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Preparation and characterization of biomimetic
silk fibroin/chitosan composite nanofibers by
electrospinning for osteoblasts culture
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Abstract

In this study, we have successfully fabricated electrospun bead-free silk fibroin [SF]/chitosan [CS] composite
nanofibers [NFs] covering the whole range of CS content (0%, 25%, 50%, 75%, and 100%). SF/CS spinning solutions
were prepared in a mixed solvent system of trifluoroacetic acid [TFA] and dichloromethane. The morphology of
the NFs was observed by scanning electron microscope, and the average fiber diameter ranges from 215 to 478
nm. Confocal laser scanning microscopy confirms the uniform distribution of SF and CS within the composite NFs.
To increase biocompatibility and preserve nanostructure when seeded with cells in culture medium, NFs were
treated with an ethanol/ammonia aqueous solution to remove residual TFA and to change SF protein
conformation. After the chemical treatment, SF/CS NFs could maintain the original structure for up to 54 days in
culture medium. Properties of pristine and chemically treated SF/CS NFs were investigated by Fourier transform
infrared spectroscopy [FT-IR], X-ray diffraction [XRD], and thermogravimetry/differential scanning calorimetry [TG/
DSC]. Shift of absorption peaks in FT-IR spectra confirms the conformation change of SF from random coil to b-
sheet by the action of ethanol, which is also consistent with the SF crystalline diffraction patterns measured by
XRD. From TG/DSC analysis, the decomposition temperature peaks due to salt formation from TFA and protonated
amines disappeared after chemical treatment, indicating complete removal of TFA by binding with ammonium
ions during the treatment. This was also confirmed with the disappearance of F1s peak in X-ray photoelectron
spectroscopy spectra and disappearance of TFA salt peaks in FT-IR spectra. The composite NFs could support the
growth and osteogenic differentiation of human fetal osteoblastic [hFOB] cells, but each component in the
composite NF shows distinct effect on cell behavior. SF promotes hFOB proliferation while CS enhances hFOB
differentiation. The composite SF/CS NFs will be suitable for bone tissue engineering applications by choosing a
suitable blend composition.
PACS: 87.85.jf; 87.85.Rs; 68.37.Hk.
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Introduction
Many polymers, including synthetic or natural ones,
have been electrospun into nanofibers with diameters
ranging from tens of nanometers to a few micrometers.
Because of their intriguing characteristics such as large
surface area, high porosity, and biomimetic of the struc-
ture and function of the natural extracellular matrices
[ECMs] of native tissue, electrospun polymeric nanofi-
bers [NFs] have found great interest in tissue

engineering as scaffolding materials [1-3]. Natural ECMs
in the body are mainly composed of two types of extra-
cellular polymers, proteoglycans and fibrous proteins
with fiber diameters ranging from 50 to 150 nm,
depending on the tissue type [4]. Specifically, ECMs in
bone have many protein fibers (e.g., collagen fibers and
elastin fibers) and proteoglycans consisting of a protein
core covalently bound to long chains of sulfated glycosa-
minoglycan [GAG] disaccharides (e.g., chondroitin sul-
fate and hyaluronic acid). Fabricating biomimetic NFs
intended for tissue engineering applications should
therefore be considered not only from the structural
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characteristics of the NF but also from its composition,
such as combining suitable ECM components like pro-
teins and polysaccharides to fabricate composite NFs [5].
Silk emitted by the silkworm consists of two main

proteins, sericin and silk fibroin [SF], fibroin being the
structural center of the silk and sericin being the sticky
material surrounding it. The SF protein mainly consists
of the recurrent amino acid sequence (Gly-Ser-Gly-Ala-
Gly-Ala)n. Among the biodegradable and biocompatible
polymers, SF was extensively studied as one of the can-
didate materials for biomedical applications because it
has several distinctive biological properties including
good biocompatibility, biodegradability, and minimal
inflammatory reaction [6]. Various methods have been
proposed to process SF into different kinds of scaffolds
such as films, gels, sponges, and non-woven mats for
biomedical applications [7], including NFs by electro-
spinning [8,9]. The SF NFs have been used to culture
with chondrocytes, osteoblasts, and mesenchymal stem
cells and reported to enhance cell proliferation and
attachment [10-12]. Chitosan [CS] is a GAG-like linear
polysaccharide composed of glucosamine and N-acetyl
glucosamine linked in a b(1®4) manner and is deacety-
lated from chitin, the second most abundant natural
biopolymer in the world [13]. This natural biomaterial is
found in the shells of crustaceans and is with antibacter-
ial, biocompatible, and biodegradable properties [14]. It
is widely used for biomedical applications, such as
wound dressings, drug delivery carriers, and tissue engi-
neering scaffolds [15]. The CS NFs have also been pro-
duced by electrospinning [16].
Composite NFs are promising as tissue engineering

