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Introduction
Silks are natural proteinaceous materials, generally classified as 

fibrous proteins, which–in polymer terminology–shall be regarded 
as composites of assembled polypeptidic copolymer subunits. The 
silk produced by the larvae of the domesticated silk moth (Bombyx 
mori), the silkworm, has a long history of use by mankind, and is 
the most studied silk to date. B. mori silk consists of two major 
polypeptidic assemblies, known as fibroin (henceforth, BMSF) and 
sericin (BMSS), both isolable by physicochemical means. While 
BMSF has been extensively investigated as a biomaterial with 
applications in medicine,1–11 BMSS has been reluctantly accepted as 
a biomaterial on account of a putative allergenic activity. We have 
analyzed exhaustively the existing publications on this topic, and 
have concluded that this opinion was rather speculative and based 
on either misinterpreted or misquoted previously reported results;12 
our conclusion has not only exonerated sericin from potential 
cytopathologic effects, but also substantiated similar findings reported 
either previously or subsequently.13–22 Over the last decade, convincing 
evidence for sericin’s biocompatibility has triggered wide interest in 
its potential applications as a biomaterial.23–27

Transition of silk from a textile commodity into a biomedical 
material is a development that has commenced less than three decades 
ago. Today the field of the biomedical applications of silk proteins 
is vast, although the number of regulatory–approved silk–based 
medical products for use in a clinical setting is still below the initial 
expectations. Both fibroin and sericin, predominantly those produced 
by B. mori, have been investigated and evaluated as templates 
(scaffolds, membranes, coatings) for tissue repair or replacement 
(e.g. bone and cartilage tissue engineering, bladder reconstruction, 
hepatic tissue engineering, vascular grafts, nerve repair), drug or gene 

delivery, cell encapsulation and delivery, tissue adhesives, and wound 
dressing. The review articles cited above offer detailed accounts of the 
biomedical applications involving BMSF or BMSS.

Our research group was the first to assess the response to silk 
proteins of different cells and tissues of the eye.4,12,28–31 We have 
shown that the attachment of human corneal limbal epithelial cells 
to BMSS membranous templates was superior to the attachment to 
identical BMSF substrata.12 Mixing sericin with fibroin, each isolated 
as individual materials, was detrimental to the attachment of cells. 
However, while the membranes made of pure BMSS, or of BMSS 
blended with less than 10% BMSF, displayed enhanced cell–adhesive 
characteristics, their mechanical properties were inferior to BMSF, 
such precluding an optimal surgical handling of the cell–substratum 
constructs in tissue engineering applications. 

A limitation to the use of silk proteins is related to their isolation 
from silk cocoons. The methods to isolate fibroin and sericin from silk 
cocoons are generally based on differential solubility. Methods that 
do not require elevated temperatures include the dissolution of these 
proteins in organic solvents, or their salt–mediated solubilization. 
There are only a few organic solvents able to dissolve silk proteins; all 
being toxic or very toxic, they are seldom used. Concentrated aqueous 
solutions of lithium halides and a few other salts of alkaline and 
alkaline earth metals proved to be powerful solubilizing agents for 
both fibroin and sericin at ambient temperature. However, most of the 
current procedures, especially those aiming at separating BMSF from 
BMSS, involve temperatures in the vicinity of the boiling temperature 
of water. In these conditions, both proteins undergo significant 
hydrothermal degradation resulting in non–uniform mixtures of 
undefined polypeptides with molecular masses lower, or much lower, 
than the components of silk in their native state. We have shown32 
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Abstract

