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Abstract: Silk is a biodegradable natural polymer with low immunological rejection after transplantation. As well, silk
can be manufactured in various forms and adjusted to the thickness of several micrometers depending on the man-
ufacturing method. Silk shows high transparency in the form of film, high water and oxygen permeability. However, stud-
ies have cited some drawbacks of silk, such as inflammatory response due to presence of silk protein (sericin) and its
another disadvantage of silk requires a long period of time to decomposition after transplantation. In this study, silk films
with various degumming time (0, 20, 40 and 60 min) were fabricated in order to evaluate the effect of sericin in learns
of biocompatibility, inflammatory responses, etc. The experiments such as the contact angle, cell viability and inflam-
matory factor expression using RT-PCR were performed. Corneal endothelial cells were seeded on silk films and exam-
ined to evaluate the degree of adhesion in films, cell’s proliferation and specific mRNA expression. This study showed
degumming time of silk film fabrication which is a factor for growth of corneal endothelial cells.

Keywords: silk, sericine, film, degumming time, corneal endothelial cells.

Introduction bioresorbable, supporting cell growth and good mechanical

properties.* The fibroin is a structured protein and a fibrous

Silk is a natural protein composed of fibroin and sericin. Silk protein. The fibroin with B-sheet structure is useful for appli-
is a biodegradable natural polymer with the characteristics of cation to many biomedical and biotechnology as biomaterials

because of the ability of biodegradable, good mechanical

strength with little immune response.™® The sericin is a sticky
"To whom correspondence should be addressed.
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©2016 The Polymer Society of Korea. All rights reserved. damage, microbial decomposition and digestion of fibroin.’

protein that surrounds the fibroin fibers. The sericin protects
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Degumming is the pre-treatment process of obtaining only
fibroin fiber structure by removing the sericin.® According to
the related study of degumming, there was a change in the
characteristics of silk fibers such as molecular weight, vis-
cosity of the fibroin, packing density and tensile strength.” The
cause of these changes is molecular changes, bonding break-
age and structural changes due to the removal of sericin. In
addition, hydrophilic sericin reduces the efficiency of stress
transfer at the fiber-matrix composite formation and results in
the effect to prevent binding of polymer surface to reduce
mechanical properties of composite substantially.'®!!

Corneal transplantation is the most common transplant sur-
gery to replace a healthy donated cornea to improve vision
problems caused by a damaged cornea.'”"* However, corneal
transplantation has limitations due to the shortage of healthy
cornea that can be implanted.”” Therefore the development of
suitable scaffolds for regeneration of corneal endothelial cells
could be an alternative that overcomes the limitations of insuf-
ficient supply healthy donated cornea.'®'®

In this study, we prepared films by using silk with a unique
mechanical properties, and biocompatibility for regeneration of
corneal endothelium.'**° On the basis of reproduction of dam-
aged corneal endothelium to in vitro studies, we conducted to
evaluate the effect of different sericin contents to inflammation
and growth of corneal endothelial cells.”!

Experimental

Materials. Four types of silk fibroin from silkworm cocoons
(Kyebong Farm, Korea) were used: Different sericin contents
on degumming process, boiling time was varied with 20, 40
and 60 min. The cocoons were cut into small pieces and boiled
in 2 L of distilled water containing 0.02 M of Na,CO; (Showa
Chemical, Japan) to degumming treatments. 7 g of cocoons
were heated in a hot water bath for 20, 40 and 60 min, respec-
tively. Raw silk fibers were referred to as 0 min. Afterward
hot water treated fibers were washed with cold distilled water
and dried at 60 °C for 24 h. Dried silk fibroin was dissolved in
9.3 M LiBr (Kanto Chem., Japan) at 60 °C for 3 h. To remove
residual LiBr, the solution was dialyzed using dialysis tube
(SnakeSkin® Dialysis Tubing 3500 MWCO, Thermo Science,
USA) during 62 h. After dialyzation, the solution was lyo-
philized by freeze drying at -60 °C, 5 mTorr for 5 days. After
degumming, silk films were prepared using solvent evapo-
ration method. The 100 mg of silk was dissolved in 3 mL of
hexafluoroisopropanol (HFIP, Sigma, USA) at 60 °C for 3 h.