scaffolds by blending protein and polysaccharide in the
spinning solution. However, a well-designed processing
condition must be found beforehand to fabricate bead-
free nano-sized fibers from the blend spinning solution
during the electrospinning step. Previously, collagen/CS
NFs have been prepared and used as wound dressings
and tissue engineering scaffolds [17,18]. Both endothelial
cells and smooth muscle cells proliferated well on these
composite NFs. SF/chitin NFs were found to enhance
keratinocytes and fibroblasts attachment and spreading
[19]. SF/CS NFs have also been fabricated, but the maxi-
mum CS content in the composite can only reach 30 wt.
% [20]. Application of this composite scaffold for bone
tissue engineering applications will be promising as CS
is beneficial for osteogenic differentiation only if the CS
content can be raised.
In this study, electrospun SF/CS composite NFs cover-

ing the whole range of CS content from 0 to 100 wt.%
were successfully fabricated using a trifluoroacetic acid
[TFA]/dichloromethane [DCM] mixed solvent system.
To make the NFs suitable for bone tissue engineering
applications, a new chemical treatment method using

ethanol/ammonia was developed to completely remove
harmful TFA residues from the NFs and make the NFs
insoluble in culture medium. The chemically treated
NFs were shown to promote the proliferation and osteo-
genic differentiation of human fetal osteoblastic [hFOB]
cells by the action of the SF and CS component in the
NFs, respectively.

Methods
Preparation of SF/CS blend solution
Bombyx mori silk fibers were treated twice with 0.5%
(w/w) NaHCO3 solution at 70°C for 30 min and then
rinsed with 70°C distilled water to remove sericin.
Degummed silk was dissolved in a mix solvent system
of CaCl2/CH3CH2OH/H2O (mole ratio, 1:2:8) at 70°C
for 6 h and filtered to get a SF solution. After dialysis in
a cellulose dialysis tubing (MWCO = 50,000) against
distilled water for 5 days with water change every 12 h,
the SF solution was lyophilized to obtain regenerated SF
sponges. Chitosan (MW = 1 × 105, degree of deacetyla-
tion = 98%) was purchased from Fluka (Buchs, Switzer-
land). CS and SF solutions were prepared in a mixed
solvent system of TFA/DCM (weight ratio = 7:3) at con-
centrations of 8 and 12.5 wt.%, respectively. CS/SF blend
solutions with different SF/CS weight ratio (75:25, 50:50,
and 25:75) were prepared in the same solvent system at
12, 10, and 9 wt.% (combined weight of CS and SF),
respectively.

Preparation of SF/CS nanofibers by electrospinning and
chemical treatment
The system for electrospinning includes a glass syringe,
a 22-gauge stainless-steel needle, a syringe pump (KD
Scientific Co., Holliston, MA, USA), a high-voltage
power supply (Glassman, High Bridge, NJ, USA), and an
aluminum foil as the collector [21]. The distance
between the needle tip and the collector was 16 cm.
The syringe was mounted on the syringe pump, and
spinning solution was drawn horizontally from the nee-
dle tip with an electrostatic force generated from the
high voltage applied between the tip and the grounded
collector. The applied voltage and flow rate were con-
trolled at 18 kV and 0.3 ml/h, respectively. For chemical
treatment, the SF/CS composite NFs were neutralized,
crystallized, and insolubilized by immersing in 7% (v/v)
ammonia solution/75% (v/v) ethanol aqueous solution
for 30 min at room temperature.

Measurement and characterization
The morphology of the NFs was observed by a scanning
electron microscope [SEM] (Hitachi S3000N, Hitachi,
Ltd., Chiyoda, Tokyo, Japan). The diameters were calcu-
lated by measuring at least 100 fibers from 10 images at
random using ImageJ. Chemical analysis was carried out
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with Fourier-transform infrared spectroscopy using a
Horiba FT-730 spectrometer (Horiba, Ltd., Kyoto,
Japan) over a wavenumber range between 600 and 2,000
cm-1 with a resolution of 2 cm-1. X-ray photoelectron
spectroscopy [XPS] was performed with a Physical Elec-
tronics PHI 1600 ESCA spectrometer (Physical Electro-
nics, Inc., Chanhassen, MN, USA) equipped with a
spherical capacitor analyzer and a multi-channel detec-
tor. The X-ray source was generated with a magnesium
anode at 15 kV and 400 W. The pressure in the analysis
chamber was set below 2 ×10-6 Pa. X-ray diffraction
[XRD] patterns were recorded on a Siemens D5005 X-
ray diffractometer (Bruker AXS, Karlsruhe, Germany)
composed of a CuKa source, a quartz monochrometer,
and a geniometric plate at a scanning speed of 2° min-1

