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Summary: Nanofibrous non-woven matrices were prepared
by electrospinning a regenerated silk fibroin (SF) solution,
and the structural changes of SF nanofibers treated with water
vapor were investigated using time-resolved IR and '*C CP/
MAS NMR spectroscopy. Conformational transitions of SF
from random coil to f3-sheet structures were induced by water
vapor treatment and were strongly dependent on the
treatment time and temperature. Water vapor treatment
provided a useful means of stabilizing the SF nanofiber
matrices, resulting in the formation of matrices with a
decreased solubility in water and increased mechanical
strength. The adhesion and spreading of both normal human
keratinocytes and fibroblasts onto the SF nanofiber matrices
were also investigated, and the water vapor-treated SF
nanofiber matrices showed good cellular compatibility, in
comparison with traditional methanol-treated ones. This
approach to controlling the conformational changes of SF
nanofibers by water vapor treatment may be useful in the
design and tailoring of novel materials for biomedical
applications, including wound dressings and scaffolds for
tissue engineering.

Scanning electron microscopic pictures of water vapor-
treated SF nanofibers.
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Introduction

Fibroin is a main component of silkworm silk, and is
responsible for the unique physical and chemical char-
acteristics of silk.'"! Silk fibroin (SF) can be prepared in
various forms, such as gels, powders, fibers, and mem-
branes.'*~® SF has been widely used for cosmetics and food
additives,'”®! and has recently found potential applications
in the areas of biomedical science and engineering'>'*! due
to its distinctive biological properties. SF has attracted
much attention to date due to its biocompatibility, oxygen

and water vapor permeability, biodegradability, and minimal
inflammatory reactions.!"'~'*! One of the promising applica-
tions of SF in biomedical engineering is as a scaffolding
material for tissue engineering. It was reported that SF
matrices could be useful in the culture of fibroblasts and
osteoblasts, as well as stem cells, and could enhance the
adhesion, growth, and differentiation of the cells in a manner
similar to that of collagen matrices.!'*~'"!

We have previously reported that nonwoven matrices of
electrospun nanofibers can be prepared from a regenerated
SF solution, and that the matrices were effective in cell
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attachment and spreading of normal human keratinocytes
and fibroblasts.''%!°! However, electrospun SF nanofibers,
as well as other types of SF matrices such as films, should
be typically followed by chemical treatment with an
aqueous alcohol solution in order to increase their stability
and mechanical properties in the presence of water.?%!!
Methanol has been frequently used for this purpose, and SF
matrices that are not treated with an aqueous methanol
solution can easily dissolve or swell in water. Thus, the
solvent-induced structural changes of SF have been widely
investigated and utilized to form stable SF matrices.*-*!]
However, methanol-treated SF matrices are often brittle due
to their high content of crystalline regions. It was reported
that a water-based annealing procedure also provided a
useful method of preparing water-stable SF matrices.*%’!
However, this approach was only effective for matrices of a
certain thickness. In this paper, we report a novel approach
to stabilizing electrospun SF nanofibers by treatment with
water vapor instead of alcohol solutions. The solvent-
induced conformational changes of SF treated with water
vapor was investigated and compared with methanol-treated
SF nanofiber matrices. The structural changes of SF
nanofibers were studied using IR and NMR spectroscopy.
A custom-made chamber was used for measurements of
time-resolved infrared spectra of the SF nanofibers during
the water vapor treatment. The effect of the water vapor
treatment on the adhesion and spreading of normal human
keratinocytes and fibroblasts was also investigated in vitro.

Experimental Part
Regenerated Silk Fibroin Solution

Degummed silk yarn was dissolved in a ternary solvent system
composed of calcium chloride, ethanol, and water (1:2:8 molar
ratio) at 70 °C for 6 h, followed by dialysis with cellulose
tubular membranes (molecular weight cut-off, 12 000; Sigma)
against distilled water for 3 d. The resultant solution was
filtered and lyophilized to obtain a white powder. The SF
powder was then dissolved in 1,1,1,3,3,3-hexafluoro-2-propa-
nol (HFIP) to prepare a regenerated SF solution.

Electrospun Silk Fibroin Nanofibers

The SF nanofibers were prepared by electrospinning a 7%
(w/v) regenerated silk fibroin solution, and were collected on a
target drum that was placed at a distance of 8 cm from the
syringe tip (inner diameter 0.0838 mm). A voltage of 16kV was
applied to the collecting target by a high voltage power supply,
and the flow rate of the solution was 2 mL - min~ .

