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| Abstract: Tissue reconstruction is among the increasing applications of polymer nanofibers. Fibrous scaffolds (mats) can be easily produced
using the electrospinning method with structure and biomechanical properties similar to those of a cellular matrix. Electrospinning is widely
used in the production of nanofibers and the GAP-method electrospinning is one of the means of producing fully aligned nanofibers. In this
research, using the GAP-method, knitted fibrous scaffolds were made of silk fibroin, which is a biocompatible and biodegradable polymer. To
extract fibroin from cocoons, the sodium chloride solution as well as dialysis and freeze-drying techniques were employed. The molecular weight
of the extracted fibroin was measured with the SDS-Page electrophoresis technique. Moreover, the pure fibroin structure was examined using
the ATR-FTIR method, and the viscosity of the solution used for electrospinning was measured with the Brookfield rotational viscometer. The
scaffolds were prepared through electrospinning of the silk fibroin in pure formic acid solution. The following three structures were electrospun:
1) a random structure; 2) a knitted structure with an interstitial angle of 60 degrees; 3) a knitted structure with an interstitial angle of 90 degrees.
Morphology of the resulting fibers was studied with a SEM (scanning electron microscope). Fibroin scaffolds are degradable in water. Therefore,
they were fixated through immersion in methanol to be prepared for assays. The mechanical properties of the scaffolds were also studied using
a tensile strength test device. The effect of methanol on the strength properties of the samples was also assessed. The hydrophilic potential of
the samples was measured via a contact angle test. To increase the hydrophilicity of the scaffold surfaces, the cold oxygen plasma technique
was employed. Finally, the biocompatibility and cell adhesion of the resulting scaffolds were examined through a HEK 293 cell culture, and the
results were analyzed through the MTT, DAPI staining, and SEM imaging techniques. Results revealed that the oriented knitted structure contri-
buted to the increase in Young’s modulus and the maximum strength of scaffolds as compared to the random samples. Moreover, this structure
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can also be a suitable alternative to the typical chemical means of increasing strength.

Introduction

The silk obtained from B. mori worms has been used
for the commercial production of suture. Hence, the
effectiveness of silk as a suitable biomaterial has been
proven. Natural silk contains two major protein struc-
tures: 1) Fibroin (which forms the largest part of natural
silk); and 2) Sericin (which is a water-soluble resinous
protein surrounding fibroin fibers and binding them to-
gether coherently). Research indicated that fibroin has
considerable properties such as satisfactory strength,
satisfactory biocompatibility, optimal oxygen and mois-
ture permeability. This material can also be produced in
different forms such as fiber, film (membrane), gel, and
sponge. Extensive research is currently being conducted
in the world on the applications of silk fibroin to three-
dimensional structures in different fields including tis-
sue engineering, regenerative medicine, drug release,
and the like. Numerous technologies have been used to
design materials to properly simulate the ECM structure.
Some of these technologies include electrospinning,
self-assembly, phase separation, etc. The production of
nanofiber scaffolds through electrospinning is among
the most popular three-dimensional structure synthesis
methods after silk fibroin. These scaffolds have been
used in numerous studies in the past decade. In the field
of tissue engineering, electrospinning is commonly used
as a simple method for producing non-woven scaffolds
with submicron structures (1-4). Although there has

been concern for the applications of silk fibroin in tis-
sue engineering for the production of polymer nanofi-
bers as well as bone, cartilage, and muscle tissues, the
strength of silk fibroin is slightly lower than the opti-
mal strength for ligament and tendon tissue engineering
(5,6). Many researchers have focused on optimization
of the diameter of nanofibers produced by electrospin-
ning, and there has been little concern for the alignment
of the final scaffolds (7, 8). Similarly, extensive efforts
have been made to increase the strength of this material
based on its production form and the post-production
chemical operations. In the various tested methods, the
physical structure and texture of the resulting scaffolds
were slightly considered (9-11). Gholipourmalekabadi
et al. showed that formic acid is a suitable solvent for
the production of nanofibers with appropriate fiber dia-
meter distributions and good biocompatibility. Formic
acid increases the crystallinity of silk fibroin by rein-
forcing the inter-chain hydrogen bonds of silk fibroins
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and producing more B-sheet structures. As a result of
this process, the hydrodynamic radius of fibroin is
minimized (1, 12-13). On the other hand, this solvent
produces thinner fibers than the typical HFIP solvent,
because it has a higher vaporization speed than HFIP
and provides fibers with enough time to extend (1). In
the present study, using the pure formic acid solvent,
an attempt was made to produce nanofiber scaffolds
from silk fibroin through the unique and special Gap
Electrospinning method. This method is easy to use and
creates a knitted structure with the desired interstitial
angles. As a result of this alignment and engineered
structure, the strength of the final scaffold is modified
with satisfactory precision. Assessments in this research
aimed to reveal the positive effect of knitted alignment
of silk fibroin nanofibers on the ultimate strength of this
structure as compared to random structures. In addition,
it was indicated that the alignment has no adverse effect
on the interaction between the cell and scaffold surface,
while porosity and degradability of the scaffold is also
improved.

