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The aim of the investigation was to study the biological and mechanical properties of silk fibroin films and composite silk fibroin films 
containing 30% collagen by weight.

Materials and Methods. All films were prepared by casting method using water and formic acid as solvents. Scanning electron microscopy 
and atomic force microscopy were applied. Human hepatoblastoma cell line Hep-g2 was used to test film compatibility.

Results. We studied surface roughness degree of the obtained films. Water-based films were found to have permeability for low molecular 
weight substances. Tensile strength and elasticity indices were measured for all types of films. Collagen added to film composition was revealed 
to have no significant effect on tensile strength, though it increased film elasticity. We studied the degradation of films. Collagen was shown to 
have no significant impact on film degradation rate both in phosphate-buffer saline and oxidizing media. We demonstrated with an example of 
cell line Hep-g2 that water-based films exhibit higher proliferative activity.

Conclusion. Silk fibroin water solution has the best properties to develop films for tissue engineering.
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The lack of donor organs for transplantations is one of 
urgent problems. Artificial organs containing matrix and 
cellular components can solve the problem.

Functional activity of the created product depends on 
proliferative activity of the cell it contains. However, the 
choice of the material used for a scaffold of an artificial 
organ is of great importance, too. The material is to 
simulate the properties of native extracellular matrix and 
perform its functions: determine physical properties of 
tissues, provide cell adhesion, proliferation, differentiation 
and migration. Currently, both synthetic materials and 
naturally occurring materials are considered for this 
purpose [1–3].

One of universal materials used as a scaffold 
component is silk fibroin of silkworm Bombyx mori. 

Fibroin refers to fibrillar proteins and is characterized 
by a great number of repetitions in its primary structure. 
such structure causes homogeneity of fibroin secondary 
structure presenting antiparallel β-layers with hydrogen 
bonds. Amorphous protein parts form α-helixes, their 
proportion increasing in protein hydration. In tertiary 
structure of fibroin there are two chains: a heavy chain 
with molecular weight of 390 kDa and a light chain, 
26 kDa, their ratio being 1:1, the chains having disulphide 
bonds [4]. Changing a part of β-layers in the structure 
one can control mechanical properties of a product and 
biodegradation rate [5]. slow silk fibroin biodegradation 
can be an advantage when used in tissue engineering 
in cases when a long period of time is required for cell 
proliferation and differentiation in an implant [6].
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Fibroin structure has a great number of free 
chemical groups, which can be modified or used to 
create conjugates with other compounds [7], as well as 
composite materials with advanced properties [8, 9].

Thus, fibroin exhibits properties permitting to use it 
for fabricating different products: coatings, films, tubes, 
porous matrices, micro- and nanoparticles, gels, and 
use it in tissue engineering as an independent material, 
and a part of composites.

The aim of the investigation was to study the 
mechanical and biological properties of silk fibroin 
(silkworm B. mori) films and composite silk fibroin films 
containing 30% collagen using different solvents.

Materials and Methods
Silk fibroin preparation. silk fibroin was taken from 

silkworm B. mori cocoon. During the first stage cocoons 
were cleaned from sericine. 1 g of cocoons was water-
bath boiled in 500 ml bidistilled water, with 1,260 mg 
sodium carbonate added, for 40 min followed by washing 
in 3,600 ml distilled water, boiling in 500 ml bidistilled 
water for 30 min, and washing in 3,600 ml distilled water. 
The last procedure was repeated 3 times. Prepared silk 
fibroin was dried at room temperature.

Silk fibroin water solution preparation. To prepare 
water fibroin solution, to 130 mg of washed silk we 
added the solution containing 389 mg CaCl2, 388 μl 
C2H5OH, and 544 μl H2O, per 1 ml solution. The mixture 
was water-bath heated for 5 h until silk fully dissolved. 
The solution obtained was centrifuged for 7 min at 
12,100 g. supernatant was dialyzed against 500 ml of 
bidistilled water, in total, there were 5 dialysis changes 
for 30 min. Fibroin solution was centrifuged for 7 min 
at 12,100 g, fibroin concentration being determined 
spectrophotometrically at wavelength 280 nm, molar 
extinction coefficient being 473,480 М–1cm–1 that 
corresponds to a theoretically calculated extinction 
coefficient according to amino acid sequence of silk 
fibroin heavy chain (UniProt No.P05790).