from 10° to 55°. Thermogravimetry/differential scanning
calorimetry [TG/DSC] analysis was conducted with a
Netzsch STA 449F1 (Netzsch Instruments, Inc., Burling-
ton, MA, USA) from 25°C to 800°C at 10°C/min. Pore
size of the nanofibrous membrane was measured by
capillary flow porometry (PMI CFP-1100-AI, Porous
Materials, Inc., Ithaca, NY, USA) using a wetting agent
of 21 dynes/cm surface tension from four samples with
three independent measurements for each sample.
Fluorescein isothiocyanate [FITC]-labeled chitosan

(FITC-CS) and rhodamine [Rd]-labeled silk fibroin (Rd-
SF) were used to prepare electrospun NF under the
same processing condition to detect the presence of
each component in the NF [17]. The image of FITC-CS
and Rd-SF was obtained from confocal laser scanning
microscopy (Zeiss LSM 510, Carl Zeiss AG, Oberko-
chen, Germany) where FITC-CS fluoresces green and
Rd-SF fluoresces red. The excitation wavelengths for
FITC and rhodamine are 495 and 54 nm, respectively.
The emission wavelengths for FITC and rhodamine are
525 and 576 nm, respectively.

Cell culture and analysis
Nanofibrous membranes were cut into disk shapes with
1.4-cm diameter, sterilized with 75% ethanol overnight,
and rinsed three times with phosphate buffer saline
before placing in 24-well culture plates (Nunc, Roche-
ster, NY, USA). Human fetal osteoblastic cells (ATCC
CRL-11372) were obtained from the American Type
Culture Collection (Arlington, VA, USA), and cells at
passage numbers 4 to 6 were used. An aliquot of 0.1 ml
hFOB cells (4 × 105 cells/ml) was seeded onto the sur-
face of the pre-wetted membrane in each well. Cell
seeded scaffolds were incubated at 37°C for 4 h to allow
cell adhesion, and the membrane was transferred to a
new well with the addition of 1.5-ml culture medium
(Dulbecco’s modified Eagle medium [DMEM]/F12 (1:1)
supplemented with 10% (v/v) fetal bovine serum, 1% (v/
v) antibiotic-antimyotic) into each well. Cell culture was

carried out at 37°C in a humidified 5% CO2 incubator
with medium change every 3 days.
The viable cell number of hFOB at 0, 7, 14, 21, and 28

days was determined by (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium) [MTS] assays using the CellTiter 96 AQueous
One Solution kit from Promega (Promega Life Sciences,
Madison, WI, USA). The kit contains a novel tetrazo-
lium salt which interacts with metabolically active cells
to produce a soluble formosan dye. Colorimetric mea-
surement of the formazan product was performed at
492 nm using an enzyme-linked immunosorbent assay
[ELISA] plate reader (BioTek Synergy HT, Winooski,
VT, USA). Alkaline phosphatase [ALP] activity of hFOB
was measured using alkaline phosphate yellow liquid
substrate system for ELISA (Sigma-Aldrich Corporation,
St. Louis, MO, USA). Nanofibrous membranes with cells
were washed with phosphate buffer saline and immersed
in the lysis buffer. After centrifugation, the supernatant
was collected and reacted with the substrate p-nitrophe-
nyl phosphate for 30 min, and optical density of the
colored product was measured with an ELISA reader at
405 nm. Cell growth and ALP activity were determined
from five samples with four independent measurements
for each sample.
Cell viability was also assessed by LIVE/DEAD Viabi-

lity/Cytotoxicity Assay kit (Invitrogen, Carlsbad, CA,
USA) which provides two molecular probes, calcein AM
and ethidium homodimer-1 [EthD-1], to simultaneously
determine the existence of live (green) and dead (red)
cells. Cells were stained with 2 mM EthD-1 and 4 mM
calcein AM and imaged under a confocal laser scanning
microscope (Zeiss LSM 510). The excitation wavelengths
for calcein AM and EthD-1 are 494 and 528 nm, respec-
tively. The emission wavelengths for calcein AM and
EthD-1 are 517 and 617 nm, respectively. For SEM
observations, cell/scaffold samples were fixed in 3% glu-
taraldehyde, dehydrated through a graded series of etha-
nol soaks, and dried in a critical point dryer (Balzer
CPD 030, Bal-Tec AG, Liechtenstein, Germany).