Materials and Methods

Fibroin extraction from silk cocoons

B. Mori silk cocoons were purchased from the Gilan
Silk Production Factory, Iran. The worms were removed
from the cocoons, the cocoons were cut into segments
using a special clamp, and different fiber surfaces were
separated. The fibers were put in a 0.02 molar Na,CO,
aqueous solution and were boiled for 30 minutes. Afte-
rwards, the fibers were removed from the solution and
were washed with water for 20 minutes. The washing
was repeated three times. The excessive water of fibers
was collected (dried) and the fibers were stored at room
temperature to become dried (2, 3, 14-16). Next, a solu-
tion with molar ratio of 8:2:1 for CaCl,: Ethanol: Water
was prepared and a specific amount of degummed dried
fibers was added to the solution. The mixture was stored
at a temperature of 60 degrees for 4 days and was mixed
gently. Next, the solution was poured into a dialysis bag
(cut-off=14 KDa) and was dialyzed for 48 hours in ul-
tra-pure water. The solution was then transferred from
the dialysis bag to a falcon and was centrifuged twice at
a moderate rpm. The upper solution containing fibroin
was dried through the freeze-dry method and the resul-
ting pure fibroin was used to continue the experiments
and carry out the required analyses (15-18).

Molecular mass determination by SDS-page electro-
phoresis

The molecular weight of the resulting fibroin was
measured through SDS-Page electrophoresis (14, 17).
In vertical one-dimensional electrophoresis, as proteins
pass through the polyacrylamide gel matrix to reach the
anode (+), they are separated based on their molecular
size. To this end, lcc of a solution containing 100 ng
of pure fibroin was prepared using distilled water. The
10-150 KDa standard was used for this purpose and the
device in use was a product of the American BioRAD
Company.

ATR-FTIR analysis
The structure of silk fibroin in the final scaffolds was

examined via ATR-Fourier transform infrared (ATR-
FTIR) spectroscopy. The spectroscope was manufactu-
red by Bruker Company in Germany. The device was
equipped with a DTGS detector and ATR diamond crys-
tal. For testing purposes, 1 mg of the sample and 300
mg of KBr were used to make a tablet under vacuum
conditions, and examinations were carried out from 600
cm to 4000 cm™! with a resolution of 4 cm™. Results of
this analysis were used to show the presence of special
chemical groups of silk fibroin (3, 15, 19).

Viscosity measurement

Prior to electrospinning, the viscosity of the resul-
ting solution was measured using a rotational viscome-
ter. For this purpose, a 20% wt. fibroin in pure formic
acid (Merck) solution was used. The viscometer was
employed at a temperature of 30 degrees and at various
velocities in the 100 to 150 rpm range (3, 6). The visco-
meter was a DV III model manufactured by Brookfield
Company in the United States.

Electrospinning procedures

Electrospinning was used to produce random and
knitted nanofiber scaffolds with interstitial angles of 60
and 90 degrees. The electrospinning conditions were
the same for all of the three scaffold types. However,
a circular cylindrical drum with low rpm was used for
random scaffolds and a GAP-based collector drum
was used for knitted scaffolds (20). A 15 Kv voltage, a
nozzle-collector spacing of 10 cm, and an injection rate
of 0.3 ml/h were used to produce uniform fibers without
beads and with diameters of several nanometers. The
electrospinning solution was prepared with 20% wt.
in pure formic acid. The electrospinning device was a
Nanospinner made by Stem cell Technology Company
in Iran (21-28).