The silk produced by the domesticated silkworm (Bombyx mori) consists of two major 
polypeptidic components, fibroin and sericin. Both are used as biomaterial templates in 
tissue engineering applications, with variable success. While fibroin membranes are 
mechanically strong, they do not promote satisfactorily attachment and proliferation 
of cells. Sericin membranes display a precisely opposite behavior. In order to generate 
silk–based templates with optimal cell–adhesive properties and acceptable mechanical 
strength, we propose a method to manufacture fibroin/sericin blends in one single step, by 
processing the whole silk cocoons. The membranes prepared from these “native” blends 
were physically characterized in this study, and assessed as substrata for the growth of 
retinal photoreceptor cells. The antioxidant effect putatively inducible by sericin was also 
evaluated. The blend membranes were found to be mechanically stronger than the fibroin 
membranes and led to significant enhancement of cell proliferation. Our method also 
prevented the advanced hydrothermal degradation of fibroin and sericin during processing. 
The membranes displayed both excellent transparency and suitable water content. 
However, their permeability was low, and no antioxidative activity related to the presence 
of sericin was detected when oxidative stress was induced in the cell cultures. The method 
developed in this study provides silk–based membranes with improved characteristics for 
tissue engineering applications.

Keywords: Bombyx mori silk, fibroin, sericin, biomaterials, electrophoresis, FTIR 
analysis, cell proliferation, oxidative stress
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that the hydrothermally induced fragmentation of BMSS during the 
isolation procedure can be significantly reduced through the use of 
long–duration aqueous extraction at temperatures not surpassing 
50°C.

The aim of the study was to develop a method to create silk–based 
templates that combine the good cell–adhesive properties of sericin 
with the mechanical strength of fibroin, while also displaying minor 
alteration of the molecular mass size and distribution. For this purpose, 
we investigated the process of dissolving the whole silk cocoons 
in mild conditions in order to preserve the native quantitative ratio 
between BMSF and BMSS. Such compositions, which henceforth 
will be called “native blends”, were fashioned into membranes that 
were then characterized as potential biomaterial templates for tissue 
engineering applications. 

Materials and methods
Materials

B. mori cocoons, with the pupae removed, were supplied by 
Tajima Shoji Co. Ltd. (Yokohama, Japan). All chemical reagents were 
supplied by Sigma–Aldrich (St Louis, MO, USA). In all experiments, 
high–purity water (Milli–Q or equivalent) was used. Minisart®–GF 
pre–filters (0.7 µm) and Minisart® High–Flow filters (0.2 µm) were 
purchased from Sartorius Stedim Biotech (Göttingen, Germany). 
The dialysis tubes with a molecular–mass cut–off (MMCO) of 
12.4 kDa were supplied by Sigma–Aldrich. The olefin copolymer 
Topas® 8007S–04 was supplied by Advanced Polymers (Frankfurt, 
Germany). All cell culture reagents and supplements were purchased 
from Life Technologies (Mulgrave, Victoria, Australia), except for the 
foetal bovine serum (FBS), which was supplied by Thermo Scientific 
(Rockford, IL, USA). Ethanol 70% v/v for sterilization was prepared 
from absolute ethanol purchased from Chem–Supply (Port Adelaide, 
South Australia, Australia). The 661W murine retinal photoreceptor 
line has originated in Professor Muayyad Al–Ubaidi’s laboratories 
(University of Oklahoma), and was kindly provided to us by Dr. 
Krisztina Valter–Kocsi (Australian National University, Canberra).

Isolation of BMSF and preparation of BMSF 
membranes 

Solutions of BMSF were prepared according to a slightly modified 
protocol previously reported.28 Briefly, the sericin component was 
removed by boiling the cocoons in an aqueous solution of sodium 
carbonate (the “degumming” stage), followed by washings, drying, 
dissolution in concentrated lithium bromide, filtering, and dialysis. 
The concentration of solutions was adjusted to approximately 1.8% 
w/w (checked gravimetrically), and membranes were cast from 
these solutions. In order to water–anneal the membranes, the dishes 
containing dried membranes were then placed in a vacuum enclosure 
together with a container filled with water. A vacuum of −80 kPa 
was applied and the materials were maintained under vacuum, at 
room temperature, for 24 h. After the treatment, the thickness of the 
membranes was around 10 µm. 

