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Preparation of 3-D porous fibroin scaffolds by freeze
drying with treatment of methanol solutions
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In this study, silk scaffolds with appropriate porous structures were prepared by adjusting solution
concentrations and providing treatment with methanol solutions in the way of freeze drying. The effects
of the preparation conditions on the microstructures and properties of the scaffolds were discussed.
Fibroin solutions with different concentrations of 4, 6, 8, 10 wt% were used respectively to prepare the
scaffolds. The effects of the addition of 20 vol% methanol before or after freeze drying to the 4 wt%
fibroin solution were investigated. As demonstrated by Scanning Electron Microscope (SEM), the fib-
roin scaffolds prepared without methanol had porous microstructures composed of thin sheets, and
the sizes of the pores decreased with the increase of the fibroin solution concentrations, while the
scaffolds prepared in the presence of methanol showed porous microstructures formed by fine-particle
aggregates. The porosities and mechanical properties of the prepared fibroin scaffolds under different
conditions were tested. The crystalline structures and conformations of the fibroin scaffolds were de-

tected by Fourier transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD).
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With the development of life science and material sci-
ence, a novel discipline has emerged, named tissue en-
gineering. It has attracted much attention of the scien-
tists nowadays since it can serve to rehabilitate and re-
construct the wound area. Scaffolds, cells and growth
factors are the three essential factors in tissue engineer-
ing. Among them, biocompatible and degradable scaf-
fold is one of the crucial factors to the industrialization
of tissue engineering projects. In order to provide
enough space and surface areas for the cells to migrate
into and adhere to the scaffolds, as well as to provide
good mechanical properties, a 3-D porous structure of
the scaffold with appropriate pore size and porosity is
desired.

Silk fibroin has been reported to be a kind of promis-
ing biomaterial with good biocompatibility. It has been
used as surgical suture!' *! the protective material for
burn wounds[4], artificial skins>® and the substitute for
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articular cartilage lesions!”), etc. Epidermal cells, fibro-
blasts and chondrocyte can grow well on the fibroin!’ .

Recently, some studies have been reported on the
preparation of porous fibroin scaffolds in different ways,
such as freeze drying, salt leaching and foaming!'".
Among them, freeze drying method is a simple and ef-
fective way. Scaffolds made of fibroin without further
treatment usually have leaf or sheet like morphologies
with relatively smooth surfaces, which is unfavorable
for the cells to adhere!"""'?. Additionally, the connec-
tivity of the pores in these sheet-like structures is not
good enough for the cells to migrate. On the other hand,
it is reported!®! that treatment with methanol could
change the confirmation of the fibroin, which could re-
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sult in the change of the structure and morphology of the
fibroin scaffold.

In this study, 3-D silk scaffolds with appropriate po-
rous structures were prepared by freeze drying method.
The effects of the fibroin solution concentration, the
freezing temperature and the addition of methanol dur-
ing the preparation on the microstructures and properties
of the scaffolds were discussed.

1 Experimental
1.1 Preparation of the fibroin solution

The Bombyx mori domestic silk was dissolved in the
0.05% Na,CO; solution at 100°C for 60 min. Then the
silk was rinsed thoroughly with water to obtain the fib-
roin fiber. The fibroin solution was obtained by dissolv-
ing the fibroin fiber in the mixing solution of
CaCl,:CH;CH,OH:H,O (molar ratio of 1:2:8) for 60
min at 80°C. The obtained solution was dialyzed against
deionized water to remove excess calcium chloride and
ethanol. The deionized water was changed every 4 h for
3 d. And then, the fibroin solution was concentrated at
40°C to get fibroin solutions with different concentra-
tions of 4, 6, 8, 10 wt% respectively.

1.2 Preparation of 3-D porous fibroin scaffolds

The processing procedures and the nominating of the
samples are listed as follows:

1. The solutions obtained at room temperature above
were put in a freezer at —16°C before they were lyophi-
lized for 48 h to get the porous scaffolds. The samples
were nominated as 4/0/0, 6/0/0, 8/0/0 and 10/0/0 corre-
sponding to the fibroin solution concentrations of 4%,
6%, 8% and 10% respectively.

2. The 4% fibroin solution was mixed with 20%
methanol (volume percentage to the fibroin solution).
The followed freeze drying process was the same as
listed above. This sample was labeled as 4/20/0.