Mechanical properties

The tensile properties of scaffolds were measured in
fixed and non-fixed states using a Universal Testing Ma-
chine manufactured by the SANTAM Company in Iran.
The samples were prepared in 10x50 mm? dimensions
with a thickness of 40 micrometers. The shearing pro-
cedure for knitted samples was carried out such that the
tension axis was perpendicular to the interstitial angle.
The stress-strain graphs of samples were obtained and
reported using the device software. Measurements were
repeated three times for each sample (21,23,29).

Degradation behavior

The scaffolds degradability rates resulted from im-
mersion of samples in PBS (37°C and pH=7.5) were
calculated for different periods. At the end of each pe-
riod, the samples were washed and dried up at ambient
temperature in an oven (3, 22). The degradation rate
was calculated as follows:

D=(W,-W)/W, <100 (D),
Where,

W = Initial weight of each sample.

W =Weight of samples following immersion and drying.

Methanol soaking cross-linking method
To reduce the degradation rate of scaffolds and
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increase their strength, the samples were immersed in
pure methanol (Merck). The electrospun scaffolds were
submerged in pure methanol for 30 minutes after 24
hours of storage in a vacuum oven at room temperature.
Afterwards, the scaffolds were moved out of the oven
and were stored for 24 hours at ambient temperature to
dry up. Next, the scaffolds were kept for 24 hours in
a vacuum oven at a temperature of 30 degrees to fully
remove the remaining methanol from the scaffolds (3,
30).

Hydrophilicity evaluation of fixed scaffolds

Fixation of fibroin scaffolds with methanol led to a
reduction in their surface hydrophilicity. Moreover, hy-
drophilicity of scaffold surfaces was examined by mea-
suring the contact angles. The contact angles with water
were measured on the surface of scaffolds before and
after the surface plasma treatment. The experiment was
carried out using a G10 Kruss made in Germany and the
sessile drop technique (29).

Surface plasma treatment

To increase the hydrophilic property of the surface
of fibroin scaffolds fixed with methanol, low-pressure
oxygen plasma was applied to the scaffold surfaces. To
this end, the Nano-plasma device made by Diener Com-
pany in Germany was employed. The procedure was
carried out at a frequency of 40 KHz using pure oxygen
(as the gas) with a power of 30 watts and duration of 5
minutes (23, 24-27).

Cell seeding

Plasma-treated scaffolds were punched in the form
of circles with a diameter of 1 cm, and the circles were
put in 24-well TCPS (tissue culture polystyrene) cell
culture plates. The scaffolds were sterilized through 3
hours of submersion in 70% ethanol under a sterile hood.
Next, the scaffolds were immersed in DMEM (Dulbec-
co’s Modified Eagle Medium) and were incubated for
24 hours to ensure their sterility. Afterwards, 100 micro-
liters of DMEM containing 10% of FBS (fetal bovine
serum) and 30x10° HEK 293 cells (Human Embryonic
Kidney 293) were added gradually to each scaffold in
a step-wise process. After 30 minutes, 800 microliters
of DMEM containing 10% of FBS (fetal bovine serum)
was added to each scaffold and the scaffolds were incu-
bated (22, 29).

Structural morphology
Scanning electron microscopy (SEM)

Morphology of scaffold surfaces was assessed before
and after cell culture using a LEO1455VP SEM (scan-
ning electron microscope) made in England. Samples
were coated with a thin conductive layer of gold in
vacuum conditions prior to analysis. The diameter of
fibers was also measured in Image Analysis (Image J,
US) based on the resulting SEM images (26, 28, 29).

Porosity
Porosity of each sample was calculated via the fol-
lowing formula:

p
Porosity= (1- / POy % 100 @),
Where p is density of the electrospun scaffold and p,, is

the polymer density (31).

In-vitro biocompatibility evaluation
MTT assay

A comparison was drawn using the MTT analysis
method between the cell proliferations on electrospun
scaffolds and TCPS cell culture plates. The sterilized
scaffold punches were put inside a 24-well plate. For
each well with a density of 30x10°, the HEK 293 cell
line was cultured on the scaffolds, and the scaffolds
were put in an incubator at a temperature of 37°C and
CO, level of approximately 5%. On the first, third, fifth
and seventh days of cell culture, 500 microliters of
MTT solution (5 mg/ml) was added to each well and the
samples were put in the incubator at a temperature of
37°C for two hours. To solve dark-blue intracellular for-
mazan, first the upper liquid was removed and then 200
microliters of DMSO was added to the wells. In scaf-
fold-containing wells, first the scaffold was moved out
of the medium containing the MTT solution, and then
DMSO was added via a micro tube to omit the effect of
cells separated from the scaffold surface. The process
was repeated three times for each sample. The optical
density of samples was measured with a spectrophoto-
meter at the 570 nm wavelength (25, 26, 28, 29).