Preparation of the native blend BMSF/BMSS solutions 
and membranes 

The silk cocoons were dissolved in a concentrated buffered lithium 
bromide (LiBr) solution (pH 9). Published protocols,33,34 have been 
followed with some modifications. Cut cocoons (1.5 g) were soaked 
in 70% ethanol (3.75 mL, or 1/20 of the final volume designated to be 
75 mL) for 5 min. It was asserted34 that this operation enhanced the 

permeation of LiBr solution into the cocoon layers by reducing surface 
tension. Then, 71.25 mL of a solution of 9.5 M LiBr in 0.1 M Tris–
HCl buffer (pH 9) was added to bring up the final concentration of the 
cocoon material to 20 mg/mL, while also assuring a concentration of 
no less than 9 M LiBr in the final solution. The mixture was stirred 
either at room temperature, or at 50°C for 24 h, in order to obtain two 
different blends. The solutions were then centrifuged at 14,500 rpm 
for 10 min to remove the insoluble matter. Each resulting solution was 
placed in dialysis tubing with MMCO 12.4 kDa, and dialyzed against 
5 L of water for 3 days with 2 water exchanges/day. The solution 
was removed from the tube, centrifuged and collected in a container 
that was stored at 4°C until further use. Henceforward, the native 
blend processed at room temperature is codenamed as F/S#1, while 
that processed at 50°C is codenamed as F/S#2. The concentration 
of silk proteins in the two final solutions, after dialysis, was in the 
range of 0.8 to 0.9% w/w, as determined by gravimetric analysis. 
Free–standing membranes for further evaluation were cast in 5–cm 
diameter polymer (Topas®)–coated Petri dishes from a solution with a 
residual content of dry protein of 1.8 mg/cm2, while the wells of a 24–
well plate were coated with films resulting from a solution containing 
1.4 mg/cm2 dry protein content. After being subjected to water–
annealing, as described in the previous section, the membranes were 
peeled from the supporting surfaces and used in further experiments. 
Their thickness was approximately 10 µm. The amounts of dissolved 
silk proteins in LiBr solutions were quantified using the bicinchoninic 
acid (BCA) assay. A Micro BCA protein assay kit supplied by Thermo 
Scientific (Rockford, IL, USA) was employed and the manufacturer’s 
protocol was followed strictly. After centrifugation, the solutions were 
diluted 1000 times with water. As standard samples for the calibration 
curve, BMSF solution (3%), diluted with 9.5 mM LiBr, was employed 
after adjusting the concentration to various values within the range 0.5 
to 200 µg/mL. 

Gel–electrophoretic analysis of BMSF/BMSS native 
blends

The distribution and size of the molecular mass in the native blends 
F/S#1 and F/S#2, and in BMSF (for a comparison), were investigated 
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE), using a Novex® XCell Sure Lock™ Mini–Cell system (Life 
Technologies Inc., Carlsbad CA, USA), with an EPS–250 Series II 
Power Supply unit (CBS Scientific Co. Inc., San Diego, CA, USA). 
The protocol detailed in a previous report32 was followed in all aspects.

Analysis by FTIR–ATR spectrometry

The Fourier–transform infrared spectra of the F/S#1 and F/S#2 
blends and of BMSF were collected and recorded in a Nicolet Nexus 
5700 FTIR spectrometer (Thermo Electron Corp., Marietta, OH, 
USA), equipped with the Nicolet Smart Endurance diamond attenuated 
total reflectance accessory (ATR). The spectra were processed by the 
co–addition of 64 scans in the range 4000 to 525 cm−1, at a resolution 
of 8 cm−1. The OMNIC 7 (Thermo Electron Corp.) software package 
was employed for recording and analyzing the spectra.

Physical characterization of BMSF/BMSS native blends 
as biomaterials

Transparency: As the transparency of cell–biomaterial constructs 
is generally relevant to clinical applications in ophthalmology, the 
light transmission of the membranes (F/S#1, F/S#2 and BMSF) 
was measured at a wavelength of 550 nm using the microplate 
spectrometer AC200D (Paradigm Absorbance Detection, Beckman 
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Coulter, Brea, CA, USA). The membranes were cut into 6–mm 
diameter discs and placed in the wells of a 96–well plate; 200 µL 
of phosphate buffered saline (PBS) was added to each well, and the 
plate was kept at room temperature for 1 h. The transmission of 550–
nm visible radiation through the membranes was measured at room 
temperature, on triplicate samples, and the control background was 
defined by PBS alone.