Statistical analysis
All quantitative data were expressed as mean ± standard
deviation. Statistical analysis was performed using the
one-way ANOVA LSD test to determine significant dif-
ferences. A value of p < 0.05 was considered statistically
significant.

Results and discussion
Preparation of electrospun SF/CS nanofibers
As shown from SEM micrographs in Figure 1, bead-free
and continuous SF/CS NFs with different CS contents
could be prepared by choosing a suitable electrospinning
conditions. The NFs are with a narrow fiber diameter
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distribution, and the average fiber diameter was calcu-
lated from Figure 1 and summarized in Table 1. The
average fiber diameter ranges from 215 to 478 nm. The
pore sizes of SF/CS membranes determined by capillary
flow porometry are also included in Table 1 and range
from 0.52 to 1.23 μm. To distinguish and visualize indi-
vidual biopolymer component in the NF, FITC-CS and
Rd-SF were used to prepare the electrospun 50% SF/
50% CS NFs under the same fabrication conditions. The
confocal microscopy images in Figure 2 confirm that the

NF is composed of SF and CS, and the distribution of
each constituent in the NF is uniform.
As TFA will form salts with protonated amino groups

of CS or SF, the NF could dissolve in aqueous solutions,
which limit its use in cell culture and as tissue engineer-
ing scaffold. Residual TFA in the NF is also highly toxic
towards cells and may lead to cell death if not removed
completely. Chemical treatment of pristine NFs was
therefore necessary. In this study, we have developed a
new chemical treatment method using aqueous solution

Figure 1 SEM micrographs (A to E) and histograms of fiber diameters (F to J). Electrospun SF/CS nanofibers with different CS contents: (A),
(F) 100% CS; (B), (G) 75% CS; (C), (H) 50% CS; (D), (I) 25% CS; and (E), (J) 0% CS. Bar = 10 μm.
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of ammonia and ethanol to serve the dual purpose of
insolubilizing NFs and removing TFA simultaneously.
TFA was removed by deprotonation of the amino
groups by treatment in the alkaline solution (7% ammo-
nia), which also made CS insoluble [22-24]. The SF was
made insoluble by treating with the same aqueous solu-
tion containing 75% ethanol, which changed the confor-
mation of SF from random coil to b-sheet [25]. Figure 3
showed the SEM micrographs of chemically treated NFs
after being immersed in cell culture medium (DMEM/F-
12 medium containing 10% FBS) for 5, 14, and 54 days,
respectively. The SEM micrographs indicate electrospun
NFs treated with 7% ammonia/75% ethanol aqueous
solution could maintain their nanofibrous structure for
a prolonged time period commonly encountered during
cell culture.

Analysis of SF/CS nanofibrous membranes
The change of SF conformation from random coil to b-
sheet structure and TFA removal were subject to FTIR
studies. The characteristic transmittance peaks of pris-
tine SF NFs were located at 1,650 (amide I), 1,527
(amide II), and 1,241 cm-1 (amide III) [26,27]. The char-
acteristic transmittance peaks of pristine CS NFs are
protonated amino groups (-NH3

+) around 1,675 and
1,533 cm-1 [23]. With the increase of CS content in SF/
CS composite NFs, the transmittance peak at 1,650 cm-1

moves up to 1,658, 1,670, and 1,675 cm-1 for 25%, 50%,
and 75% CS, respectively (Figure 4A). The characteristic
transmittance peaks of pristine CS NFs reveal TFA salt
formation by three peaks from 720 to 840 cm-1 together
with amino group (-NH3

+) around 1,675 and 1,540 cm-1

(Figure 4B, curve a). The characteristic transmittance

Table 1 Fiber diameters and pore sizes of SF/CS nanofibrous membranes

Composition of nanofibers Fiber diameter
(nm)

Mode
(nm)

Q1
(nm)

Q3
(nm)

Pore size
(μm)

SF 399 ± 184 143 271 516 0.98 ± 0.21

75% SF/25% CS 215 ± 95 141 152 253 1.23 ± 0.39

50% SF/50% CS 447 ± 168 340 340 544 0.71 ± 0.18

25% SF/75% CS 239 ± 133 143 143 309 0.73 ± 0.11

CS 317 ± 109 238 238 376 0.52 ± 0.10

Mode, first (Q1) and third (Q3) quartiles of fiber diameter.