Cell adhesion evaluation by SEM

To check a single-cell adhesion to the scaffold sur-
faces, a total of 20x 103 HEK293 cells (Human Embryo-
nic Kidney 293 line) were cultured on a circular scaf-
fold with a diameter of 1cm, and the scaffold was pre-
pared and transferred on the third day for SEM imaging.
First, the scaffold and cells were washed with PBS and
were fixed in 2.5% Glutaraldehyde for two hours. The
dehydration process was carried out by submerging the
samples in low- to high-percentage alcohols within 3
hours, and the samples were dried within 24 hours at
ambient temperature (26, 28, 29).

DAPI staining

To count the number of cells proliferated on the scaf-
fold surfaces and compare the results with MTT ana-
lysis results, staining was carried out using 4,6-diami-
dino-2-phenylindole dihydrochloride (DAPI; 1:1000;
Invitrogen). The scaffold containing a cell was removed
from the incubator on the specified day and was washed
twice with PBS. Then, 4% cold formaldehyde was pou-
red on the scaffold and it was kept for 20 minutes at
a temperature of 4°C. Afterwards, it was kept at room
temperature for 5 minutes and was washed two times
with PBS. Next, the DAPI solution was poured for 30
seconds on the scaffold and the scaffold was immedia-
tely washed with PBS. The scaffolds were examined
using a fluorescent microscope (26, 28).

Statistical analysis

All of the experiments were repeated three times,
and the results were reported as mean + SD (standard
deviation). The statistical analysis was carried out using
the ANOVA (analysis of variance) and Tukey’s test
methods with P-Value < 0.05 (21, 22).
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Figure 1. SDS-page analysis of aqueous silk fibroin (ASF).
M: Marker; lane 1: ASF.

Results

Molecular mass determination by SDS-Page electro-
phoresis

As mentioned, the range of the silk fibroin molecular
weight resulted from dialysis was determined using the
SDS-Page electrophoresis technique. Figure 1 depicts
the SDS-Page electrophoresis gel stained with the Coo-
massie Blue R-250 dye. As seen, the indicator is around
the 80 kDa band, which indicates that the molecular
weight of the resulting fibroin is in this range.

Functional groups evaluation by ATR-FTIR

Figure 2 shows the levels of fixed and non-fixed silk
fibroin samples infrared absorption, which were measu-
red by an ATR-FTIR spectroscopy device.
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Figure 2. FTIR spectra for the silk fibroin (a) SF, (b) Fixed SF.

Table 1. Viscosity measurement of SF solution in Formic acid
at different rpms.

Viscosity Speed % Shear Temperature
(cp) (rpm) Torque  Rate (1/s) (°C)
1 89.50 100.00 17.88 93.00 30.4
2 89.05 105.00 18.67 97.65 30.50
3 88.64 110.00 19.48 102.30 30.58
4 88.26 115.00 20.33 106.95 30.63
5 87.92 120.00 21.10 111.60 30.68
6 88.00 125.00 21.96 116.25 30.70
7 87.69 130.00 22.81 120.90 30.78
8 87.41 135.00 23.62 125.55 30.78
9 87.50 140.00 24.46 130.20 30.78
10 87.24 145.00 25.32 134.85 30.80

Figure 3. Schematic view (20) & photograph of Gap-Method
electrospinning system for knitted scaffold preparation in in

three different magnifications.

Viscosity measurement

Table 1 presents the viscosity of the solution obtai-
ned from SF (silk fibroin) using the rotational method at
different rpms.

Electrospinning procedures

The 20%wt. SF solution in formic acid was electros-
pun using a GAP-based electrospinning device. Figure
3 shows the schematic view (20) and main view of the
electrospinning device in three different magnifications.
The nanofibers were prepared with satisfactory preci-
sion as knitted and layered fibers with interstitial angles
of 60 and 90 degrees.

