
Materials Science and Engineering C 55 (2015) 8–13

Contents lists available at ScienceDirect

Materials Science and Engineering C

j ourna l homepage: www.e lsev ie r .com/ locate /msec
Silk fibroin/sodium alginate composite nano-fibrous scaffold prepared
through thermally induced phase-separation (TIPS) method for
biomedical applications
Haiping Zhang, Xiaotian Liu, Mingying Yang, Liangjun Zhu ⁎
Institute of Applied Bioresources, College of Animal Sciences, Zhejiang University, Hangzhou 310058, Zhejiang, China
⁎ Corresponding author.
E-mail addresses: zhp9810_a@163.com (H. Zhang), xt

yangm@zju.edu.cn (M. Yang), ljzhu@zju.edu.cn (L. Zhu).

http://dx.doi.org/10.1016/j.msec.2015.05.052
0928-4931/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 October 2014
Received in revised form 25 March 2015
Accepted 16 May 2015
Available online 21 May 2015

Keywords:
Silk fibroin
Sodium alginate
Nano-fibrous
Cell biocompatibility
To mimic the natural fibrous structure of the tissue extracellular matrix, a nano-fibrous silk fibroin (SF)/sodium
alginate (SA) composite scaffold was fabricated by a thermally-induced phase-separation method. The effects of
SF/SA ratio on the structure and the porosity of the composite scaffolds were examined. Scanning electron
microscopy and porosity results showed that the 5SF/1SA and 3SF/1SA scaffolds possessed an excellent nano-
fibrous structure and a porosity of more than 90%. Fourier transform infrared, X-ray diffraction, and differential
scanning calorimetry results indicated the physical interaction between SF and SAmolecules and their good com-
patibility in the 5SF/1SA and 3SF/1SA scaffolds, whereas they showed less compatibility in the 1SF/1SA scaffold.
Cell culture results showed that MG-63 cells can attach and grow well on the surface of the SF/SA scaffolds. The
nano-fibrous SF/SA scaffold can be potentially used in tissue engineering.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Scaffold biomaterials can provide synthetic three-dimensional tem-
plates similar to natural extracellularmatrix environments for tissue re-
generation [1]. An ideal scaffold for tissue engineering and regenerative
medicine should have the following characteristics: (1) an extensive
network of interconnecting pores so that cells can migrate, multiply,
and attach deep within the scaffolds; (2) a high surface area to facilitate
cell seeding, adhesion, and proliferation; (3) a proper degradation rate
to match the rate of new tissue formation; and (4) biocompatibility
with a high affinity for cells to attach and proliferate [2,3]. Nano-fiber
scaffolds in particular have become a hotspot in the field of tissue engi-
neering for their high porosity, large surface area, and regulatable me-
chanical properties, as well as their similarities to the structure of
natural extracellular matrices [4,5].

Considerable efforts have beenmade in recent years to create nano-
fibrous scaffolds by various methods, including electrospinning, self-
assembly, and thermally induced phase separation (TIPS) [6–8]. The
TIPS technique is based on the thermodynamic separation of a homoge-
neous polymer solution into a continuous polymer-rich and a polymer-
poor phase, finally inducing the production of a nano-fibrous structure
at a critical temperature. Nano-fibrous scaffolds fabricated by the
TIPS method exhibit structures with abundant interconnected
ianliu@126.com (X. Liu),
macropores, high porosity, and nano-fibrous structures with diameters
of 50–500 nm. Compared to the methods of electrospinning and self-
assembly, TIPS uses less laboratory equipment and, more significantly,
it simplifies experimental conditions and procedures [9–13].

Silk fibroin (SF), a natural biological macromolecule derived from
silkworms, is being used to develop a variety of biomedical devices
and regeneration technologies. It can be processed into a variety of
forms, often via the formation of a fibroin solution, including films, fi-
bers, and scaffolds [14–16]. Furthermore, silk fibroin has demonstrated
good biocompatibility both in vitro and in vivo, which makes this pro-
tein an attractive scaffold material for tissue engineering and regenera-
tive medicine applications. SF can be combined with other materials
such as chitosan, gelatin, and hydroxyapatite to obtain improved
properties [17–19]. Until recently, there were few studies about SF-
based nano-fiber scaffolds.