Microscopic morphology: Microstructural features seen through 
the bulk of the F/S#1, F/S#2 and BMSF, as dried membranes, were 
examined on a bright–field Nikon Eclipse® TS100 microscope (Nikon 
Corp., Tokyo, Japan), equipped with a Nikon Digital Sight camera, 
and using the NIS Elements® F4.00.00 software.

Permeability: The permeability of all membranes was examined in 
a horizontal diffusion cell, consisting of 2 stirred reservoirs linked 
through a 19–mm diameter tube, and employing a red azo dye, 
disodium 6–hydroxy–5–[(2–methoxy–5–methyl–4–sulfonatopheny)
diazenyl]naphthalene–2–sulfonate, known as Allura Red AC, as a 
test molecule (molar mass 496.42 g/mol), according to a previously 
established protocol.35 Briefly, the membrane was clamped watertight 
across the cross–section of the tube, and one chamber was filled 
with a PBS–buffered solution of Allura Red AC, and the other with 
PBS only. Samples (100µL) were periodically withdrawn from the 
chamber filled with PBS only, and the absorbance at 504nm was 
measured using the microplate spectrophotometer Beckman Coulter 
AC200D to determine the concentration of Allura Red AC and then to 
calculate its permeability coefficients. The coefficients are reported as 
results of triplicate measurements.

Equilibrium water content: Membrane samples (about 1 cm2 in 
area) were soaked in water at 37°C for 1 h and weighed following 
removal of excess surface water by blotting with tissue paper. The 
samples were dried in an oven at 90 °C overnight, and weighed again 
to record their dry weights. The equilibrium water content (EWC), as 
weight percentage, was calculated using Equation (1), where Wwet and 
Wdry are the weights of hydrated and dried same sample, respectively.

( ) ( )wet dry

wet

W W
100

W
−

= ×EWC %                                                         (1)

The values are reported as results of 6 measurements for each 
sample. 

Mechanical testing: Strips (1 x 3 cm) cut out from each of the 
membranes were subjected to tensile measurements using an Instron 
Materials Testing System, Model 5943 (Instron, Norwood, MA), 
equipped with a 50–N load cell, at a crosshead speed of 14 mm/min. 
The strips were loaded by pneumatic grips, which were set to a gauge 
distance of 14 mm, and soaked in PBS buffer (pre–heated to 37 ± 3°C) 
in a BioPuls™ unit for 5 min prior to stretching. Stress–strain plots 
were recorded and Young’s modulus was determined from the slope 
of the linear region of the curve. The mean values were calculated 
from six measurements for each membrane. 

Cell proliferation and oxidative stress assays

The 661W retinal photoreceptor cells were initially established 
in T75 tissue culture flasks in Dulbecco modified Eagle’s medium 
(DMEM) supplemented with 10% FBS, 2 mM L–glutamine and 50 U/
ml penicillin/50 mg/ml streptomycin [36]. After harvesting, cells were 
seeded into 24–well plates pre–coated with silk protein membranes (6 
specimens for each membrane), at a density of 5,000 cells per well. 
Uncoated wells (tissue culture plastic, TCP) served as controls. Cells 

were allowed to adhere and proliferate for 24 h before reducing the 
serum concentration to 5% FBS and culturing for a further 5 days. 
The reduction of the blue dye resazurin assay was then applied to 
quantify cell viability. Briefly, 70 mM resazurin (7–hydroxy–10–
oxidophenoxazin–10–ium–3–one, known also as Alamar Blue) stock 
solutions were prepared in Hank’s balanced salt solution (HBSS), 
filter–sterilized (0.2–µm filter), and stored at −40°C until required. 
Prior to running the assay, the stock solution was diluted 1:100 in 
culture medium supplemented with 1% FBS, to achieve a 700 µM 
working solution. Exhausted media were aspirated, 1 mL of resazurin 
dye solution added to each well, and the cells incubated for 3 h at 
37°C. After that, the absorbance of each sample was measured at 570 
nm (for the reduced form) and 600 nm (for the oxidized form) in the 
Beckman Coulter AC200D microplate spectrophotometer. Equation 
(2) was used to convert absorbance readings to the percentage of the 
reduction of resazurin to resofurin.37

