The significance of difference was 

used to compare mean (p<0.05). One-way ANOVA followed by 
Tukey’s Honestly Significant Difference were tested in all 

experiments. 

RESULTS AND DISCUSSION 

Physical characterization of the silk fibroin blend scaffolds   

The 3-D scaffolds prepared from 2%SF/1%C and 2%SF/2%C 

provided a sponge-like structure with highly interconnected pores 

as shown in Figure 1. Both scaffolds, exhibited a thicker pore wall 

than SF scaffold. Mean pore size, porosity and water uptake of 

different scaffolds are presented in Table 1. Mean pore size of 
2%SF/1%C and 2%SF/2%C were 124.37 ± 20.74 and 100.87 ± 

7.71 µm, respectively. Both scaffolds showed high water uptake of 

~ 90 %. Degradability of the scaffolds was conducted in the cell 

culture medium using the same conditions as for cell culture. The 

scaffolds retained their weight for 14 days which suggested that the 

scaffolds were stable in cell culture medium up to 14 days (data not 

shown). The sterilization technique is one of critical effect on the 

physical and biological properties of the scaffold (Tomoko et al., 
2020). In this study, the scaffolds were autoclaved at 120 ◦C for 20 

min. Uniform porous structures were observed in after autoclaving, 

indicating that sterilization by autoclaving technique did not result 

in a morphological. 

In vitro cell viability and proliferation studies 

Cell proliferation of SF/1%C and SF/2%C scaffolds in co-
culture with human corneal epithelial cells (HCE-2) was measured 
using MTT assay, Figure 2. The obtained percentage of 
proliferation indicates the metabolic activity of proliferating cells. 
The percentage of proliferation in SF/1%C was lower than 
SF/2%C scaffolds. For SF/1%C scaffold, the percentage of HCE-
2 proliferation was 113%, 148% and 179% at 3, 5 and 7 days, 
respectively. And there were significant differences in the 
proliferation of HCE-2 at each day activity was measured. The 
HCE-2 proliferation (%)  of SF/2%C scaffold showed 131%, 165% 
and 204% at 3, 5 and 7 days. The SF/2%C scaffold showed high 
proliferation activity (204%) at day 7. Our previous study reported 
that the blended scaffolds with collagen or gelatin provided a more 
favorable environment for HEC-2 attachment and proliferation 
than that of SF scaffold and tissue culture plastic. As suggested by 
Harkin et al., attachment of human corneal epithelial cell line to 
silk fibroin film in the presence of serum is comparable to that seen 
on denuded amniotic membrane, a popular choice of substrate for 
transplanting cultured epithelial cells to the ocular surface (Damien 
G et al., 2011). There were significant differences in the 
proliferation of HCE-2 between the SF/1%C and SF/2%C 
scaffolds. The SF/2%C scaffold showed higher proliferation 
activity than SF/1%C scaffold in HCE-2. Results from MTT assay 
indicated that the scaffolds containing 2% w/v collagen (SF/2%C) 
provided a more favorable environment for HECs attachment and 
proliferation than that of lower percentage collagen blended within 
scaffold (scaffolds containing 1% w/v collagen, SF/1%C). 
Previous study reported that autoclaved scaffolds promoted faster 
proliferation than other sterilized scaffolds such as exposure to 
gamma or UV radiation (Jelena et al., 2015). These can be 
suggested that the autoclaving method did not result in a biological 
property, this could be promoted cell proliferation of HEC-2 for 1 
to 7 days after seeding (Tomoko et al., 2020; Jelena et al., 2015).  

 
 
Table 1. Mean pore size, porosity and water uptake of silk fibroin and silk fibroin blend scaffolds  

Formulation Mean pore size (µm) ± SD Porosity (%) ± SD Water uptake (%) ± SD 

2%SF/1%C 124.37 ± 20.74 71.95 ± 0.72 86.81 ± 0.31 

2%SF/2%C 100.87 ± 7.71 74.15 ± 1.64 88.45 ± 0.97 
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Figure 1. SEM-EDS micrographs of scaffolds after freeze-drying, methanol treatment, and autoclaved; (A) 2%SF/1%C, (B) 2%SF/2%C at a 
magnification of 100X; (C) 2%SF/1%C, (D) 2%SF/2%C at a magnification of 1000X.  Scale bar = 100 µm. 
 

 

 
Figure 2. Proliferation activity (%) of SF/1%C and SF/2%C 
scaffolds in co-culture with HCE-2 at 3, 5 and 7 days.  

 

Cell morphology and growth in the silk fibroin blend 
scaffolds    

 

The morphology and distribution of HEC-2 on the surface and 

in the inner zone of the scaffolds after cultivation for 7 days were 

illustrated in Figure 3. Similarly with the proliferation study, the 

2%SF/2%C scaffold was more highly populated with HEC-2 cells 

than the 2%SF/1%C scaffold in both of surface and inner zone. As 
suggested with previous study, collagen is the main structural 

protein of most hard and soft tissues in animals and the human 

body, which plays an important role in maintaining the biological 

and structural integrity of the ECM and provides physical support 

to tissues (Tomoko et al., 2020; Chanjuan et al., 2016). Moreover, 

cell migration is known to heavily depend on the structure and 
properties of the extracellular matrix (ECM) (Tomoko et al., 2020). 

These results suggested that high concentration of collagen type I 

in the blended scaffold induced higher cellular distributing and 
growth.  

 

 

Figure 3. SEM-EDS micrographs of scaffolds cultured with HEC-
2 cells for 7 days; (A) 2%SF/1%C, (C) 2%SF/2%C at a 
magnification of 100X; (B) 2%SF/1%C, (D) 2%SF/2%C at a 
magnification of 500X. Black arrows indicate human corneal 
epithelial cells.  

CONCLUSIONS 

The influences of collagen concentration (1 and 2 %w/w) on 

physical properties and cell proliferation of the silk fibroin blend 

scaffolds were investigated. There was no significant difference 
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between formulations in the physical properties. However, there 

were significant differences in the proliferation of HCE-2 between 

the SF/1%C and SF/2%C scaffolds. These results suggested that 

the scaffold with a high concentration of collagen showed higher 

HEC-2 proliferation activity than low concentration of collagen. In 
addition, high concentration of collagen in the blended scaffold 

induced higher cellular distributing and growth on the surface and 

inner zone.  This study demonstrated that the optimal formulation 

of scaffolds exhibits a higher potential for enhancing cell mobility 

and the production of extracellular matrix than do fibroin or 

collagen alone, resulting in more favorable environment for corneal 

epithelial cell proliferation.   
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