Water collagen solution preparation. Collagen solution 
in acetic acid was obtained from rat tails. solution was 
centrifuged [10] within 20 min at 5,000 g. supernatant 
was dialyzed against a liter of bidistilled water at room 
temperature, there were 5 dialysis changes every hour. 
The concentration of the obtained solution was 9 mg/ml, 
the solution containing from 60 to 85% collagen, 60% 
accounting for type I collagen [11].

Preparation of silk fibroin solution in formic acid. 
A weighed portion of washed silk was dissolved in 
formic acid, in an amount of 20 mg/ml when water-bath 
heated to 40°С within 30 min. The obtained solution was 
centrifuged for 5 min at 12,100 g.

Fabrication of films made of silk fibroin and fibroin-
collagen composition. Casting technique was used to 
fabricate the films. To obtain a film, 1 cm in diameter, 
100 μl of solution was applied on the surface of polished 
teflon and dried within two days at room temperature. 
Total protein concentration in solution for film fabrication 

was 20 mg/ml, collagen content in composite films was 
30% by weight. Films were taken of teflon surface using 
scalpel following their incubation in 96% alcohol for 
15 min, and stored in 96% alcohol at 4°С.

Analysis of film structure by scanning electron 
microscopy. Film samples were fixed by glutaric 
dialdehyde, dehydrated by increasing ethanol 
concentrations, and put in acetone. Then the samples 
were dried in critical point of carbon dioxide (T=31°С, 
p=72.8 kg/cm2) using HCP-2 (Hitachi ltd., Japan). 
Dried samples were covered by a gold layer, 20 nm 
thick, inside argon atmosphere at ion current 6 mА 
and pressure 0.1 mm Hg using IB-3 Ion Coater (Eiko 
Engineering, Japan) followed by the analysis using 
scanning electron microscope Camscan s2 (Cambridge 
Instruments, Great Britain). microscope resolution is 
10 nm, operating voltage being 20 kV. Images were 
acquired using microCapture program.

Film surface analysis by atomic force microscopy. 
Film samples were bi-adhesive scotch taped. After 
drying a sample on scotch was placed on the platform 
of solver P47-PRO (NT-mDT, Russia) and scanned in 
a tapping mode, scanning frequency being 0.3–0.4 Hz 
and amplitude, 20–40 nm using a cantilever NsC15/Al 
Bs with resonance frequency 265–410 kHz and force 
constant 20–80 N/m (mikromasch, UsA). The scanned 
area was 11.324×11.324 μm. Nova program was used 
to capture images, process them, design sections and 
three-dimensional images. 

surface roughness was assessed using Nova 
program, by Roughness Analysis function, which enables 
to calculate mean roughness value in nanometers for 
one scanning line.

Film porosity assessment. The porosity of films was 
assessed by their permeability for two stains: bromphenol 
blue (m=691.9 g/mol) and trypan blue (М=872.88 g/mol). 
For this purpose, we applied 5 μl of solution on a wet 
film surface, and estimated visually the amount of stain 
passed through a film to filter paper per 1 min.

Analysis of mechanical properties of silk fibroin films. 
mechanical properties of films were studied using a 
tensile-testing machine Zwick/Roell BZ 2.5/TN1s (Zwick 
Roell, Germany). Film samples, 4 cm long and 5 mm 
width, were placed in the clips of the device. Preloading 
was 0.05 N. The samples were tested by tension at a 
speed 50 mm/min. Two parameters were measured: 
tensile strength, mPa, and elasticity or extension, in 
percentage of the original sample length. The obtained 
curves of tensile against extension were processed using 
a program TestXpert (Zwick Roell, Germany).

In vitro degradation test of films. We studied film 
degradation in accordance with GOsT 10993-13–2009 
“The study of a biological effect of medical products”. As 
an oxidizing reagent we used Fenton reagent containing 
100 μm FesO4 and 1 mm Н2О2. We changed oxidizing 
reagent solution every 3 days. Phosphate-buffered saline 
(PBs), pH=7.4, was used as a control. The samples 
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were incubated in tenfold solution volume, with weight 
being measured every 7 days for a 28 days.