3. When samples 4/0/0 and 4/20/0 immerged in the
methanol solution and were lyophilized again, two new
porous scaffolds were obtained, which were labeled as
4/0/20 and 4/20/20 respectively.

4. In order to investigate the effect of the freezing
temperature on the structures of the scaffolds, the pro-
cedure of putting the fibroin solutions obtained at room
temperature in the freezer at —16°C in preparing sam-
ples 4/0/0 and 4/20/0 was substituted by immersing the
solutions in liquid nitrogen. These two samples were

nominated as 4/0/0N and 4/20/0N respectively.
1.3 Characterization

Powder X-ray diffraction patterns were recorded at a
scanning rate of 2°/min by using a D8-Discover auto-
matic diffractometer with Cu K, radiation (1=1.5418 A).
The tube voltage was 40 kV and the tube current was 40
mA. Infrared spectra were taken using a NICOLET 560
Fourier transform IR spectrometer in the range of
4000—400 cm™'. SEM images were taken on a JSM-
6301F scanning electron microscope operating at 20 kV.
Mechanical properties were tested on the WDW3020
electronic universal testing machine equipped with 0.1
kN load cell at room temperature. The crosshead speed
was 0.5 mm/min, and an initial pressure of 2 N was
exerted. Then the compressive modulus and the
compressive strength were worked out based on the
obtained data. The density and porosity of the silk
scaffolds were measured by liquid displacement!'”.
Hexane was used as the displacement liquid since it is a
nonsolvent for silk and is able to easily permeate
through the scaffold, not causing swelling or shrinkage,
unlike ethanol. The porosity (&) of the foam is expressed
as = (V1-V3)/(V,— V3), where V), the original volume
of hexane; V>, the total volume of the hexane and the
hexaneimpregnated scaffold; V3, the residual hexane
volume after removing the hexaneimpregnated scaffold.

2 Results and discussion

2.1 Influences of the fibroin concentration on 3-D
porous scaffolds

The 3-D scaffolds prepared by freeze-drying method
have uniform morphologies macroscopically. SEM im-
ages of the cross sections of the samples prepared from
various fibroin concentrations are shown in Figure 1. It
can be seen that all the samples had porous structures
composed of leaf-like sheets. The pore sizes of samples
4/0/0, 8/0/0 and 10/0/0 are in the ranges of 47.22—78.64,
32.55—70.83 and 30.48—56.50 um respectively. And
the corresponding porosities of these scaffolds were
86.7%, 82.1% and 79.4%. It can be figured out that with
the increase of the fibroin concentration, the size of the
pores decreased, while the density of the pores increased.
It is reported!'” that the movement of the water mole-
cules during the freezing process was resisted with the
network formed by the fibroin molecules so that smaller
ice participles were formed at higher fibroin concentra-
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Figure 1 SEM images of the cross sections of the samples prepared from various fibroin concentrations. (a) 4%; (b) 8%; (c) 10%.
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Figure 2 X-ray diffraction patterns of the samples prepared from differ-
ent fibroin concentrations. 1, 4/0/0; 2, 10/0/0.
tion, which produced smaller pores and higher density
after freezing process. This was consistent with our ex-
perimental results.

The conformation and the crystalline structure of
samples 4/0/0 and 10/0/0 were examined by XRD and
the diffraction patterns are shown in Figure 2. The dif-
fraction peak at 26= 20.96°, corresponding to the re-
flection of (201) plane of B-sheet crystalline structure!'),
was much sharper for sample 10/0/0 than sample 4/0/0.
This indicated a better B-crystalline structure for sample
10/0/0.

The mechanical properties of the porous samples
prepared from different fibroin concentrations are listed
in Figure 3. Samples 4/0/0, 6/0/0, 8/0/0 and 10/0/0 had
compressive strength of 13.04, 34.36, 57.25 and 66.84
kPa and compressive moduli of 0.63, 1.88, 2.90 and 3.07
MPa respectively. It was illustrated that both the com-
pressive strength and the compressive modulus would
rise considerably as the fibroin concentration increased
from 4% to 10%. The rise of the mechanical properties
could be attributed to the increased pore wall sites in-
duced by the decreased pore size as observed in SEM
images, which would give more paths for distribution to
the applied stress and function as a barrier against crack
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Figure 3 Mechanical properties of the samples prepared from different
fibroin concentrations.

propagation!'¥.