ZZH, A40¥ A2%, 201613

After all of the solution was poured into a glass dish (50 mm
in diameter), dried films were immersed in 99.5% methanol
(Samchun chemical, Korea) to make a semi-crystallized water-
insoluble film at room temperature for 1 h.*

Cell Culture. This study used NIH/3T3 (mouse embryo
fibroblast cell line, KCLB21658) (Korean Cell Line Bank,
Korea). The NIH/3T3 cells were cultured in RPMI 1640
(Rosewell Park Memorial Institute Medium) containing 10%
fetal bovine serum (FBS, Gibco, USA), and 1% antibiotics PS
(100 units/mL Penicillin and 100 pg/mL streptomycin).>* The
RAW 264.7 cells (Mouse leukaemic monocyte macrophage
cell line, KCLB40071) (Korean Cell Line Bank, Korea) were
cultured in DMEM (Dulbecco’s Modified Eagle Medium,
High Glucose, Gibco) containing 10% fetal bovine serum
(FBS, Gibco, USA), and 1% antibiotics (100 units/mL Pen-
icillin and 100 pg/mL streptomycin).* Corneal endothelial
cells (rCEnCs) were collected from a New Zealand white rab-
bit (4 weeks old female, Hanil LabAnimal Co., Seoul, Korea).
Rabbit eyeballs were extracted, then washed with PBS 1X
containing 1.5% PS. After gaining cut cornea from eyeballs,
Descemet’s membrane (DM) with corneal endothelium was
digested with 0.3% collagenase type A (Roche) for 1 day.
Then, cells were cultured in EGM-2 (Endothelial Cell Growth
Medium, Lonza, USA) with 10% FBS containing 1% PS.”
The medium was changed every 3 days and all cells were cul-
tured in an incubator at 37 °C with 5% CO, conditions.

Scanning Electron Microscopy (SEM). In order to observe
the morphology of silk fibers and surface of films with various
contents of sericin, scanning electron microscopy measure-
ment (SEM; Hitachi Co. Model S-2250N, Japan) was carried
out. Films were gold coated using plasma sputter (Emscope,
SC500L, UK) under argon gas.

Optical Transparency Test. Transparency of silk fibroin
films was evaluated by visual observation and spectrum anal-
ysis using a SYNERGY Mx spectrophotometer (BioTek®,
USA) at a wavelength range from 380 to 780 nm. Samples of
transparency were prepared without/with cells on films and
measured.”

Fourier Transformed Infrared Spectroscopy (FTIR).
The physicochemical characterization of silk films was eval-
uated by Fourier transformed infrared spectroscopy (Perkin
Elmer, USA). The samples were analyzed in the spectra range
of wave numbers from 500 to 4000 cm™.

Contact Angle Measurement. To evaluate wettability of
fabricated silk films, contact angle expressed from 2 pL water
droplet volume on random area of specimens was measured by
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contact angle goniometer (CAM-PLUS, Chemlnstrument,
USA) at 0, 1, 2, 3, 4 and 5 min. Average of measured value
was used.

Measurement of Cell Viability. Viability were observed by
MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium-
bromide, Sigma) assay. The cells were seeded on 24-well plate
at a density of 1x10* cells/plate. 1, 3, and 5 days after the
medium of all samples were removed and 100 uL of MTT
solution was added to samples for 4 h at 37 °C, 5% of CO,.
The samples were dissolved in 1 mL of dimethylsulfoxide
(DMSO, Sigma) until the violet-color crystal was totally dis-
solved in solution. The solution was pipetted into a 96-well
plate and absorbance was measured using an ELISA reader
(Emax, Molecular Device, USA) in the wavelength at 570 nm
to yield absorbance as a function of viable cell number.”

Reverse Transcriptase Polymerase Chain Reaction
(RT-PCR) Analysis. After seeding of RAW 264.7 cells in 24-
well plates with a density of 1x10* cells/plate, the mRNA such
as GAPDH, TNF-a, COX-2, IL-1B and IL-6 were confirmed
in order to determine the inflammatory cytokines.® Then the
culture medium was removed and total RNA was extracted
from the cells using 500 pL. of RNAiso Plus (Takara, Japan)
and chloroform (1/5 of RNAiso Plus). After centrifugation at
4°C, 12000 rpm for 15 min, the supernatants were precipitated
with iso-propanol (Sigma) and 5 uL of Polyacryl Carrier™
(Molecular Res Center, USA). Each primer was extended
using TOPscript™ One-step RT PCR DryMIX (Enzynomics,
Korea). All PCR products were separated via electrophoresis
on 1% (w/v) agarose gel containing EtBr (Ethidium Bromide,
Sigma) and visualized under UV light (Vilber Lourmat ETX-
20.M, France) at 360 nm.” And to confirm the phenotype
maintenance of rCEnCs from a genetic perspective, RT-PCR
conducted based on previous steps. The primers related
rCEnCs (B-actin, Aquaporin-1, Na'/K* ATPase and VDAC 3)
were purchased from Genotec (Korea).