Figure 2 Confocal laser scanning microscopy images of 50% SF/50% CS nanofibers. (A) Distribution of CS by detecting FITC-CS, (B)
distribution of SF by detecting Rd-SF, and (C) mergence of images (A) and (B). Bar = 50 μm. FITC fluoresces green and Rd fluoresces red.
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peaks of treated CS NFs are stretching of C = O and
NH2 around 1,637 and 1,548 cm-1. However, the three
transmittance peaks associated with TFA salts at 720,
796, and 836 cm-1 disappeared after alkaline treatment
(Figure 4B, curve b), which could be also observed from
Figures 4C, D[22,23]. The characteristic transmittance
peaks of pristine SF NFs are 1,650 (amide I) and 1,535
cm-1 (amide II), which could be attributed to the ran-
dom coil protein conformation. These peaks shift to
1,617 and 1,519 cm-1 after ethanol treatment, indicating
conformation structure change from random coil to b-
sheet (Figure 4C) [26,27]. The characteristic transmit-
tance peaks of pristine 50% SF/50% CS NFs show both
SF and CS characteristic peaks (Figure 4D). Peak shifts
at 1,670 and 1,539 cm-1 again confirm the conformation
change of SF in the composite NF after chemical treat-
ment, and the C = O and NH2 stretching bands of CS
merge with SF bands in the composite [28].
Two decomposition peak temperatures are observed

for pristine SF/CS NFs in contrast to only one for trea-
ted NFs from TG (Figure 5A) and differential thermo-
gravimetry [DTG] (Figure 5B) analysis [28,29]. The first
peak corresponds to the decomposition of the salt NH3
+-CF3COO- while the second peak is due to the decom-
position of SF and CS. After chemical treatment, the

peak temperature due to salts formed from TFA and
protonated amines at 235°C disappeared, and only the
second peak at approximately 290°C could be observed,
reconfirming the complete removal of TFA by binding
with ammonium ions during the chemical treatment
process [24].
DSC analysis reveals unique features for pristine (Fig-

ure 5C) and treated (Figure 5D) NFs of different CS
contents. In a recent study, a strong exothermic peak at
305°C and a strong endothermic peak at 280°C were
reported for pure CS and SF, respectively [28,29]. Com-
pared with DTG, DSC analysis shows that only the NH3
+-CF3COO- salt in CS leads to a new peak with the dis-
appearance of the exothermic peak at 305°C for CS and
appearance of a new endothermic peak at 222°C (Figure
5C). For pristine SF/CS composite NFs, two endother-
mic peaks due to SF and TFA-CS appear (Figure 5C).
After adding ammonia, the endothermic peak of TFA-
CS at 222°C changed back to the strong CS exothermic
peak at 298°C by completely removing TFA from NFs
with ammonium ions (Figure 5D). Also, the strong
endothermic peak of SF located at 278°C shifts to a
higher temperature at 282°C after the protein structure
being transformed into the b-sheet crystallization by
ethanol (Figure 5D) [30]. Interestingly, the DSC curve of

Figure 3 Scanning electron micrographs. Scanning electron micrographs of ammonia/ethanol treated SF/CS nanofibers with different CS
contents after being immersed in cell culture medium for 5, 14, and 54 days. Bar = 20 μm.
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treated 50% SF/50% CS composite NFs shows a strong
exothermic peak similar to that of CS instead of the
endothermic peak associated with pure SF (Figure 5D).
To ascertain further the complete removal of TFA, the

surface chemical composition of SF/CS NFs was com-
pared by XPS analysis in Figure 6 which shows the survey
scan spectra of pristine and treated SF/CS NFs. As can be
seen from Figure 6, all XPS spectra have three separated
peaks which correspond to C1s (285 eV), N1s (403 eV),
and O1s (532 eV). However, only a distinct F1s peak at
691 eV (approximately 1.11%) exists in the spectrum of
pristine NF, but not in that of the treated NF as residual
TFA was successfully removed from the fiber surface.
To elucidate the crystalline structure of treated SF/CS

composite NFs, results of XRD analysis are shown in
Figure 7, which reveal four distinct peaks in the region

between 5° and 35°. The diffraction peak at 20.5°
denotes the random coil conformation, and 24.2°
denotes the b-sheet structure of SF [31]. For CS, two
diffraction peaks at 11.5° and 20.1° could be identified,
which are characteristics of the hydrated crystalline
structure of CS. The SF/CS composite NF shows diffrac-
tion peaks from both CS and SF. However, CS seems to
dominate over SF in determining the crystalline struc-
ture of the composite NF as diffraction peaks associated
with SF are only visible with ≤ 25% CS content. Segrega-
tion of CS and SF will therefore not happen in the NF
as XRD results indicate the presence of one component
will influence the crystalline structure of the other
through molecular interactions, which is consistent with
the distribution of each component in the NF from con-
focal images in Figure 2.