The analysis of human hepatocarcinoma cell 
line Hep-G2 proliferative activity on films of different 
composition. To study proliferative activity, the films 
were fastened to the surface wall of a 96-well plate by 
means of 5% gelatin aqueous solution. Culture plastic 
was used as a control. Before test a plate was sterilized: 
it was treated with 70% alcohol for 30 min and ultraviolet 
within 30 min. sterile PBs was put into wells for 15 min, 
and then sterile 0.9% NaCl solution — for 30 min. 
Further, the plate walls were put 300 μl of incubation 
medium (DmEm) with added 20 mmol/ml HEPEs, 10% 
fetal calf serum, 40 μg/ml gentamicin, and incubated for 
15 min. Human hepatocarcinoma cell line suspension, 
with concentration 4.2·106 cell/ml in incubation medium 
was transferred in 96-well plates, 200 μl per a well. The 

cells were incubated in an incubator at 37°С, 5% CO2 for 
9 days.

Proliferative activity was assessed by МТТ assay on 
days 3, 6 and 9 of the experiment. For this purpose, each 
well was added 50 μl of 3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide followed by incubation in an 
incubator at 37°С, with 5% CO2 content, for 3–4 h until 
precipitation of formazan crystals. Then the plate was 
centrifuged within 5 min at 1,500 rpm. supernatant was 
removed; formazan recipitate was dissolved in DmsO, 
optical density of the solution being measured at 540 nm 
wavelength.

Data processing. The data were statistically processed 
using variance analysis, the significance level was equal 
to p=0.05.

Results and Discussion. For the first time ever we 
compared the biological and mechanical properties of 

films fabricated using different solvents. We 
obtained 4 types of films based on silk fibroin 
of silkworm B. mori (Table 1). The films were 
transparent, 50 μm thick.

To improve biocompatibility of films, a 
composite supplement (collagen) was added to 
the product. Collagen was decided upon since 
it is the most common protein of extracellular 
matrix, and has in its structure RGD-sequence, to 
which the receptors on cell membrane are affine.

T a b l e  1

The composition of B. mori silkworm fibroin based film samples

Film 
samples

sample composition

1 Fibroin water solution 

2 Fibroin water solution containing 30% collagen by weight

3 Fibroin solution in formic acid

4 Fibroin solution in formic acid containing 30% collagen by weight

Figure 1. scanning electron microscopic images of film surface. The films were fabricated by 
casting on the surface of polished teflon, and based on silk fibroin water solution (а), silk fibroin 
water solution with collagen (b), fibroin solution in formic acid (c), fibroin solution with collagen in 
formic acid (d)

а b

c d
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T a b l e  2

Data on mean surface roughness of films of different composition  
(standard deviation values are shown for six independent measurements)

Composition of films tested Mean surface roughness of films (nm)

Fibroin water solution 36.50±10.64

Fibroin water solution containing 30% collagen by weight 47.77±11.33

Fibroin solution in formic acid 81.86±12.10

Fibroin solution in formic acid containing 30% collagen by weight 78.76±13.44

T a b l e  3

Experimental results for the evaluation of permeability of films of different composition

Composition of films tested

stain used

bromphenol blue 
(M=691.9 Da)

Trypan blue  
(M=872.88 Da)

Fibroin water solution +++ +++

Fibroin water solution containing 30% collagen by weight +++ +

Fibroin solution in formic acid 0 0

Fibroin solution in formic acid containing 30% collagen by weight ++ 0

N o t e. 0: stain doesn’t pass through a film; + and ++: stain passes partially through a film; +++: 
stain passes completely through a film.

We studied film surface structure by scanning electron 
microscopy. Film surface was found to have micro- and 
nanorelief in the form of roughness (Figure 1).

Roughness determines cell adhesion, as well as 
it increases the surface area available for adhesion. 
substrate roughness appears to have an optimal 
level. A substrate is likely to have an optimal level of 
roughness, which is peculiar for different cell cultures [12]. 
Roughness was studied using atomic force microscopy. 
Roughness was 70–90 nm for films fabricated on the 
basis of polymers in formic acid, and 30–50 nm for those 
made of water polymer solution (Table 2). Collagen 
as part of film composition has no significant effect on 
roughness.