Proliferation Assay of Corneal Endothelial Cells. To
study how well cells grow on films, cultured rabbit CEnCs
were seeded on fabricated each silk films with a density of
2x10* cells/plate. To evaluate the initial attachment, the sam-
ples were fixed with 10% neutral formalin for 20 min after 30
min of seeding. And cells stained with DAPI (Santa Cruz Bio-
technology, USA). Images were obtained with a fluorescence
microscope and nuclear number was counted (cells/mm?)
using Image J program. At 1, 3, and 5 days after seeding, cell
proliferation was tested by MTT assay (3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl-tetrazolium bromide, Sigma, USA).*°

Statistical Analysis. Statistical analysis was carried out
using the student's t-test. Differences were considered sig-
nificant when p*<0.05, p**<0.005 and p***<0.001.

Results and Discussion

SEM Observation. We observe a change in the material
was given a difference in degumming time, using such a fiber
to manufacture the film. Different surface morphologies of the
raw silk fibers and defummed silk fibers according to different
degumming time was observed by SEM. The silk is comprised
of fibroin and sericin. The formation is that the fibroin strands
were surrounded by many particles of sericin irregularly.*' The
SEM image in Figure 1 is architecture of the silk fibers after
degumming, and surface of silk films. The rough surface of
raw silk fiber (0 min) appears as large amount of sericin and
impurity. The surface of fibers degummed for 20 min shows
no sign of destruction, impurity and damage on the fiber sur-
faces. The surface of fibers degummed for 40 min are almost
removed the sericin, and the fibroins are split away from the
main fiber axis. The most serious damages were observed at
degummed for 60 min, which of silk fibroin strands are more
split off. Most films have a smooth surface but rough surface
and non-uniform porosity were also observed in each 0 min
and 60 min.

Optical Transparency Test. We prepared transparent silk

Figure 1. SEM images of silk fibers and surfaces of silk films
degummed for 0 (Raw silk fiber), 20, 40 and 60 min (magnification
is X500, X1000 and X10000).
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Figure 2. Optical transparency graphs of silk films in the visible
range.

films as seen letters through the film. To evaluate the trans-
parency of the film to be used in implants, we compared the
turbidity between films with/without cells (Figure 2). The
transparency of films without cells degummed for 0 min was
reduced due to diffraction and scattering of light by impurities.
Generally transparency of films cultured rCEnCs was lower
than films without rCEnCs. Unpurified silk film (0 min) was
higher than other experimental groups in the graph of trans-
parency with cells. Transparency reduction of all experimental
group except the unpurified film was caused by scattering of
light when passing through the cells.”

Fourier Transformed Infrared Spectroscopy (FTIR).
Using the FTIR for analysis of structural changes by different
sericin contents was observed (Figure 3). The conformation of
silk protein was analyzed using the infrared spectral absorption
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Figure 3. Effect of degumming time on the macromolecular con-
formation of the silk films.

by the peptide backbones of amide I (1630~1650 cm™), amide
II (1520~1540 cm™) and amide 1 (1230~1270 cm™). Silk
films were used in the experiment were not soluble in water,
because of the transition to the B-sheet structure induced by
methanol treatment.

Therefore the bands of characteristic amide I and amide II
peaks in unpurified silk film (0 min) may be attributed to the
characteristic B-sheet structure. The spectra of degummed silk
films showed the characteristic C=O stretching for amide I,
secondary N-H bending and C-N stretching for amide III. The
IR spectra indicated that degummed silk films predominantly
exists in silk I conformational state.*

Contact Angle Measurement. To evaluate the difference
in hydrophilicity, contact angle was measured. The hydro-
philicity of the films will affect to the rate of the initial adhe-
sion of cells, and cell growth will be increased resulting in the
increase of initial rate. In general, the greater the angle between
the sample and the droplet indicates hydrophobic, and the
smaller the angle indicates hydrophilicity.** The contact angle
measured for unpurified silk film (0 min) and degummed films
(20, 40 and 60 min) was indicated that the random coiled con-
formation of degummed silk films made it more hydrophilic as
compared to unpurified silk film (Figure 4).

Measurement of Cell Viability. Cell viability of silk films
containing different content of sericin was evaluated by the
MTT assay in Figure 5.