570 600

600 570

(117,216 A ) (80,586 A )% Reduction 100
(155,677 A' ) (14,652 A' )

× − ×
= ×

× − ×
          (2)

In this equation, 117,216 is the molar extinction coefficient of 
resazurin (oxidized form) at 600 nm; 80,586 is the molar extinction 
coefficient of resazurin at 570 nm; 14,652 is the molar extinction 
coefficient of resofurin (reduced form) at 600 nm; 155,677 is the molar 
extinction coefficient of resofurin at 570 nm; A600 is the absorbance of 
test wells at 600 nm; A570 is the absorbance of test wells at 570 nm; 
A’600 is the absorbance of negative control wells at 600 nm; and A’570 
is the absorbance of negative control wells at 570 nm.

Oxidative stress assays were conducted after 5 days of culture on 
each silk membrane (6 specimens for each membrane). Within each 
treatment group, 3 wells served as controls and 3 were treated with 
the pro–oxidant, tert–butyl hydroperoxide (tBuOOH). The cells were 
treated with either 300 µM of tBuOOH solution or 1% FBS vehicle 
control for 3 h. Following the stress–inducing treatment, the medium 
was removed and the cells washed briefly with Dulbecco’s phosphate 
buffered saline (DPBS) to remove all traces of oxidant. Resazurin 
assays were performed as described previously and the percent 
reduction calculated. The degree of oxidative induced stress/damage 
was determined by comparing stressed with non–stressed wells

The proliferation and oxidative stress assays were conducted in 
sextuplet or triplicate, respectively, for two series of experiments. 
Bright–field microscopy was used to visualize and photograph 5–day 
cell cultures on a Nikon Eclipse® TS100 microscope, equipped with 
a Nikon Digital Sight camera, and using the NIS Elements® F4.00.00 
software.

Statistic analysis

The results in this study were processed statistically using Version 
6.0 of the GraphPad Prism® software. For parametric tests (EWC, 
tensile testing and cell proliferation experiments), the one–way 
analysis of variance (ANOVA) in conjunction with Tukey–Kramer 
multiple comparisons was employed. Kruskal–Wallis test was used 
for nonparametric tests (transmittance and permeability).

Results and discussion
Molecular mass distribution

The BCA assay showed that the maximum solubility of total 
polypeptidic components in the LiBr solution, before dialysis, was 
87% when dissolution was carried out at room temperature, and 92% 
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when the cocoon material was dissolved at 50°C. The electrophoretic 
mobility of the polypeptidic components in the dialyzed solutions 
(BMSF, F/S#1, and F/S#2) was investigated by SDS–PAGE.

Figure 1 shows the distribution patterns presented by the three 
solutions. While BMSF, isolated in a process involving a higher 
temperature, revealed a smear pattern indicative of advanced 
hydrothermal degradation, the two native blend solutions showed 
considerably less degradation. Based on previously reported 
analyses,33,38,39 we identified two (or more) high molecular mass (over 
400 kDa) components belonging to sericin and fibroin (Figure 1). 
However, the sericin band in F/S#2 appears depleted, likely due to a 
higher processing temperature; indeed, we have shown previously32 
that even a temperature of 50°C can induce the hydrothermal 
degradation of sericin (Figure 2).

Figure 1 Electrophoretic patterns of BMSF, F/S#1 and F/S#2 solutions.