2.2 Influences of methanol treatment

When methanol was added, the morphologies of the
samples changed a lot as shown in Figure 4. Compared
with the smooth surface and the uniform pore structure
in sample 4/0/0, sample 4/20/0 showed a more connec-
tive porous structure composed of coarse sheets with
small holes on them. Although the compressive strength
and compressive modulus, which are 1.10 kPa and 0.07
MPa respectively, are lower than those of 4/0/0, the po-
rous structure of 4/20/0 looks better than 4/0/0. This may
provide a better candidate scaffold for more cells to ad-
here to and migrate into it. The morphology of sample
4/0/20 was quite different from the morphologies of
samples 4/0/0 and 4/20/0. Solid structure with concavi-
ties of diameter around 100 pum was observed in sample
4/0/20, and nanopores of diameter of several hundred
nanometers were dispersed in the solid structure homo-
geneously. In sample 4/20/20, most of the leaf-like
sheets were maintained, while many particles of diame-
ter of several micrometers formed clusters on the surface
of the sheets.

The structures of the samples were investigated by
FTIR spectra shown in Figure 5. The intensity of the
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Figure 4 SEM images of fibroin with and without the treatment of
methanol (20% v/v). (a) 4/0/0; (b) 4/20/0; (c) 4/0/20; (d) 4/20/20. The
insets in (c) and (d) are the magnified pictures taken from the area in the
square.

absorption bands due to amine I (1620—1660 cm ™),
amine II (1525—1545 cm_]) and amine III (1230—1266
cm ') of fibroin increased from sample 4/0/0 to 4/20/0
and 4/20/20, which demonstrated that the addition of
methanol would result in higher crystalline de-
gree!>'>!1! This result was also examined by XRD. As
shown in Figure 6, sample 4/20/20 exhibited a sharper
and stronger diffraction peak at 26= 19.56° than 4/0/0,
which further certified a better crystalline structure with
the addition of methanol.
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Figure 5 FTIR spectra of the samples. 1, 4/0/0; 2, 4/20/0; 3, 4/20/20.

The difference in the morphologies and structures of
different samples can be explained by the influences of
methanol solution on the conformation and structure of
fibroin molecules. It has been reported'" that the addi-
tion of hydrophilic methanol to the fibroin solution
could make the fibroin molecular chains interact
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Figure 6 X-ray diffraction patterns of the samples with or without the
treatment of methanol. 1, 4/0/0; 2, 4/20/0; 3, 4/20/20.

strongly with each other within a narrow range and be
rearranged in a regular array to form a crystalline struc-
ture, and this crystallization change would result in the
formation of different morphological structures. This
provided reasonable explanations for the different mor-
phologies observed in our experiments. As we found out
during the experiments, 4/0/0 can be dissolved in aque-
ous solution, while the solubility of 4/20/0 decreased a
lot because the fibroin has formed crystalline structure
due to the addition of methanol. Then, the solid structure
of 4/0/20 could be attributed to the collapse of porous
structure in 4/0/0 caused by the dissolution of fibroin
scaffold in 20% v/v methanol solution, while 4/20/20
could maintain the sheet-like structure in 4/20/0 mostly.
Meanwhile, the change into better crystalline structure
might make the appearance of fine particle aggregates'
in sample 4/20/20.

2.3 Influences of the freezing temperature

The effects of the freezing temperature on the morphol-
ogy of the scaffolds were also studied. SEM images of
the cross sections of samples 4/0/0N and 4/20/0N are
shown in Figure 7. Compared with the uniform pore
structure in sample 4/0/0, sample 4/0/0N showed denser
structure composed of flat sheets arranged in a preferen-
tial direction. In contrast with sample 4/20/0, an aggre-
gate structure of spherical particles of diameter 1 —2 um
was formed in sample 4/20/0N. This illustrated that
freezing temperature could affect the morphology of
scaffolds more greatly when the samples were treated
with methanol solution. The easy-sliding in the layered
structure of sample 4/0/0N and the spherical composi-
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Figure 7 SEM images of the cross sections of the samples. (a) 4/0/0N;
(b) 4/20/0N. The inset in (b) is the magnified picture taken from the area
in the square.

tion of sample 4/20/0N led to much less compressive

strength and compressive modulus than 4/0/0 and 4/20/0.

Jin et al."* had illuminated that at a higher cooling rate,
the formation of aggregates would be favored. As a re-
sult, smaller ice crystals would be formed in minute
voids occupied by water, and consequently, smaller
pores would be left after freezing process. This experi-
ment confirmed that the freezing temperature and
methanol-induced structural changes could affect the
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