The numbers in schematic view represents the fol-
lowing: (1) Polymeric solution, (2) Syringe, (3) Elec-
trospinning spinneret, (4A) and (4B) First collector
electrodes, (5) Aligned nanofibers, (6) First rotor, (7)
Centered maintenance, (8) Knitted scaffold, (9) Second
collector, (10) High voltage generator, (11) Second ro-
tor. More information is given in reference 20.

Structural morphology via scanning electron mi-
croscopy (SEM)

The following four scaffold samples were prepared
and used to study the orientation of the resulting scaf-
folds, the effect of methanol on the diameter of nanofi-
bers, and the fiber diameter distribution of samples: a)
a random scaffold; b) a non-fixed knitted scaffold with
a 60-degree angle; c¢) a methanol-fixed knitted scaf-
fold with a 60-degree angle; and d) a non-fixed knitted
scaffold with a 90-degree angle analyzed with SEM.
As seen in Figure 4, the nanofiber obtained from the
20%wt. SF solution in formic acid gives soft fibers wit-
hout any beads. Images of each sample were obtained at
four magnification levels.

Mechanical properties

Table 2 shows the tensile properties of the knitted
scaffolds with the 60 and 90 weaving angles as compa-
red to a random scaffold. Figure 5 compares the stress-
strain graphs in the fixed and non-fixed states for each
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Table 1. Viscosity measurement of SF solution in Formic acid

at different rpms.

Module Ultimate Elastic limit

(MPa) Strength (MPa)  Strain (%)
Random 1.40+0.12 1.05+0.07 4.50+0.05
Random-F 2.50+0.14 1.80+0.09 6.00+£0.06
SF 60 30.00+2.78 4.40+0.06 7.99+0.10
SF 60-F 150423.70 15.30+1.03 12.30+0.94
SF 90 1.56+0.80 2.80+0.09 5.90+0.40
SF 90-F 3.10+£0.07 4.30+0.20 7.30+1.58

*Random= Electrospun scaffold with random orientation
*Random-F= Electrospun scaffold with random orientation & Fixed
by Methanol immersion

*SF 60= Electrospun scaffold with knitted orientation(Central angle
60°)

*SF 60-F= Electrospun scaffold with knitted orientation(Central
angle 60°) & Fixed by Methanol immersion

*SF 90= Electrospun scaffold with knitted orientation(Central angle
90°)

*SF 90-F= Electrospun scaffold with knitted orientation(Central
angle 90°) & Fixed by Methanol immersion

Data are expressed as mean (of 5 samples) = SD

* P<0.05
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Figure 4. SEM micrograph of electrospun SF fibers (a) Ran- 3 : i T s o
dom orientation (b) SF 60 with knitted orientation(Central o
angle 60°); (c) SF 60 with knitted orientation(Central angle j— 1
600)& Fixed by Methanol immersion (d) SF 90 with knitted »
orientation(Central angle 90°). cevis
. z
sample and also compares the three samples in the fixed 2,
state. : s
Porosity measurement s t my § g :u
Table 3 shows the porosity of different samples ob- . : : .
tained from electrospinning compared to one another Figure 5. Tensile properties of nanofiber scaffolds (a) Knitted
before and after cross-linking. As seen in Table 3, all samples with 90 central angle, (b) Knitted samples with 60°
of the samples are in the suitable porosity domain. As central angle, (¢) Random samples, (d) comparison of three
fixed scaffolds.

compared to the random samples, the knitted samples
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Table 3. Porosity measurement of electrospun scaffolds with
& without Methanol fixation.

Porosity %

Random 76.90+£3.21
Random-F 73.60£3.40
SF 60 86.20+2.78
SF 60-F 83.90+2.70
SF 90 81.20+2.80
SF 90-F 81.45+£2.07

*Random= Electrospun scaffold with random orientation
*Random-F= Electrospun scaffold with random orientation & Fixed
by Methanol immersion

*SF 60= Electrospun scaffold with knitted orientation(Central angle
60°)

*SF 60-F= Electrospun scaffold with knitted orientation(Central
angle 60°) & Fixed by Methanol immersion

*SF 90= Electrospun scaffold with knitted orientation(Central angle
90°)

*SF 90-F= Electrospun scaffold with knitted orientation(Central
angle 90°) & Fixed by Methanol immersion

Data are expressed as mean (of 5 samples) + SD

* P<0.05
=0
p— T
E;:. - SF 6D
-E = &F 60-F
8w
E
' 40
=
55:
a

a . 10 13 2 - )
Immersion time [days]

Figure 6. Degradation behavior of SF 60 and SF 60-F samples

in different time intervals. N=5, bars represent standard devia-

tion.

demonstrate a higher level of porosity due to the orde-
red placement of fibers at different levels. The sample
with an interstitial angle of 60 degrees shows the highest
level of porosity, because arrangement of fibers at this
angle provides a smaller inter-surface overlap than the
90-degree arrangement.