Effect of water annealing on the secondary structure 
of silk

In order to render the membranes insoluble, they were subjected 
to water annealing. The ‘Amide I’ region in the infrared spectra 
(approximately from 1590 to 1720 cm−1) was selected to monitor 
the formation of the insoluble antiparallel β–sheet crystalline 
conformation and the simultaneous reduction of the silk’s soluble 
regions consisting of random coil and α–helix conformations, both 
induced by the water–annealing process. In Figure 2, it can be seen 
that following water annealing, new absorption peaks characteristic to 
the β–sheet conformations were generated at the wavenumbers 1622 
and 1700 cm−1, while the absorption due to non–crystalline α–helix 
(at 1645 cm−1) and, in particular, random coil conformations (centered 
at 1636 cm−1) were dramatically reduced. Our findings confirm other 
previous results on the effect of water annealing on silk structure.40 In 

the F/S#1 and F/S#2 blends, a more emphatic predominance of the 
β–sheet crystalline region was observed as compared to BMSF, which 
has been reported41 for blends with high sericin contents. 

Figure 2 The Amide I region in the FTIR spectra of fibroin and native blend 
membranes before water annealing (A) and after water annealing (B).

Physical properties of the membranes

Transparency of membranes was evaluated by measuring the 
transmission of 550–nm–wavelength visible light. 

As seen in Figure 3, all membranes displayed superior transparency, 
significantly higher than that of the natural human cornea42,43 or of the 
amniotic membrane,44 currently the substratum most frequently used 
for the tissue–engineered repair of the ocular surface. Between them, 
BMSF showed higher transparency than F/S#1 or F/S#2. A reason 
for a decreased transparency of the blend membranes could be the 
presence of microscopic irregularities able to cause diffuse reflectance 
of the incident light, which would strongly suggest phase separation. 
Indeed, the microscopic examination of the bulk material in BMSF, 
F/S#1 and F/S#2 clearly indicated phase separation in the blends, 
while pure fibroin was relatively homogeneous (Figure 4).

The phase separation in the blends can be explained by the poor 
physical compatibility between fibroin and sericin, which has been first 
evidenced through differential scanning calorimetry and transmission 
electron microscopy,13 and it is likely one of the consequences of the 
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significant difference between the amino acid compositions of the two 
proteins. For instance, the contents of amino acids with polar side 
chains and of acidic amino acids in sericin are about three times, and 
respectively five times, higher than in fibroin.13 We shall recall that the 
blends of this study are “native” only in that they preserve the global 
quantitative ratio between fibroin and sericin, while–in reality–fibroin 
and sericin never mix intimately in the natural B. mori cocoons, where 
the fibroin filaments (the so–called “brins”) in each thread are coated 
and glued in pairs by sericin. Fibroin is produced in the posterior 
gland of the silkworm, but sericin is produced in the middle silk 
gland and builds up in three successive layers that envelop the fibroin 
filaments.45–47 It was suggested41 that the physical incompatibility 
between fibroin and sericin may be in fact the result of a natural 
evolutionary process where the ensuing phase separation prevents the 
solidification of fibroin prior to the spinning of silk thread from the 
silkworm’s middle silk gland. The level of phase separation in F/S#2 
appear to be higher than in F/S#1 (Figure 4), probably due to a higher 
level of degradative fragmentation during the processing of F/S#2, as 
suggested in Figure 1. In this study, other characteristics important 
for a biomaterial, such as the permeability and water content of the 

membranes, were also estimated. Permeability to an organic molecule 
with a molecular mass of about 0.5 kDa is shown in Figure 5.

Figure 3 Light transmittance of hydrated membranes at the wavelength of 
550 nm. The bars represent mean values ± s.d. resulting from three different 
measurements. * p < 0.05.

Figure 4 Light micrographs of the dried membranes.

Figure 5 Permeability of membranes to Allura Red AC. The bars represent 
mean values ± s.d. resulting from three separate measurements. * p < 0.05.