Sodium alginate (SA) has been found to be an important biological
polymer with good biocompatibility and biodegradability for tissue en-
gineering in recent decades. It contains large amounts of free carboxyl
and hydroxyl groups, making it easy to form composite materials by
combining it with other polymers [20–22].

In this study, we successfully fabricated a novel composite nano-fiber
scaffold from SF and SA by using the TIPS method. The interaction be-
tween SF and SAmolecules was studiedwith a Fourier transform infrared
(FTIR) analysis technique. Theeffect of the SF/SA ratio on the various char-
acteristics of the composite scaffold was examined, including the inner
morphology, crystallinity, thermal properties, and porosity. Finally, we
tested the cytocompatibility of the composite nano-fiber scaffolds.
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2. Materials and methods

2.1. Materials

Silk cocoons were obtained from Huzhou Fiber Inspection (Huzhou,
China). SA was purchased from Sinopharm Chemical Reagent Co., Ltd.
1,4-Dioxane was purchased from Aladdin Co., Ltd. All other chemicals
and solvents used were analytical grade.
2.2. Preparation of SF aqueous solution and SA aqueous solution

Silk cocoonswere degummed by treating them twicewith a 5 g/L so-
dium carbonatewater solution at 98 °C for 30min andwashingwith de-
ionized water several times to remove sericin from the silk fibers. The
degummed fibers were dissolved in 9.3 M LiBr at 37 °C for 6 h to obtain
the regenerated SF solution after being dried completely. The obtained
SF solution was then dialyzed against deionized water for 4 days with
several changes to remove the LiBr molecules. The concentration of
the dialyzed pure regenerated SF solution was adjusted to 5%. SA was
dissolved in deionized water at 60 °C and its concentration was 0.5%.
2.3. Fabrication of scaffolds

SF/SA composite scaffolds with SF/SA weight ratios 5:1; 3:1, and 1:1
were prepared with the TIPS method as follows: The SF solution was
first fully stirred with the SA solution at 60 °C to obtain an SF/SA blend
aqueous solution. The 1,4-dioxane/water (9:1, w/v) solvent was then
homogeneously mixed with it. The volume ratio of the 1,4-dioxane/
water solvent to the SF/SA blend solution was set at 1:3. The SF/SA/
1,4-dioxane/water mixtures were then dropped into a 24-well cell cul-
ture plate and rapidly transferred into a container at −80 °C for 4 h to
induce the gel formation. Then the gel was thawed at room temperature
and immersed into cold ethanol (−20 °C) for 24h to solidify the gel. The
wet SF/SA scaffold was obtained by washing the solidified gel with de-
ionized water to remove the ethanol and the 1,4-dioxane and then
freeze-drying it for 24 h for further characterization. The detailed exper-
imental procedure for the SF/SA composite scaffold is illustrated in
Fig. 1. Pure SF and SA scaffoldswere also preparedwith the abovemeth-
od as the controls.
Fig. 1. Fabrication of scaffolds prep
2.4. Characterization

2.4.1. Scanning electron microscopy (SEM)
The scaffolds were sputter-coated with gold and then observedwith

scanning electron microscopy with an accelerating voltage of 10 kV
(SEM, Philips XL30, The Netherlands).

2.4.2. FTIR spectroscopy
An FT-IR-8400S infrared spectrometer (SHIMADZU, Japan)was used

to collect the FTIR spectrum of the scaffolds between 4000 and
400 cm−1 with the KBr pellet technique. The resolution and the scan-
ning times was 4 cm−1 and 40, respectively.

2.4.3. X-ray diffraction (XRD)
X-ray diffraction patterns were collected on an X-ray diffractometer

(PaNalytical, The Netherlands) with Cu Kα and the irradiation condi-
tions were 40 kV and 40 mA. The 2θ scanning ranged between 5° and
80° with a step scanning rate of 2°/min.

2.4.4. Differential scanning calorimetry (DSC)
The thermal behavior of the scaffolds was determined using a

DSC822e differential scanning calorimeter (Mettler Toledo, Holland).
Themeasurementswere carried out in the range of 30–450 °C under ni-
trogen at a scanning rate of 10 °C/min.