Due to a relative increase in the diameter of nanofi-
bers, methanol fixation leads to a less than 2% reduction
in the porosity of samples.

Degradation behavior

Of the prepared samples, the SF 60 sample was used
for the degradability test. Various physical and chemi-
cal mechanisms are involved in the degradation of poly-
mers, and solving and depolymerization are the most
common processes.

The results of previous studies suggest that PBS is
the optimal choice of degradation solution for in vitro
degradation investigation (33, 34). Degradation

solution play a crucial role in the degradation of fi-
broin. PBS has a stable pH value and osmotic pressure,
without oxidation agents or any enzymes, so the degra-
dation of the materials in PBS represents hydrolysis un-
der physiological pH and osmotic pressure. The in vitro

degradation of silk fibroin is mainly hydrolysis too. Silk
fibroin have different internal structures, namely dif-
ferent contents of a-helices and -sheets chemical com-
position. Liu et al. (32) found that a weak base mediated
the hydrolysis of the O-peptidyl bond, which leads to
silk degradation and the production of a polypeptide
mixtures. Previous studies also addressing enzymatic
degradation of silk fibroin. Enzymes have little impact
on the degradation of silk fibroin but depending on the
mode of degradation, silk fibroins can be classified as
enzymatically degradable polymers (32, 34).

Contact angle measurement

To reduce the degradation rate of SF scaffolds in
water, the pure methanol dehydration method was em-
ployed. This chemical operation results in shrinkage
and reduced porosity of scaffolds. Moreover, it reduces
the number of oxygen-containing groups in the samples.
Figure 7 shows the contact angle of a water drop in the
first 3 seconds of its collision with the surface of the SF
60-F sample. The cross-linking operation was carried
out with methanol on the surface of this sample.

MTT assay

A MTT analysis was conducted to assay the viabi-
lity and proliferation of fibroblast cells on the surface
of SF 60-F (i.e. the knitted methanol-fixed sample with
an interstitial angle of 60 degrees, which was exposed
to oxygen plasma treatment). Figure 8 presents the ab-

Figure 7. Contact angle of SF 60-F sample. Mean 0 = 71.30
+ 0.8(N=5).

&

il ]
: [
0.30 I I I ‘

Time [day]
Figure 8. Proliferation of HEK 293 on SF 60-F scaffolds and
TCPs during a 7-day culture period (MTT assay): asterisk
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Figure 9. Morphology of HEK 293 on day 3 after seeding at

low cell density: SF Random scaftfold.

sorption of each sample in the first to seventh days after
culture.

Cell morphology analysis

Figure 9 depicts the morphology of cells cultured on
the random silk fibroin scaffolds. As seen, after three
days of culture, the cells are properly connected and
spread over the surface of nanofibers.

DAPI staining

To study the cell counts on the first to seventh days
of fibroblasts seeding on the surface of the knitted
sample with an interstitial angle of 60 degrees, the
DAPI nucleolus staining method was used.

Figure 10 presents the images of samples obtained
using a fluorescent microscope with magnification of
10x on the first, third, fifth, and seventh days.

Discussion

The average value of 87.84 cp was used for the pro-
duction of nanofibers in a suitable cross-section domain.
Measurement of viscosity values at various rpms indi-
cated that the 20%wt. fibroin solution in formic acid has
an almost invariant viscosity at different shear rates and
demonstrates the shear-thinning behavior (Fig. 11).