Figure 4 FTIR spectra. (A) FTIR spectra of pristine SF/CS NFs with (a) 0%, (b) 25%, (c) 50%, (d) 75%, and (e) 100% CS. FTIR spectra of pristine
and chemically treated (B) CS, (C) SF, and (D) 50% SF/50% CS nanofibers (curve a is pristine and curve b is chemically treated).
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Culture of hFOB on SF/CS composite nanofibers
Figure 8 shows cell proliferation by MTS assays and cell
differentiation by ALP activities of hFOB. For relative
cell number, the number of viable cells at day 0 after
cell attachment for 4 h was taken as one for each

sample to compare the proliferation rate of cells in dif-
ferent NF scaffolds. The cell number and ALP activity
increased with culture time but show clear dependence
on the composition of the NF. The SF/CS NF with the
least amount of CS (25%) significantly promotes (p <

Figure 5 TGA, DTG, and DSC analyses. (A) TGA, (B) DTG, and (C, D) DSC analyses of pristine and chemically treated CS (a, a’), 50% SF/50% CS
(b, b’), and SF (c, c’) nanofibers. Curves a, b, and c are pristine nanofibers; curves a’, b’, and c’ are chemically treated nanofibers.

Figure 6 XPS survey scan spectra of 50% SF/50% CS
nanofibers’ surfaces before and after chemical treatment.

Figure 7 XRD patterns of treated SF/CS nanofibers with
different CS content.
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0.05) cell proliferation compared to other groups after
day 21 (Figure 8A). The absolute cell number for hFOB
cultured on the same NF also showed significant differ-
ence (p < 0.05) compared to other groups throughout
the culture period (Figure 8C). On the contrary, the
osteogenic differentiation of hFOB shown from the
bone-specific ALP activity (total activity or normalized
to cell number), which is essential for the process of
bone mineralization, is significantly enhanced (p < 0.05)
on the NF containing the highest amount of CS (75%)
throughout the culture period (Figures 8B, D). There-
fore, hFOB responds to SF and CS in the NF differently,
with the former providing a cue for cell proliferation
while the latter for osteogenic differentiation. In a recent
study, osteoblasts were found not to be able to prolifer-
ate on CS NFs [32]. On the contrary, mesenchymal
stem cells attached to calcium phosphate-CS scaffolds
successfully differentiated down the osteogenic lineage
and expressed elevated levels of ALP [33].

The distributions and viability of hFOB in NFs were
observed using confocal microscopy after live/dead cell
staining. After 1 day in culture, all cells were live
(stained green) in all NFs, and dead cells (stained red)
are not observed (Figure 9). The difference in number
of live cells and spreading of cells observed in the figure
is due to the composition of the NF. More live cells
could be observed in 25% CS NFs, and the cells spread
more than those in 75% CS NFs and distribute more
evenly. As SF could promote more cell attachment and
growth than CS from Figure 8, it is apparent that SF
also promotes cell spreading and lead to flat morphol-
ogy of cells compared to CS which leads to a round-cell
morphology. Figure 9 also shows the SEM images of
cell-scaffold constructs after 7 and 14 days of culture
where the morphology of osteoblasts and the mineral
particles secreted by osteoblasts are observed. That CS
could promote mineralization of hFOBs with elevated
ALP secretion as shown in Figure 8D is confirmed as

Figure 8 Proliferation and differentiation of hFOB cultured on SF/CS nanofibers with different CS contents (n = 5). (A) Relative cell
number determined by MTS assays with cell number at day 0 taken as one for each group, (B) alkaline phosphatase [ALP] activities, (C) absolute
cell number determined by MTS assays, and (D) ALP activities normalized to cell number. *p < 0.05.
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cells in 25% SF/75% CS NFs can secrete the highest
amount of mineral particles from SEM observations.