2.4.5. Porosity
The porosity of the scaffolds was measured by the liquid

displacement test. The scaffolds were immersed into a known vol-
ume (V1) of ethanol in a graduated cylinder for 5 min. Then repeated
vacuumization was done until no bubble emissions were observed.
The total volume of ethanol and the ethanol-impregnated scaffolds
was recorded as V2. The ethanol-impregnated scaffolds were then re-
moved from the cylinder and the residual ethanol volume was re-
corded as V3. The porosity of the scaffolds (P) was obtained by the
following equation:

P %ð Þ ¼ V1−V3

V2−V3
� 100:
ared through TIPS technique.



Fig. 2. SEM micrographs of the scaffolds prepared through TIPS method. (a) and (a′): SF, (b) and (b′): 5SF/1SA, (c) and (c′): 3SF/1SA, and (d) and (d′): 1SF/1SA. The magnification of
(a)–(d) was 10,000× and (a′)–(d′) was 20,000×.
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2.5. Cell morphology and viability

2.5.1. Cell culture
MG-63 osteoblasts were cultured in High Dulbecco's Modified Eagle

Medium (H-DMEM, Cibco, USA) supplemented with 10% fetal bovine
serum (FBS, PAA, Germany), 100 IU/mL of penicillin (Sigma, USA), and
100 mg/mL of streptomycin (Sigma, USA) in a CO2 incubator at 37 °C
with 5% CO2 and saturated humidity. The scaffoldswere cut into circular
discs, each with a diameter of 6 mm and a height of 2 mm, and put into
96-well tissue culture plate wells. The scaffold samples were sterilized
with 75% alcohol for 2 h, rinsed twice with phosphate buffer saline
(PBS), and soaked in culture medium for 12 h before cell culturing.
Each scaffold was seeded with 5 × 104 cells.
2.5.2. Cell morphology
SEM was used to determine the morphology of the cells seeded on

the scaffolds. After culturing for 7 days, the seeded scaffolds were
immediately rinsedwith PBS (pH7.4), andfixedwith 3% glutaraldehyde
overnight at 4 °C. The fixed sampleswere then dehydratedwith a gradi-
ent of ethanol and washed with PBS, and later fixed with 1% osmium
acid at 4 °C and dried with the critical-point drying method. After
being sputter-coated with an ultrathin gold layer, samples were ob-
served by SEM.

2.5.3. MTS assay
The cell proliferation rate was examined by methoxyphenyl tet-

razolium salt (MTS) assay with 3-(4,5-dimethyl-thiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS,
Promega, USA) for mitochondrial reduction. The quantity of the
formazan product, measured by the absorbance at 490 nm using a
microplate reader, is directly proportional to the number of living
cells in the culture. The scaffolds were sterilized with ethanol for
2 h and washed with PBS several times to remove the residual etha-
nol before being placed in a 96-well plate. MG-63 cells were seeded
at a density of 5 × 104 cell/mL in a 200 μL DMEM culture medium



Fig. 3. FTIR spectra of the scaffolds prepared through TIPS method. (a) SF, (b) 5SF/1SA,
(c) 3SF/1SA, (d) 1SF/1SA, and (e) SA.

Fig. 4. XRD patterns of the scaffolds prepared through TIPS method. (a) SF, (b) 5SF/1SA,
(c) 3SF/1SA, (d) 1SF/1SA, and (e) SA.
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supplemented with 10% fetal bovine serum. After culturing the cells
under 5% CO2 at 37 °C for 1, 3, and 7 days, 50 μL of the MTS solution
was added to each well and incubated for 4 h. Cells cultured in the
96-well plate without scaffolds were tested as blanks. The experi-
ment was repeated three times and the results are presented as
mean ± standard deviation (SD). One-way analysis of variance
(ANOVA) was conducted. The difference of statistical results was
considered significant when p b 0.05 (labeled with one asterisk)
and as extremely significant when p b 0.01 (labeled with a double
asterisk).
3. Results and discussion

3.1. Scaffold characterization

3.1.1. Scaffold morphology
The cross-sectional SEM micrographs of pure SF, 5SF/1SA, 3SF/1SA,

and 1SF/1SA scaffolds prepared through the TIPS method are shown in
Fig. 2. The pure SA scaffold is not shown because of the difficulty of inte-
grally separating it from the mold. The SF scaffold showed an intercon-
nected porous morphology with large pore size (Fig. 2a and a′). After
being mixed with SA, the scaffolds became more flexible and spongy
(Fig. 1) and showed a three-dimensional (3D) nano-fibrous porous
structure with fiber diameters of 50–500 nm (Fig. 2b–d and b′–d′),
which is obviously different from the SF scaffold. The results indicated
that the introduction of SA into the SF scaffold can promote the forma-
tion of a nano-fibrous structure.