Treatment of Electrospun Silk Fibroin Nanofibers

Electrospun SF nanofiber matrices were either treated with an
aqueous methanol solution or exposed to an atmosphere of
water vapor to achieve the solvent-induced crystallization of
fibroin. Briefly, the nanofiber matrices were treated with an

aqueous methanol solution (50%), rinsed with distilled water,
and dried in a vacuum at room temperature for 24 h, to prepare
methanol-treated SF nanofiber matrices. The treatment time
was varied from 2 to 120 min. The SF nanofiber matrices were
placed in a desiccator saturated with water vapor and then dried
in a vacuum at room temperature for 24 h to prepare the sam-
ples treated with water vapor. The treatment time was varied
from 5 min to 6 h.

Weight Loss of Silk Fibroin Nanofiber in Water

Non-treated, methanol-treated, or water vapor-treated SF
nanofiber matrices were immersed in distilled water and incu-
bated at 25 °C for 30 min, followed by drying in a vacuum.
Changes of the weight loss were measured and normalized to
their initial values before immersion in water (n = 3).

Viscosity Measurements

The viscosity of the SF solutions was measured at 25 °C using
an LVDVE 230 viscometer (Brookfield) equipped with a SC4-
31 spindle and a 13R chamber (shear rate, 66 s b sample
volume, 16 mL; n =3).

Spectroscopic Analysis

IR spectra of SF nanofiber matrices were taken using a Magma
560 spectrometer (Nicolet) at a resolution of 2 cm™'. A
custom-made chamber was used for the time-resolved
measurements of the IR spectra of the water vapor-treated
samples. The measurement was started once the water was
placed in the chamber. The temperature was varied from 25 to
55 °C, and temperature control was achieved within 0.1 °C.
13C solid-state cross polarization, magic-angle spinning (CP/
MAS) NMR spectra of the SF nanofibers were obtained on a
DSX 400 NMR spectrometer (Bruker), using a cross-
polarization pulse sequence and magic-angle spinning at
6.5 kHz. All of the spectra obtained by IR and NMR
spectroscopy were separated into their separate components
by a deconvolution method using a Gaussian function, in order
to make quantitative analyses.

Morphology Analysis

A scanning electron microscope (Hitachi S-2350) was used to
investigate the morphology of gold-coated SF nanofibers
before and after the chemical treatments.

Mechanical Testing

The mechanical properties of the electrospun SF nanofiber
matrices were measured using an Instron tensile tester.
Samples were prepared according to the D-638-5 ASTM
method and tested at 25 °C and 50% humidity (n = 10).

Cell Culture

Normal human epidermal keratinocytes (NHEK) were pre-
pared and maintained, as previously reported.'”’ Briefly,
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NHEK were isolated from the foreskins of human subjects
undergoing surgery. The epidermal keratinocytes were isolated
from separated epithelial tissue by trypsinization, and primary
cultures were established in a keratinocyte growth medium
containing 0.15 X 10> mcalciumand a supplementary growth
factor bullet kit (KGM, Clonetics). Primary NHEK were
cultured until the cells reached 70% confluence, and the second
passage keratinocytes were used for this study. Primary normal
human epidermal fibroblasts (NHEF) were also prepared and
maintained as previously reported.!'” These tissue samples
were also obtained from the foreskins of human subjects
undergoing surgery. The samples were thoroughly washed
with calcium- and magnesium-free Hanks’ balanced salt
solution (Invitrogen). Primary NHEF were established from
explant cultures of foreskin, and they were serially subcultured
and passaged at each 80% confluence level. The fourth passage
fibroblasts were used for this study, and the cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Sigma)
supplemented with 10% fetal bovine serum. All procedures of
sampling human tissue specimens were in accordance with
guidelines of the Institutional Review Board (IRB) on Human
Subjects Research and the Ethics Committee at the Seoul
National University Dental Hospital, Seoul, Korea.