Conclusions
Composite SF/CS NFs covering the whole range of CS
content can be prepared by electrospinning. Post-treat-
ment with ammonia/ethanol solution can totally elimi-
nate harmful TFA residue from the NF and render it
insoluble in cell culture medium and useful as tissue
engineering scaffold. hFOB cells could proliferate and
differentiate on the NFs. Each component in the compo-
site NF shows distinct effect on cell behavior, with SF
promoting cell proliferation and CS enhancing osteo-
genic differentiation. By choosing a suitable blend of
each component in the composite, 50% SF/50% CS NFs

will be a promising candidate scaffold for bone tissue
engineering.
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Figure 9 Live/dead cell staining and SEM images of hFOB. (A to C) Live (green)/dead (red) cell staining of hFOB after 1 day cell culture (bar
= 100 μm) and SEM images of hFOB after 7 days (D to F) and 14 days (G to I) cell culture on SF/CS nanofibers with different CS contents (bar
= 20 μm).

Chen et al. Nanoscale Research Letters 2012, 7:170
http://www.nanoscalereslett.com/content/7/1/170

Page 10 of 11



References
1. Yoshimoto H, Shin YM, Terai H, Vacanti JP: A biodegradable nanofiber

scaffold by electrospinning and its potential for bone tissue
engineering. Biomaterials 2003, 24:2077-2082.

2. Yu HS, Jang JH, Kim TI, Lee HH, Kim HW: Apatite-mineralized
polycaprolactone nanofibrous web as a bone tissue regeneration
substrate. J Biomed Mater Res 2009, 88A:747-754.

3. Nirmala R, Nam KT, Navamathavan R, Park SJ, Kim HY: Hydroxyapatite
mineralization on the calcium chloride blended polyurethane nanofiber
via biomimetic method. Nanoscale Res Lett 2011, 6:2.

4. Elsdale T, Bard J: Collagen substrata for studies on cell behavior. J Cell Biol
1972, 54:626-637.

5. Allori AC, Sailon AM, Warren SM: Biological basis of bone formation,
remodeling and repair-part II: extracellular matrix. Tissue Eng B 2008,
14:275-283.

6. Altman GH, Diaz F, Jakuba C, Calabro T, Horan RL, Chen J, Lu H,
Richmond J, Kaplan DL: Silk-based biomaterials. Biomaterials 2003,
24:401-416.

7. Vepari C, Kaplan DL: Silk as a biomaterial. Prog Polym Sci 2007,
32:991-1007.

8. Kim SH, Nam YS, Lee TS, Park WH: Silk fibroin nanofiber. Electrospinning,
properties, and structure. Polym J 2003, 35:185-190.

9. Zhang X, Tsukada M, Morikawa H, Aojima K, Zhang G, Miura M: Production
of silk sericin/silk fibroin blend nanofibers. Nanoscale Res Lett 2011, 6:510.

10. Zhang X, Reagan MR, Kaplan DL: Electrospun silk biomaterial scaffolds for
regenerative medicine. Adv Drug Deliv Rev 2009, 61:988-1006.

11. Jin HJ, Chen J, Karageorgiou V, Altman GH, Kaplan DL: Human bone
marrow stromal cell responses on electrospun silk fibroin mats.
Biomaterials 2004, 25:1039-1047.

12. Baek HS, Park YH, Ki CS, Park JC, Rah DK: Enhanced chondrogenic
responses of articular chondrocytes onto porous silk fibroin scaffolds
treated with microwave-induced argon plasma. Surf Coat Tech 2008,
202:5794-5797.

13. Martino AD, Sittinger M, Risbud MV: Chitosan: A versatile biopolymer for
orthopaedic tissue-engineering. Biomaterials 2005, 26:5983-5990.

14. Pillai CKS, Paul W, Sharma CP: Chitin and chitosan polymers: chemistry,
solubility and fiber formation. Prog Polym Sci 2009, 34:641-678.

15. Jayakumar R, Prabaharan M, Nair SV, Tamura H: Novel chitin and chitosan
nanofibers in biomedical applications. Biotechnol Adv 2010, 28:142-150.

16. Ohkawa K, Cha D, Kim H, Nishida A, Yamamoto H: Electrospinning of
chitosan. Macromol Rapid Comm 2004, 25:1600-1605.

17. Chen JP, Chang GY, Chen JK: Electrospun collagen/chitosan nanofibrous
membrane as wound dressing. Colloids Surface A 2008, 313-314:183-188.

18. Chen ZG, Wang PW, Wei B, Mo XM, Cui FZ: Electrospun collagen-chitosan
nanofiber: a biomimetic extracellular matrix for endothelial cell and
smooth muscle cell. Acta Biomater 2010, 6:372-382.