Fixation through immersion in methanol did not
have a significant effect on the morphology of nanofiber
surfaces, and as a result of this process only some of the
nanofibers merged at the intersections. This result affec-
ted the final strength of the fixed scaffold and increased
its maximum strength. To study the fiber diameter dis-

Figure 10. Fluorescence image of HEK 293 grown on SF na-
nofibrous scaffolds, magnification 10x (a) day 1 after seeding
(b) day 3 after seeding (c) day 5 after seeding (d) day 7 after

seeding.

tribution of the resulting nanofibers, 100 measurements
were carried out on each SEM image. Figure 12 shows
the diagonal distribution of samples after the measu-
rements. As seen, the average diameter of fibers in the
knitted samples is more uniform while the average dia-
meter of these fibers is lower. In knitted samples, the ap-
plication of secondary tension in the Gap method, which
was the result of the two-phase deposition of fibers,
considerably contributed to the uniformity and reduced
the diameter of nanofibers. Of the two knitted samples,
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Table 4. Infrared absorption picks for different conformations
of Silk Amides (18).

Amide I Amide IT Amide ITT
B-Sheet 1625-1648 cm-1 1515-1525 cm-1 1265 cm-1
a-helical 1650- 1658 cm-1 1545 cm-1 1240 cm-1
Iéz‘illdom 1640-1648 cm-1  1535-1545cm-1 1235 cm-1
8950
=
=  B5.O0
=
e
8 8RS0
u n=87.84 cp
o
E  BE.OD
=
=
= g7S50
B7.00
EE.ECIIIIIIIIIIIIIIIIIIIIIIIII
80.00 100.00 120.00 140.00 160.00 180.00
Shearrate [1/5]
Figure 11. Shear-thinning behavior of SF solution in formic
acid (20%wt.).

the sample with an interstitial angle of 60 degrees and
average diameter of 230+25nm had the lowest diameter
as compared to other samples. Moreover, examination
of the effect of methanol revealed that the average dia-
meter of the samples increased to about 280+40nm after
cross-linking. This effect was caused by the inflation of
fibers following immersion in methanol. This increase
along with the merging of fibers led to a reduction in the
porosity of the samples.

Mechanical properties show that Silk fibroin (SF)
has poor strength properties. As a result, in spite of all
of the positive characteristics of SF (such as its biocom-
patibility and biodegradability), its raw and intact form
cannot be used for reconstructive applications, which
call for a high level of strength. In previous studies,
two methods were often used to increase silk fibroin
strength: 1) the post-treatment method; and 2) chemical
fixation. In the first method, tension is applied to as-spun
fibers to increase strength. This method is not suitable
for electrospun scaffolds as it is associated with difficul-
ties. Of the many available chemical fixation methods,
fixation through immersion in methanol is the most sui-
table due to its ease of application and its larger effect
on the structure and conformation of molecular chains.
The comparisons of the fixed and non-fixed samples
suggest that the methanol fixation process increases
the maximum strength of samples at the rupture point
and also increases their initial modulus. In general,
fixation with methanol increases the inter-chain forces
and consequently the sample’s maximum strength by
increasing the p-sheet conformation in the fibroin struc-
ture. On the other hand, the -sheet arrangement does
not lead to a significant change in the elongation at
break of samples as compared to the non-fixed samples
(with a random coil arrangement) due to the increase it
causes in the intermolecular order of chains. As a result,
methanol fixation normally increases the strength pro-

perties of fibroin samples. As seen, the knitted sample
with the interstitial angle of 60 degrees has the largest
initial modulus and the highest maximum final strength.
This is caused by the proper interstitial angle of nanofi-
bers, which along with a proper alignment, proper poro-
sity and optimal density can distribute the force applied
to the sample properly between the fibers and prevent
early rupture of the sample with the aforementioned ini-
tial modulus. Both of the knitted samples demonstrated
a higher elongation at break as compared to the random
sample. The reason is that a part of the tensile force is
applied perpendicular to the interstitial angle of samples,
which can reduce the exerted force satisfactorily and
prevent failure of the sample. The 60-degree interstitial
angle multiplies the final strength by 50 due to the smal-
ler force applied to each angular fiber as compared to
the 90-degree angle. However, as seen in Figure 5, the
increases in the length of the two knitted samples up to
the point of rupture were similar. It could therefore be
stated that the knitted tissue highly influences the initial
modulus and the maximum strength at break. Howe-
ver, due to a lack of change in the length of molecular
chains and the subsequent lack of change in the inter-
chain forces under tension, this tissue does not have any
considerable effect on the elongation at break.