Cell Adhesion and Spreading

Cell adhesion was investigated using a modified method of
Mould et al.!*¥) Regenerated SF nanofiber matrices were cut
out with a punch (14 mm diameter) and placed in 24-well tissue
culture plates. The plates containing the SF nanofiber matrices
were first treated with PBS containing 0.1% heat-inactivated
bovine serum albumin (BSA, Sigma) for 1 h at room
temperature. The plates were then rinsed with fresh PBS.
The cells were resuspended in the culture media (1 x 10° cells
per 500 pL.), added to each plate, and incubated for 1 hat 37 °C.
Non-adhered cells were removed by two rinses with PBS.
Adhered cells were fixed with 10% formalin in PBS for 15 min,
rinsed twice with PBS, and stained with hematoxylin and eosin.
To ensure a representative count, each sample was divided into
quarters, and two fields per quarter were photographed with an
Olympus BX51 microscope at 100x.

Cell spreading was studied by image analysis of NHEK and
NHEEF adhered onto the SF nanofiber matrices. Only the cells
that adopted a flattened, polygonal shape with filopodia- and
lamellipodia-like extensions were regarded as spreading cells.
The percentage of cells that displayed a spreading morphology
was quantified and normalized by the total number of adhered
cells.

Statistical Analysis

The adhesion and spreading of cells onto polystyrene tissue
culture plates, and onto water vapor- and methanol-treated SF
nanofiber matrices were compared using the STATISTICA
6.0 software package. Unpaired student 7-tests were performed
for two-tailed P-value determination. Differences were
considered statistically significant when the P-values were
less than 0.05.

Results and Discussion

Characteristics of Electrospun Silk Fibroin
Nanofibers

Regenerated silk fibroin (SF) was dissolved in HFIP, and its
viscosity was measured at various concentrations as shown
in Figure 1. The viscosity of the SF solution began to
increase significantly at a concentration of 7%, due to the
entanglement of the SF macromolecular chains. Non-
woven matrices composed of randomly-arranged nanofi-
bers were prepared by electrospinning the SF solution at
this concentration. The mean diameter of the electrospun
nanofibers was 380 nm with a unimodal size distribution in
the range of 250—530 nm, which was determined by image
analysis of scanning electron microscopic pictures
(Figure 2).

Weight Loss of Silk Fibroin Nanofiber
Matrices After Treatment

Non-treated SF nanofiber matrices are easily swollen and
are readily soluble in water unless stabilized by treatment
with certain organic solvents. The SF nanofiber matrices
were treated either with an aqueous methanol solution or
with water vapor to enhance the stability of the nanofiber
matrices in water. An aqueous methanol solution is one of
the commonly used organic solvents for this purpose, and
the weight loss of the SF nanofiber matrices instantly
decreased after they were treated with an aqueous methanol
solution (Figure 3A). However, the methanol-treated SF
matrices typically have a high content of crystalline
regions, and are often very brittle. The mechanical proper-
ties of the SF nanofiber matrices are strongly dependent
on the crystalline structures of the nanofibers. Various
mechanical properties of SF nanofiber matrices, treated
with either water vapor or a methanol solution, are listed
and compared with those of non-treated nanofiber matrices
in Table 1. The tensile modulus of the methanol-treated SF

800
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Figure 1. Viscosity plotted against concentration for regener-
ated silk fibroin dissolved in hexafluoro-2-propanol (HFIP).
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Figure 2. (A) Scanning electron microscopic picture and (B)
fiber diameter distribution of electrospun SF nanofibers.

nanofiber matrices was substantially increased, compared
to non-treated nanofiber matrices, due to the increment of
the crystalline regions of the fibroin nanofibers. In contrast,
the elongation at break of the methanol-treated samples
decreased, indicating a hard and brittle nanofiber matrix
formation, which may not be useful for wound dressings,
nor for cell culturing onto matrices for practical tissue
engineering applications. Although the yield stress of
the water vapor-treated nanofiber matrices increased, the
elongation at break was not significantly changed, com-
pared with the non-treated SF nanofiber matrices, indicat-
ing a stronger matrix formation than the untreated matrices,
but less brittle than the methanol-treated ones.