Both native blend membranes showed markedly less permeability 
than the fibroin membranes (Figure 5). The value for BMSF is similar 
to that reported by us elsewhere48 for a sample processed in slightly 
different conditions. It is difficult to explain why the permeability of 
F/S#2 is higher than that of F/S#1, unless it may be related to the 
phase separation. Suitable permeability of biomaterial templates 
has physiological significance both in the form of substrata for cell 
growth and as implants, allowing transport of nutrients, oxygen, waste 
products and cell–signalling molecules. The permeability of silk–

based membranes, as estimated in this study and as reported by others, 
is inferior to the natural cornea, sclera or conjunctiva.49

The equilibrium water content (EWC) of BMSF and of native 
blend membrane materials is shown in Figure 6, and the values are 
typical of the hydrogels used in biomedical applications. The trend 
of EWC increasing from fibroin towards the F/S blends is explained 
by a higher inherent hydrophilicity of sericin as compared to fibroin. 
The highest EWC as determined for F/S#2 may be related to the phase 
separation that can induce within the internal architecture of the gel 
pore–like pathways and local reservoirs for the penetration and storage 
of water. Evaluation of the tensile properties of membranes were made 
after the samples, as solid films, were stored in PBS for 5 min in the 
BioPulsTM unit attached to the mechanical tester. The samples were 
only partially hydrated, but a compromise was necessary as we found 
that the fully hydrated membrane were too weak to enable proper 
fixation within the pneumatic grips of the tester. The investigation 
of mechanical properties revealed unexpected results. In a previous 
report,12 we have shown that the mechanical characteristics (strength, 
stiffness, and elasticity) were very poor in membranes made from 
sericin, or from blends of sericin with fibroin, with the experimentally 
measured values being much lower than those for BMSF. Importantly, 
those particular blends were made by mixing variable proportions of 
solutions of BMSF and BMSS, each of them having been isolated 
independently by specific methods that involved processing at higher 
temperatures. The present study followed a different scenario. By 
processing the whole cocoons in mild conditions and without prior 
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individual isolation of BMSF or BMSS, the resulting “native” blends 
generated membranes with mechanical properties superior to those 
of BMSF, as shown in Figure 7. An explanation may tentatively be 
based on the more advanced hydrothermal degradation of BMSF 
when conventional procedures were employed for its isolation. 
When compared between them, the mechanical properties of F/S#2 
membranes are inferior to those of F/S#1 membranes, albeit they 
are still stronger than the BMSF membranes. We tentatively explain 
this by the higher water content and enhanced phase separation in 
F/S#2. To our knowledge, this finding is the first observation related 
to the advantage of obtaining stronger fibroin/sericin membranes by 
processing whole silk cocoons, rather than isolating in advance each 
protein component and subsequently mixing them. 

Figure 6 The equilibrium water content of fully hydrated membranes. The 
bars represent mean values ± s.d. resulting from six separate measurements. * 
p < 0.001 and ** p < 0.0001.

Cell proliferation and oxidative stress assays

The cells from a murine line (661W) of retinal photoreceptor 
cells were selected for assessing cell proliferation on the membranes 
produced in this study. The photoreceptor cells of the retina are of 
crucial importance for the visual processes in the eye, and they are 
particularly sensitive to damage from oxidative stress. As expected, 
the sericin’s presence in the F/S#1 and F/S#2 membranes induced a 
statistically significant enhancement of cell proliferation relative to 
the BMSF membrane (Figure 8), confirming our previous findings.12 
Here, the number of viable cells after 5 days in culture was expressed 
indirectly by the percentage reduction of resazurin to resorufin 
according to the Alamar Blue cell viability assay. The viable cells 
convert continuously resazurin to resofurin, therefore less percentage 
of reduction represents less viable cells. The advantage of the method 
is that the cells remain viable after the assay and can be subjected to 
further analysis.