The nanofiber resulted from electrospinning also has
an inter-surface porosity, which results in the three-di-
mensional structure of the final scaffolds. In medical
applications and cell cultures, the satisfactory porosity
of scaffolds is about 80%. As compared to the random
samples, the knitted samples demonstrate a higher level
of porosity due to the ordered placement of fibers at dif-
ferent levels. The sample with an interstitial angle of
60 degrees shows the highest level of porosity, because
arrangement of fibers at this angle provides a smaller
inter-surface overlap than the 90-degree arrangement.
Due to a relative increase in the diameter of nanofibers,
methanol fixation leads to a less than 2% reduction in

<) =
» -
® 4 @
a =
. o |52 2
3 §®
Ux 2
-]
o/l = o=t —
PP P PS¢ 4,0&0(- & 9(\. PP '90@ K
Dismeter [nm] Dismeter [nm]
@ ®
® ®
g‘” (c) g o (d)
0 0
] ¥)
2 4 »
o= - 1 —
PSP PP Sy PP P PP
Dismeter [nm] Dismeter [nm]
Figure 11. Fiber diameter distribution of (a) Random orienta-
tion (b) SF 60 with knitted orientation(Central angle 600); (c)
SF 60 with knitted orientation(Central angle 600)& Fixed by
Methanol immersion (d) SF 90 with knitted orientation(Central
angle 900).
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the porosity of samples.

According to degradation results, in the first two
weeks, an almost 60% decrease is seen in the weight
of the SF 60-F sample, while the SF 60 sample loses
30% of its weight. At the end of the fourth week, both
samples lose about 80% of their weights, which indi-
cates that the degradation rate in the SF 60-F sample
(fixed with methanol) is similar to that of the non-
fixed SF 60 sample in the fourth week. Generally, in
view of previous studies, as the content of Silk II with
B-sheet conformation increases in the fibroin sample,
degradation slows down. This explains the trend of
degradation of the methanol-fixed samples in the first
two weeks. This is because these samples have more
B-sheet content than non-fixed samples. However, the
increased degradation rate in the second two weeks can
be explained based on the study by Lu et al. for the fixed
sample. According to this study, in the fibroin structure,
hydrophobic crystal areas with the B-sheet structure are
surrounded by the hydrophilic non-crystal zones with
the random coil structure. Since the extent of the non-
crystal structure is higher in the non-fixed sample, the
degradation rate does not grow more rapidly in the first
two weeks as compared to the non-fixed sample. At the
end of the second week, with the complete omission of
the non-crystal areas in the fixed sample, degradation
occurs in the crystal areas at a degradation rate similar
to the non-fixed sample (35, 33).

After five times contact angle measurement, the ave-
rage value of @ at different parts of the scaffold was
71.3°+ 0.8. The suitable contact angle of scaffolds for
medical reconstructive purposes and cell cultures is
lower than 60°. Therefore, the sample surface was trea-
ted with cold oxygen plasma to increase hydrophilicity.
Following the plasma treatment, the samples showed
surface water absorption of shorter than 2 seconds and
extraordinary hydrophilicity in which obtaining images
of the respective contact angle was not possible. All of
the samples were exposed to surface plasma treatment
prior to the cell culture. Application of oxygen plasma
to the sample surface increases surface hydrophilicity
by increasing the oxygen-containing functional groups
(such as hydroxyl and carboxyl groups) (25, 26).

The absorption of MTT assay shows a growing trend
and does not show a considerable reduction as com-
pared to the control samples. This finding reveals the
suitable porosity and morphology of the samples. SEM
images of cell cultured samples suggests that the appli-
cation of methanol and plasma to the scaffold surface
properly prepared the surface for interaction with cells.
Hence, the resulting scaffolds could be easily used as
the suitable ECM for cell culture. DAPI staining images
indicates that the number of cells on the sample surface
increases satisfactorily, which confirms the absorption
level resulted from the MTT assay.

In this study, silk fibroin nanofibers were prepared as
knitted and angular samples using the Gap electrospin-
ning method. Results indicated that the biocompatibility
and biodegradability of the resulting scaffold were simi-
lar to the random sample. Therefore, through its tissue
structure, this scaffold can be used in tissue enginee-
ring and regenerative medicine applications by increa-
sing strength and removing the limited strength of the
silk fibroin. Moreover, it can replace previous chemical

methods due to its simplicity of production.
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