It was reported that annealing of regenerated SF films in
water at room temperature was effective at inducing the
formation of crystalline structures with less brittle charac-
teristics.??! However, this method was only effective for
films >70 pm thick, and the SF nanofiber matrices in our
study were treated with water vapor instead of water. The
weight loss of the SF nanofiber matrices treated with water
vapor was about 15%, which was quite similar to that of
matrices treated with an aqueous methanol solution. Non-
treated SF nanofiber matrices lost about 35% of their own
weight in water. The water vapor treatment method at low
temperature required a longer treatment time rather than the
methanol-treatment method (Figure 3B). However, the
stabilization of the SF nanofiber matrix was completed
within 10 min, as the water vapor treatment temperature

increased from 25 to 55 °C. The constant weight loss of the
nanofiber matrices treated either with water vapor or with
methanol for longer time periods could be attributed to the
remaining HFIP in the matrices. The morphology of the
methanol-treated SF nanofiber matrices was significantly
changed. This was probably due to the swelling of the SF
nanofibers by water during treatment (Figure 4C). Although
the methanol-treated SF nanofiber matrices showed
enhanced mechanical properties compared with those of
non-treated SF nanofiber matrices, the loss of the porous
structures in the matrices could limit their use in certain
biomedical applications, including tissue engineering.

Structural Changes of Silk Fibroin
Nanofibers During Treatment

The major conformations of SF are random coil, «-helix,
and fB-sheet.””! The crystallization of SF can be easily
induced by simple physical (e.g., thermal)'**! or chemical
(e.g., methanol)[%] treatments. The most common method
of converting a random coil form of SF into a more stable
f-sheet conformation is treatment of the matrices with
an organic solvent. It is well accepted that using a methanol
treatment is highly effective in the crystallization of
SF from a random coil conformation to a f-sheet
conformation.

The infrared (IR) spectroscopic method has been
frequently used to investigate the conformational changes
of silk fibroin.'*’ 2% The characteristic absorption bands of
SF are found in the regions of 1625 cm~ ! (amide 1),
1528 cm ™! (amide II), 1230 cm™' (amide III), and
700 cm ™' (amide V). The characteristic absorption bands
of non-treated SF nanofibers were observed at 1 647 cm ™
(amide 1) and 1541 cm ™! (amide II), which can be
attributed to the random coil conformation (Figure 5A).
Interestingly, these bands were shifted to 1624 cm™!
(amideI)and 1519 cm ™! (amide II) during the water vapor
treatment, which is indicative of structural changes in the
SF, from a random coil conformation to a f-sheet
conformation. It was hypothesized that the SF macro-
molecules could rearrange to change the crystal structures
due to the changes in the hydrogen bonding caused by the
water vapor. SF nanofiber matrices treated with an aqueous
methanol solution showed characteristic absorption bands
at 1620 cm ™' (amide I) and 1516 cm ™' (amide II), which
are strongly related to the f5-sheet conformation.

Time-resolved measurements of IR absorption bands
provided a useful means of monitoring the structural
changes of the macromolecules as a function of treatment
time.*” Changes in the characteristic absorption peaks of
the amide I and II bands of the SF nanofibers during the
water vapor treatment at 35 °C are shown in Figure 5B. The
peak position of the SF nanofibers treated with water vapor
at 35 °Creached 1 627 cm ™ in approximately 30 min, and it
approached 1 623 cm ™" in 10 min at 55 °C (data not shown),
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Figure 3. Weight loss of electrospun SF nanofibers treated with

(A) an aqueous methanol solution and (B) water vapor as a
function of treatment time at 25 °C.

which was quite similar to the response of SF nanofibers
treated with an aqueous methanol solution at 25 °C. The
shift rate of the peak position of the amide I band increased
as the temperature increased. Changes in the ratio of the
peak areas of ff-sheet and random coil structures (Ap/Ay) in
the amide II region were determined from the IR spectra
during the water vapor treatment. The temperature at which
the SF nanofiber matrices were treated was a critical factor
in controlling the crystallization kinetics, and the structural
changes from the random coil conformation to the f-sheet

Table 1. Mechanical properties of regenerated silk fibroin

nanofiber matrices.

Samples Yield Elongation Tensile
stress at break modulus
MPa %o MPa

Non-treated 1.3+£0.2 7.6+£1.7 17.7+£6.8

Water vapor-treated 26+04 8.5+2.0 304+44

Methanol-treated 4.6+0.5 44407 104.3 +£13.7

(C)

Figure 4. Scanning electron microscopic pictures of (A) non-
treated, (B) water vapor-treated, and (C) methanol-treated SF
nanofibers.

conformation of the SF nanofiber matrices treated with
water vapor were complete in 10 min at above 45°C
(Figure 6). Changes in the ratio of peak areas (Ay/A;) in the
amide I region were similar to those observed in the amide II
region (data not shown).