19. Park KE, Jung SY, Lee SJ, Min BM, Park WH: Biomimetic nanofibrous
scaffolds: preparation and characterization of chitin/silk fibroin blend
nanofibers. Inter J Biol Macromol 2006, 38:165-173.

20. Park WH, Jeong L, Yoo DI, Hudson S: Effect of chitosan on morphology
and conformation of electrospun silk fibroin nanofibers. Polymer 2004,
45:7151-7157.

21. Chen JP, Su CH: Surface modification of electrospun PLLA nanofibers by
plasma treatment and cationized gelatin immobilization for cartilage
tissue engineering. Acta Biomater 2011, 7:234-243.

22. Hasegawa M, Isogai A, Onabe F, Usuda M: Dissolving states of cellulose
and chitosan in trifluoroacetic acid. J Appl Polym Sci 1992, 45:1857-1863.

23. Sangsanoh P, Supaphol P: Stability improvement of electrospun chitosan
nanofibrous membranes in neutral or weak basic aqueous solutions.
Biomacromolecules 2006, 7:2710-2714.

24. Matsuda A, Kagata G, Kino R, Tanaka J: Preparation of chitosan nanofiber
tube by electrospinning. J Nanosci Nanotechnol 2007, 7:852-855.

25. Zuo B, Liu L, Wu Z: Effect on properties of regenerated silk fibroin fiber
coagulated with aqueous methanol/ethanol. J Appl Polym Sci 2007,
106:53-59.

26. Jeong L, Lee KY, Liu LW, Park WH: Time-resolved structural investigation
of regenerated silk fibroin nanofibers treated with solvent vapor. Int J
Biol Macrmol 2006, 38:140-144.

27. She A, Jin C, Huang H, Zhang B, Feng Q, Xu Y: Silk fibroin/chitosan
scaffold: preparation, characterization, and culture with HepG2 cell. J
Mater Sci Mater Med 2008, 19:3545-3553.

28. Du CH, Zhu BK, Chen JY, Xu YY: Metal ion permeation properties of silk
fibroin/chitosan blend membranes. Polym Inter 2006, 55:377-382.

29. Kweon HY, Um IC, Park YH: Structural and thermal characteristics of
Antheraea pernyi silk fibroin/chitosan blend film. Polymer 2001,
42:6651-6656.

30. Alessandrino A, Marelli B, Arosio C, Fare S, Tanzi MC, Freddi G: Electrospun
silk fibroin mats for tissue engineering. Eng Life Sci 2008, 8:219-225.

31. Kundu J, Chung Y, Kim YH, Tae G, Kundu SC: Silk fibroin nanoparticles for
cellular uptake and control release. Inter J Pharm 2010, 388:242-250.

32. Sangsanoh P, Suwantong O, Neamnark A, Cheepsunthorn P, Pavasant P,
Supaphol P: In vitro biocompatibility of electrospun and solvent-cast
chitosan substrata towards Schwann, osteoblast, keratinocyte and
fibroblast cells. Eur Polym J 2010, 46:428-440.

33. Moreau JL, Xu HHK: Mesenchymal stem cell proliferation and
differentiation on an injectable calcium phosphate-chitosan composite
scaffold. Biomaterials 2009, 30:2675-2682.

doi:10.1186/1556-276X-7-170
Cite this article as: Chen et al.: Preparation and characterization of
biomimetic silk fibroin/chitosan composite nanofibers by
electrospinning for osteoblasts culture. Nanoscale Research Letters 2012
7:170.

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

Chen et al. Nanoscale Research Letters 2012, 7:170
http://www.nanoscalereslett.com/content/7/1/170

Page 11 of 11

http://www.ncbi.nlm.nih.gov/pubmed/12628828?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12628828?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12628828?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4339818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12423595?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19543442?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21867508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21867508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19643154?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19643154?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14615169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14615169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15894370?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15894370?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19913083?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19913083?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19632361?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19632361?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19632361?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20728584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20728584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20728584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17025342?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17025342?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17450846?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17450846?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18622765?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18622765?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19187958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19187958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19187958?dopt=Abstract
http://www.springeropen.com/
http://www.springeropen.com/

	Abstract
	Introduction
	Methods
	Preparation of SF/CS blend solution
	Preparation of SF/CS nanofibers by electrospinning and chemical treatment
	Measurement and characterization
	Cell culture and analysis
	Statistical analysis

	Results and discussion
	Preparation of electrospun SF/CS nanofibers
	Analysis of SF/CS nanofibrous membranes
	Culture of hFOB on SF/CS composite nanofibers

	Conclusions
	Acknowledgements
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