After NIH/3T3 cells seeding on the film, the cell viability in
all groups showed a little difference, and statistically signif-
icant survival with TCP of positive control on day 3. The cell
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Figure 4. Contact angle of water deposited on the surface of silk
films.
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Figure S. Cell viability of NIH/3T3 fibroblast cells in silk films (*p
<0.05, **p<0.005 and ***p<0.001).

proliferation of the film degummed for 20 min was higher than
other films in experimental groups. Because the possession of
a large amount of sericin may lead to inflammatory responses,
also impurity on the film surface will interfere proliferation of
NIH/3T3 cells. In the case of all sericin and impurity have
been removed hampered cell growth due to degradation prod-
ucts of the rapid degradation.

Expression of mMRNA Related Inflammatory Responses.
RT-PCR was used to confirm the inflammatory cytokines of
silk films containing different content of sericin.

Figure 6 illustrates that the level of gene expression related
inflammatory responses after seeding of RAW 264.7 cells. We
evaluated the level of TNF-a, COX-2, IL-1B and IL-6 mRNA
expression and standardized with GAPDH as the standard of
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Figure 6. Expression of specific mRNA related inflammatory
responses in RAW 264.7 cells (*p<0.05, **p<0.005 and ***p
<0.001).
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Figure 7. (a) Initial attachment of rCEnCs on silk films; (b) pro-
liferation measurement of rCEnCs using the MTT assay (*p<0.05,
**p<0.005 and ***p<0.001).

the inflammatory cytokines. The results shown that the mRNA
expression level decreased markedly in degummed films (20
and 40 min) on day 3 compared to 1 day.

Proliferation Assay of Corneal Endothelial Cells. The
interaction between cells and surface of the scaffold was
important for the initial adhesion of cells on substrate.

30 min after seeding, initial attached cells on films are
counted through DAPI staining. The results showed in Figure
7(a). The number of cells was similar in all groups, and higher
in films (20 min) following the TCP as a positive control
group. We seeded the cells in each group, and were evaluated
the proliferation of rCEnCs by MTT assay on day 1, 3 and 5
in Figure 7(b). Over time, cells are cultured in the TCP showed
the highest growth. Proliferation of rCEnCs in cultured films
degummed for 20 min has to be similar to that seen in cultured
TCP. As a result, the film degummed for 20 min has a good
condition in the cell growth. The impurities of unpurified film
(0 min) and decomposition products of the film (60 min) act as
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Figure 8. Expression of specific mRNA related the cellular metab-
olism of rCEnCs (*p<0.05, **p<0.005 and ***p<0.001).

a factor to hinder cell growth.

Reverse Transcriptase Polymerase Chain Reaction
(RT-PCR) Analysis. We have carried out the RT-PCR to
determine the effect on the cells of the features and functions
according to the content of sericin. Figure 8 shows the nor-
malized expression level using the rCEnCs related primer
(Aquaporin-1, Na'/K'-ATPase and VDAC 3).

Aquaporin-1 plays an important role in fluid transport which
water can flow more rapidly inside the cell.’” Na+/K+-ATPase
has an effect on permeability and transparency through pump
function, and VDAC 3 (Voltage-dependent anion-selective
channel protein 3) plays a role in apoptotic signaling, and con-
trols mitochondrial permeability.®® Statistically, mRNA expres-
sion on degummed silk films was higher than that of
unpurified silk film (0 min).

Conclusions

We hypothesized that the biomaterial structure, and the bio-
chemical composition of silk films with various contents of
sericin might be responsible for the attachment and growth of
cells. Silk degumming process removes the sericin and some
impurities from silk fiber. All the impurities are removed, and
damages on the surfaces cannot be found in 20 min degum-
ming from the measurement of surface morphology by SEM
analysis. According to the results of contact angle and the ini-
tial attachment of cells, impurities and sericin of unpurified silk
film (0 min) did not help in the attachment and growth of cells
on films. The results of in vitro study show that degummed silk
films except for 60 min obtain the high cell viability and cel-
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lular metabolism. Growth of rCEnCs on degummed (20 and
40 min) silk films was not interfering by the impurities seen in
the unpurified film and degradation products seen in the
degummed film for 60 min, because proper degumming pre-
processing of silk prevents the rapid biodegradation of film.
Therefore, degummed for 20 min silk film has a positive effect
on maintenance of rCEnCs function than unpurified silk film,
and suggests that cell maintain a healthier state.
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