Solid-state '?*C NMR spectroscopy also provides a
powerful means of confirming the structural changes of
the silk proteins from the random coil conformation to the
f-sheet conformation, as the chemical shifts of the carbon
atoms in silk proteins are strongly related to the secondary
structure of the f-sheet conformations. The f-sheet form
can be identified by the '*C chemical shifts of Gly (glycine),
Ser (serine), and Ala (alanine) that are indicative of f-sheet
conformations.®'! Ala is a major constituent of SF,[SZ] and
the chemical shifts of Ala, particularly of the methyl groups
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(A) of the Ala residues (Ala Cp), are representative of the
conformational status of the protein (Figure 7A). Expanded
—_ views of the chemical shifts of the Ala Cg region in the SF
g (c) nanofibers are shown in Figure 7B. The chemical shift of
§ W Ala Cp in non-treated SF nanofibers was 16.3 ppm,
g A N (b) indicating that the Ala residues of the SF nanofibers were
£ = 7 mainly in the random coil conformation. The water vapor-
% 3 =S (a) treated SF nanofibers, however, showed a shoulder at
] z z 20.4 ppm, which can be assigned to Ala Cp in the f-sheet
= 5 S conformation. The shift of Ala Cg in the non-treated SF
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Figure 5. (A) IR spectra of (a) non-treated, (b) water vapor-
treated, and (c) methanol-treated silk fibroin nanofibers. (B) Time-
dependent changes in the IR spectra of regenerated SF nanofibers
treated with water vapor at 35 °C.

Area ratio (A /A)

t T T T T T
0 20 40 60 80 100 120
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Figure 6. Changes in the area ratios of f-sheet and random coil
structures (Ap/A;) in the amide II region of the SF nanofibers, as
determined from IR spectra during water vapor treatment at
various temperatures (Hll, 25 °C; A, 35°C; ¢,45°C; @,55°C).

nanofibers was observed during water vapor treatment. The
dotted line in Figure 7B indicates the curve-fitting results
used to calculate the content of Ala residues found in the -
sheet conformation. The percentage expressed for each
spectrum, which is the content of Ala residues contributing
to the f-sheet structure formation, increased by treatment
with both water vapor and methanol. This finding clearly
indicates that the Ala residues in the SF nanofiber chains
take the pf-sheet conformation following water vapor
treatment in a manner similar to those in methanol-treated

(A)

Ala, Gly C=0

200 180 160 140 120 100 80 60 40 20 0
Chemical shift(ppm)

(B) (c) 74%

(b) 47 %

(@) 16%

% 2 20 18 16 14
Chemical shift(ppm)

Figure 7. (A) "*C NMR spectra of non-treated SF nanofibers.
(B) Expanded '*C NMR spectra of the alanine methyl region of (a)
non-treated, (b) water vapor-treated, and (c) methanol-treated
regenerated SF nanofibers. The dotted line indicates the curve-
fitting result used to calculate the content of alanine residues found
in the f-sheet conformation, as denoted by the percentages given
for each spectrum.
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fibroin chains. The f-sheet content of water-vapor-treated
SF nanofibers (47%) was much lower than that of methanol-
treated ones (74%)

Cell Adhesion and Spreading

Scaffolding materials for tissue engineering approaches are
typically designed to promote cell growth and physiological
functions, and to maintain normal states of cell differentia-
tion."**! In vivo implantation experiments of fibroin-coated
polyester sutures have demonstrated that regenerated SF did
not induce any significant thrombogenic responses.''! In
addition the low inflammatory potential of SF had already
been reported.!'*! Cellular responses to SF nanofiber
matrices were investigated using normal human keratino-
cytes and fibroblasts in vitro, aimed at regenerating skin
tissues via tissue engineering approaches. Since initial cell
attachment and spreading could be important factors in
developing wound dressings and scaffolds for tissue
engineering, the initial cell attachment and spreading onto
SF nanofiber matrices were first studied. In the case of
biomedical applications, including guided tissue regenera-
tion and burn wound dressings, the matrices that cover the
wounds are usually in contact with blood proteins. There-
fore, to assess cell attachment and spreading, cells were
seeded onto SF nanofiber matrices after the matrices were
treated with BSA. Photomicrographs of exponentially-
proliferating NHEK and NHEF, adherent to the SF nanofiber
matrices, were taken and used for the adhesion assay.
Figure 8A shows representative pictures of cells adhered
to the SF nanofiber matrices. A relatively high number of
NHEK were adherent to the SF nanofiber matrices, and
there was no distinct difference in the number of cells