Qualitative analysis of film permeability showed 
water-based films to have better permeability compared 
to those based on polymers in formic acid (Table 3). 
Permeability characterizes the capability of a product 

T a b l e  4

Data on tensile strength and elasticity of films of different composition  
(standard deviation values are shown for five independent measurements)

Composition of film tested Tensile strength (MPa) Elasticity (%)

Fibroin water solution 5.22±1.95 80.25±20.52

Fibroin water solution containing 30% collagen 
by weight

 
1.38±0.12

 
73.0±8.49

Fibroin solution in formic acid 3.09±0.51 30.0±8.41

Fibroin solution in formic acid containing 30% 
collagen by weight

 
0.89±0.41

 
34.0±9.38

to let pass biologically active substances necessary for 
tissue proper development.

Products designed for regenerative surgery should 
be mechanically strong, since brittle and/or fragile 
appliances fail in implantation. Elasticity of the material 
used should comply with the elasticity of native tissue 
damaged. Films including collagen have significantly 
lower tensile strength indices than those made of silk 
fibroin solutions (Table 4). Collagen added to film 
composition has slight effect on film elasticity. In addition 
to high elasticity, silk fibroin films exhibits the highest 
mechanical strength.

We studied film degradation in two media: neutral and 
oxidizing. PBs was used as a neutral medium, since 
its composition is similar to body internal environment. 
Under such conditions the mass of samples changed in 
the range of 7% for 28 days. Fenton reagent was used 
as an oxidizing medium, since it simulates cell-mediated 
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response reactions on an implant due to hydroxyl radicals 
formed in the course of Fenton reaction and interactive 
with a sample. In oxidizing media the mass of samples 
decreased by 34% on average (Figure 2).

In oxidizing media, the degradation of films based 
on water fibroin solution with collagen added was 
accompanied by sharp deterioration of mechanical 
properties, and consequently, the product’s inability to 
hold shape, while other films held their shape by week 
4 of the experiment. The analysis of findings showed 
collagen to have no significant effect on film degradation 
rate both in neutral and oxidizing media.

Proliferative cell activity test was carried out on human 
hepatocarcinoma cell line Hep-G2. The cells of this line 
have integrin receptors [13] affine to RGD sequence, 
which is present in collagen structure.

silk fibroin compositions, as well as consisiting of its 
composites with collagen, gelatin, chitosan and other 
materials, are used in tissue engineering as matrix 
for culturing human hepatocarcinoma cells. Three-
dimensional porous matrix of silk fibroin with chitosan 
serves as an example [14]. Proliferative activity of Hep-G2 

cells on such matrices was comparable with positive 
control that makes it possible to consider it to be suitable 
for liver tissue engineering.

The highest proliferative cell activity was observed on 
silk fibroin films (Figure 3). It increased within the test 
on films based on water fibroin solution with collagen 
added, and was consistent with that of the cells on 
films made of aqueous silk fibroin. It can be due to 
the fact that collagen as a part of composite fails to 
provide proliferative activity growth due to cell receptor 
shielding by fibroin molecules of collagen RGD-
sequence. However, in literature there are still examples 
of successful use of collagen as a composite additive 
to improve proliferative activity of Hep-G2 culture cells, 
it being a part of both three-dimensional matrices [15], 
and films [16].

The lowest proliferative activity was observed on films 
based on polymer solutions in formic acid.

According to the findings we can conclude that 
silk fibroin water solution is the most appropriate for 
fabricating films with optimal properties for tissue 
engineering.

Conclusion. The study of the characteristics of 
regenerated silk fibroin films that can potentially have 
an impact on cell proliferative activity and possible 
application in tissue engineering (the following 
characteristics were chosen: permeability, surface 
roughness, mechanical properties, degradation rate, as 
well as the ability to provide adhesion and proliferation 
of eukaryotic cells) showed that water polymer based 
films are characterized by permeability for low molecular 
weight substances, high mechanical strength and 
elasticity. surface roughness was observed on all types 
of fabricated films and depends on a solvent used. All 
films were found to maintain proliferative activity of cells. 

Collagen added to a film composition appeared to have 
no effect on cell proliferative activity, though it changes 
mechanical properties of films.
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