 The microscopic examination of the proliferating cells (Figure 
9) confirms a satisfactory performance of the F/S#1 membrane as a 
substratum for growing cells, and also suggests phase separation as a 
possible reason for the poorer performance of the F/S#2 membrane. 
However, it is not known whether the fibroin/sericin ratio plays a 
role, if any, in the enhancement of cell attachment. Neither we know 
whether this ratio is close to the natural ratio in B. mori silk thread 
(approximately 70–75% fibroin to 25–30% sericin), as to determine 
this ratio was beyond the purpose of our study. Since some sericinoid 
peptides with low molecular mass can dissolve in water and be washed 
away during processing, we may expect that the ratio in the “native” 
blends may shift in favour of fibroin. 

Figure 7 Tensile characteristics of membranes: (A) Young’s modulus; (B) 
Ultimate tensile strength; (C) Elongation at break. The bars represent mean 
values± s.d. resulting from six separate measurements. * p < 0.05, ** p < 0.01 
and *** p < 0.0001.

Figure 8 Metabolic activity of murine photoreceptor cells (661W) on 
membranes after 5 days of culture. The bars represent percentages of 
resazurin reduced to resofurin as compared with the TCP control (assumed 
to correspond to 100% completion of the reduction process) as mean values 
± s.d. resulting from two assays with six separate measurements per assay. * 
p < 0.0001.
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Figure 9 Microscopic images of 661W cells grown on various membranes 
after 5 days of culture: (A) TCP control; (B) BMSF; (C) F/S#1; and (D) F/S#2.

Since we have previously demonstrated12 that the blend membranes 
made by mixing individually isolated BMSF and BMSS displayed 
poor cell attachment when BMSF was quantitatively predominant, 
the finding in our current study is rather intriguing. Improved cell 
adhesion may be, simply, a consequence of less degradation of the 
two polypeptidic assemblies, fibroin and sericin.

Our investigation of a potential antioxidant effect of the sericin, was 
prompted by a growing literature, albeit not always relevant, on the 
antioxidative, enzyme–inhibiting, or cytoprotective effects of sericin 
produced by various silkworm species. Sericin as such was reported 
as an antioxidant either in the form of a solid powder or in aqueous 
solutions.50–58 However, some investigators noticed such effects only 
in the extracts likely containing mainly non–sericinoid substances,59,60 
while others reported them both in sericin and in its extracts.61,62 As 
shown in Figure 10, the presence of sericin in the composition of the 
substrata does not have any effect upon the number of cells remaining 
viable after oxidative stress was applied to the cultures.

Figure 10 Viability of cells prior to and after the application of oxidative 
stress. Cells grown on membranes for 5 days were treated with a pro-oxidant 
(tert-butyl hydroperoxide), and the resazurin assay was performed before 
and after this treatment. Percent of resazurin that was reduced to resofurin, 
shown on y-axis, is directly related to the numbers of viable cells. The bars 
represent mean values ± s.d. resulting from two assays with three separate 
measurements in each. Percentage values in brackets along the x-axis indicate 
the drop in cells numbers as a consequence of oxidative stress induced by 
pro-oxidant.

The number of viable cells decreased by approximately the same 
amount in cultures grown on the BMSF, F/S#1 or F/S#2 membranes. 
The least depletion in cell numbers was actually on the TCP substrata 
(controls), where no external antioxidative protection was available 
beside the well–known cells’ own defense mechanisms, including 
damage removal and repair system, transient growth–arrest, transient 
adaptive responses, modulation of gene expression, and utilization 
of natural antioxidants (e.g. vitamins E and C, uric acid, glutathione, 
etc.).63 Although the same defense mechanisms would have been 
available to the cells growing on the sericin–containing membranes, 
our results show a decline in the prevention of cell death due to 
oxidative stress, and therefore cannot confirm an effective antioxidant 
activity attributable to sericin. 

Conclusions
The processing in mild conditions of whole silk cocoons affords 

fibroin/sericin blends from which membranes can be produced 
that display high transparency, improved mechanical properties, 
and enhanced cell proliferation. Compared to membranes made of 
fibroin alone, or resulting from blends of fibroin and sericin isolated 
individually prior to mixing, the membranes reported in this study 
suggest superior performance as biomaterial templates for tissue 
engineering applications. However, no antioxidant activity can be 
attributed to the presence of sericin.
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