adhered to the water vapor-treated and methanol-treated SF
nanofiber matrices. In contrast, a relatively small number of
NHEEF adhered to the matrices, and the adhesion activity
profile on the water vapor-treated SF nanofiber matrices
was significantly higher than that on the methanol-treated
SF nanofiber matrices (Figure 8B). We further investigated
whether the adhered cells were only tethered to the substrate
(non-spreading) or spread over the substrate (spreading).
Photographs of NHEK and NHEF, adherent to SF nanofiber
matrices, were taken and used for spreading assays (data not
shown). Interestingly, the adhesion and spreading of cells
adhered to both water vapor-treated and methanol-treated
SF nanofiber matrices with a BSA coating showed similar
trends. In the case of NHEK, a relatively high cell spreading
profile was observed for both the water vapor-treated and
methanol-treated SF nanofiber matrices. In contrast, the
spreading of NHEF was significantly reduced as compared
with that of NHEK. The percentage of cell spreading of
NHEF on the water vapor-treated SF nanofiber matrices
was, however, significantly higher than that on the
methanol-treated SF nanofiber matrices (Figure 8C).

It is generally accepted that diverse cellular responses to
synthetic surfaces arise from differences in the adsorption
of extracellular matrix (ECM) proteins to surfaces. Differ-
ent classes of cell adhesion receptors mediate interactions
between cells and neighboring cells and the surrounding
ECM. Among these receptors, integrins primarily mediate
the interactions between cells and ECM components, and
transmit biochemical signals across the plasma membrane.
It is well known that integrins expressed on cell surfaces
differ among cells or cell types, and that three major
integrins, such as o,f1, a3f1, and o34 are expressed in the
normal basal keratinocyte layer.** Our previous reports

A B C
(A) NHEK NHEF ®) 500 Elg
[mPS 0 Water oMeOH]| [WPS OWater oMeOH
800
g 40
700 =
E 600 a4 E +4
E red 730 ++ -
£t 500 +5: I — & : Fre
pizes e —ir fic + —i—
= 400 e — 4
= 3 L 820 3 L
© 300 44 : *
3 : i
200 44 & 10 2
i i
L 133 33 a!
T3 e ¥ bl
0 st * pEe | s
NHEK NHEF NHEK NHEF

Figure 8.

(A) Photographs and (B) the numbers of NHEK and NHEF adhered to water vapor-treated and methanol-

treated SF nanofibers. (C) Percentage of cell spreading for NHEK and NHEF plated onto water vapor-treated and
methanol-treated SF nanofibers. Data are expressed as mean =+ standard deviation (n =4). An asterisk indicates a
statistically significant difference (P < 0.05). PS: polystyrene tissue culture plate; Water: water vapor-treated SF

nanofibers; MeOH: methanol-treated SF nanofibers.
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have also shown that expression levels of integrin subunits
in normal human fibroblasts were much different to those of
normal human keratinocytes.*>*®! Furthermore, cellular
attachment is known to be regulated by selective expression
of integrins[37’38' and by modulation of the binding proper-
ties of the integrin receptors.**** It is unclear why only the
adhesion and spreading of fibroblasts adhered to SF nano-
fiber matrices was improved by water vapor treatment,
unlike keratinocytes. However, it could be attributed to
different cell types with different types of integrin.

Conclusion

The secondary structure of the regenerated SF nanofibers
was greatly altered by treatment, either with methanol or
with water vapor via solvent-induced conformational
transitions, which were confirmed by time-resolved IR
and solid-state '*C CP-MAS NMR spectroscopy. Water
vapor treatment was useful for inducing the conformational
changes of SF nanofibers from a random coil form to a /-
sheet form, and these structural changes were strongly
dependent on the treatment time and temperature. In the
cytocompatibility assessment, water vapor-treated SF
nanofiber matrices were found to be promising scaffolds
for the adhesion and spreading of normal human keratino-
cytes and fibroblasts, as compared to methanol-treated SF
nanofiber matrices. This approach to controlling the
structures of regenerated SF nanofibers may be useful in
designing and fabricating regenerated SF matrices for
wound dressings and tissue engineering applications.
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