The samples of 5SF/1SA (Fig. 2b and b′) and 3SF/1SA (Fig. 2c and c′)
showed a similar uniform nano-fibrous porous structure. Although
many nano-fibers can also be observed in the 1SF/1SA scaffold (Fig. 2d
and d′), a large amount of non-fibrous and non-porous aggregates
were observed. Therefore, too much SA in the composite scaffold is
not advantageous to the formation of a nano-fibrous structure. This
may result from the excellent interaction and compatibility of SF and
Table 1
Characteristic FTIR peaks of the scaffolds prepared through TIPS method.

Samples Amide
I

Amide
II

Amide
III

Stretching
vibration of
O–H group

Asymmetric
stretching of
–COO−

Symmetric
stretching of
–COO−

SF 1630 1522 1232 / / /
5SF/1SA 1628 1526 1236 3421 / 1412
3SF/1SA 1628 1526 1236 3421 / 1412
1SF/1SA 1628 1526 1236 3421 / 1412
SA / / / 3447 1622 1414
SA in the 5SF/1SA and 3SF/1SA scaffolds, but they are less compatible
in the 1SF/1SA scaffold for the partial phase separation.
3.1.2. FTIR analysis
To confirm the interaction of SF and SA in the composite scaffolds, FTIR

analysis was conducted. The spectra of the scaffolds are shown in Fig. 3
and their characteristic peaks are listed in Table 1. Fig. 3a shows the
FTIR spectrum of the SF scaffold. Its characteristic peaks occurred at
1630 cm−1 (amide I), 1522 cm−1 (amide II), and 1232 cm−1 (amide
III), which represent the β-sheet structure presumably induced during
the ethanol treatment [23,24]. From the spectrum of the SA scaffold, the
characteristic peaks at 3447 cm−1, 1622 cm−1, and 1414 cm−1 corre-
spond to the stretching vibration of the O–H group and the asymmetric
and symmetric stretching vibrations of the COO− group, respectively [25].

In the SF/SA composite scaffolds, the amide I peak of SF was over-
lapped with the asymmetric –COO− group stretching vibration of SA
and was strengthened and somewhat shifted to 1628 cm−1. The
amide II and amide III peaks of SF increased somewhat to 1526 cm−1

and 1236 cm−1, respectively, and their strengths obviously decreased
in the 1SF/1SA scaffold with increasing SA. Furthermore, the stretching
vibration of the O–H group and the symmetric stretching vibration of
the COO− group of SA decreased to 3421 cm−1 and 1412 cm−1,
Fig. 5. DSC curves of the scaffolds prepared through TIPS method. (a) SF, (b) 1SF/1SA,
(c) 3SF/1SA, (d) 5SF/1SA, and (e) SA.



Table 2
Porosities of the scaffolds prepared through TIPSmethod.

Samples Porosity (%)

SF 86.36 ± 4.07
5SF/1SA 92.74 ± 3.42
3SF/1SA 90.70 ± 2.39
1SF/1SA 87.12 ± 3.75

Fig. 7.Cell proliferation rates on the 5SF/1SA composite nano-fiber scaffolds after culturing
for 1, 5, and 7 days.
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respectively, and their strength gradually increased with increasing SA
amount. The peak shift results indicate that SF was combined with SA
through physical bonds such as the electrostatic interaction between
amino and COO− groups and the hydrogen bonding [26].

3.1.3. XRD analysis
XRD was used to study the crystalline structure of the scaffolds, and

the patterns are shown in Fig. 4. The diffraction peak of the SF scaffold
was observed at 2θ = 20.1° (Fig. 4a), denoting the β-sheet secondary
structure [27,28]. The peak at 2θ=10° to 15° of the SA scaffold showed
the typical amorphous structure of SA [25]. In all SF/SA scaffolds, a dif-
fraction peak at 2θ = 20.1° was observed, although the intensity of
3SF/1SA was lower than that of 5SF/1SA (Fig. 4b and c) because of a
higher number of SFmolecules interacted with SAmolecules. However,
the intensity of 1SF/1SA (Fig. 4d) was higher than that of 3SF/1SA, prob-
ably due to the partial phase separation of SF and SA, as shown in the
SEM results, and the increase of the self-assembly among SF molecules.

3.1.4. DSC analysis
Fig. 5 shows the DSC curves of the scaffolds. The DSC curve of SF

(Fig. 5a) exhibits an endothermic peak at 286.50 °C, corresponding to
the decomposition peak of SF [29]. The sharp exothermic peak of SA
at 247.25 °C is due to SA collapsing to a relatively stable intermediate,
and the weak endothermic peak at 261.57 °C can be attributed to the
decomposition of the intermediate (Fig. 5e) [30]. The endothermic
peak of the 5SF/1SA and 3SF/1SA composite nano-fiber scaffolds shifts
to lower temperatures with the increasing amount of SA as compared
to the pure SF scaffold, and the exothermic peak of SA at 247.25 °C
was not obviously observed. However, with the 1SF/1SA composite
scaffold, the endothermic peak was observed at 278.17 °C, which is
somewhat higher than that of the 3SF/1SA scaffold, and the exothermic
peak of SA occurred at 244.74 °C. The results indicate the compatibly in-
teraction between SF and SA through hydrogen bonding in the 5SF/1SA
and 3SF/1SA scaffolds and the partial phase separation of SF and SA in
the 1SF/1SA scaffold, which agrees with the SEM and XRD results.

3.1.5. Porosity analysis
The porosities of the scaffolds are listed in Table 2 and all scaffolds

possessed high porosity (N85%). The high porosity of a scaffold can pro-
vide benefits for cell growth and migration [31]. As compared with
Fig. 6. The morphology of MG-63 osteoblasts on the SF/SA composite scaffolds prepared thr
other scaffold samples, the pure SF scaffold showed relatively lower po-
rosity while having the larger size porous structure, as shown in the
SEM results. The porosity of the 5SF/1SA scaffold increased, which is
caused by the homogeneous nano-fibrous structure. With the decrease
in the amount of SF in the composite SF/SA scaffolds, the porosity of the
scaffolds gradually decreased, and that of the 1SF/1SA scaffold was the
lowest for the less nano-fibrous structures (Fig. 2d and d′).

3.2. Cell culture on the scaffolds

The cell biocompatibility of the 5SF/1SA scaffold was studied
through SEM observation and the MTS assay method. Fig. 6 shows the
morphology of MG-63 osteoblasts on the three SF/SA composite scaf-
folds prepared through the TIPS method after 7 days of culturing. The
SEM results show that MG-63 osteoblasts can grow well on the surface
of SF/SA composite scaffolds, with their tentacles close to the material
surface. Because the 5SF/1SA scaffold showed an excellentfibrous struc-
ture and the highest porosity, its cell viabilities after culturing cells for 1,
3, and 7 days were further studied through MTS assay. The absorbance
results of the 5SF/1SA scaffold shown in Fig. 7 indicate that the adhesion
and growth amount of cells were both significantly higher than those of
the blank plate wells. The above results indicate the good cell biocom-
patibility of the SF/SA scaffolds.

4. Conclusions

Nano-fibrous SF/SA composite scaffolds can be successfully fabricated
through the TIPS method. The composite scaffolds possess good connec-
tivity, uniform distribution of nano-fibers with diameters of 50–500 nm,
and a porosity of more than 85%. The 5SF/1SA and 3SF/1SA scaffolds
ough TIPS method after 7 days of culturing. (a) 5SF/1SA, (b) 3SF/1SA, and (c) 1SF/1SA.
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possessed excellent nano-fibrous structures and porosities higher than
90%, which is better than that of the 1SF/1SA scaffold. The characteristic
peak shift results from FTIR analysis indicated physical interaction be-
tween the SF and SA molecules in the SF/SA scaffolds. The crystallinity
strength and the thermal decomposition temperature changes further
confirmed the interaction of the SF and SA molecules. SEM, XRD, and
DSC results revealed good compatibility in the 5SF/1SA and3SF/1SA scaf-
folds but less compatibility in the 1SF/1SA scaffold. MG-63 cell culture
experiments confirmed the cell compatibility of the SF/SA scaffolds.
These results promote the development and application of tissue engi-
neering scaffold materials.
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