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a b s t r a c t
The physical and chemical properties of the scaffold are known to play important roles in threedimensional (3D) cell culture, which always determine the cellular fate or the results of implantation. To
control these properties becomes necessary for meeting the requirements of a variety of tissue engineering applications. In this study, a series of silk ﬁbroin/chitosan (SF/CS) scaffolds with tunable properties
were prepared using freeze-drying method, and the rat bone marrow-derived mesenchymal stem cells
(BM-MSCs) were seeded in these scaffolds to evaluate their availability of use in tissue engineering. The
3D structure, mechanical properties and degradation ability of SF/CS scaffold can be tuned by changing
the total concentration of the precursor solution and the blending ratio between SF and CS. BM-MSCs
cultured in the SF/CS scaffold exhibited excellent proliferation and multiple morphologies. The induction
of osteogenic and adipogenic differentiation of BM-MSCs were successful in this scaffold when cultured
in vitro. Subcutaneous implantation of the SF/CS scaffolds did not cause any inﬂammatory response within
four weeks, which revealed good compatibility. Moreover, the implanted scaffold allowed host cells to
invade, adhere, grow and form new blood vessels. With these excellent performance, SF/CS scaffold has
great potential in preparing implants for tissue engineering applications.
© 2017 Published by Elsevier B.V.

1. Introduction
Three-dimensional (3D) scaffolds are used as carriers for delivering cells, drugs, and genes into the body, which play a crucial role
in the tissue engineering [1]. The scaffolds for cell implantation not
only provide support for cell adhesion, proliferation, differentiation
and maintenance of function, but also guide the desired formation
of tissue through their interactions with the cells.
The key role of the 3D scaffold is to mimic natural extracellular matrix (ECM) in tissue engineering [2]. ECM is unique in
speciﬁc tissue, whose properties is required for 3D scaffolds in engineering different tissue. For example, the compressive strength
of 100–200 MPa and Young’s modulus of 15–20 GPa is required
for the scaffold in treatment of cortical bone injury, while for the
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repair of cancellous bone injury, compressive strength of the scaffolds should be 2–20 MPa, and their Young’s modulus should be
0.1–2 GPa [3]. Another example is that the degradation time of the
scaffolds should be within 9 months in spondylodesis, while 3–6
months is required in cranio-maxillofacial surgery [4]. Pore sizes
of the scaffolds also inﬂuence the speed of tissue regeneration. The
optimum pore size of the scaffold is 5 m for neovascularization,
while the appropriate pore size of the scaffolds for bone regeneration, hepatocytes growth, ﬁbroblasts ingrowth and regeneration of
adult skin are 100–350, 20, 5–15 and 20–125 m respectively [5].
Therefore, a series of scaffolds with tunable properties are desirable
for various applications in tissue engineering.
In 3D cell culture with scaffolds, the cell response and fate
after seeding are often determined by the physical properties of
the scaffolds, especially the different pore size, porosity, surface
topography, stiffness, roughness and elasticity. For instance, the
soft substrate could help to maintain the stemness of the mouse
embryonic stem cells, while the stiff substrate does the opposite
[6]. As compared to the ﬂat surface, the ﬁbroblasts show more
elongated and branched shapes, and also exhibit fewer actin stress
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ﬁbers when growing on the scaffolds with surface architectures of
micropillars [7]. Similarly, human primary dermal ﬁbroblast shows
signiﬁcant better proliferation in silk ﬁbroin scaffold with pore size
of 200–250 m and porosity of 86% than in the scaffold with pore
size of 75–100 m and porosity of 74% [8]. In these examples, even
though the scaffolds have same chemical compositions, the morphology and mechanical properties of scaffolds deeply inﬂuenced
the cell response under the 3D culture conditions.
As just mentioned above, silk ﬁbroin (SF) is a natural
ﬁbrous protein, which possesses favorable biocompatibility and
biodegradability [9,10]. It has already been used as a biomedical material in a variety of forms, such as ﬁbers, mats, ﬁlms, gels
and sponges [9,11–13]. The excellent permeability for oxygen and
water allows its application in tissue engineering [14]. The disadvantage of SF scaffold is the high brittleness, which makes it
difﬁcult to handle. Chitosan (CS) is a polysaccharide derived from
deacetylated chitin, which exhibits excellent biocompatibility and
antibacterial properties [15]. Since CS contains similar structure as
the glycosaminoglycans (GAGs), which is one of the main components of ECM in bone and cartilage [16,17], CS (ﬁlms, hydrogels and
scaffolds) has been widely used in tissue engineering for skin, bone
and cartilage [15,18]. Nevertheless, the high swelling nature of CS
limits its application as scaffold alone in 3D cell culture [19]. In order
to avoid the disadvantage and limitation of pure SF and CS scaffold,
the blending usage of both SF and CS exhibits physiological compatibility and mechanical pliability, which has been successfully
used in repairing sciatic nerve gap [20], vasculature [21], cartilage
[16,22], bone defect [23], and in skin wound healing [24]. However, the internal relationship between the technical parameters
of preparing the SF/CS scaffolds and their subsequent morphology
and mechanical properties has not yet been systematically studied.
In this paper, a series of SF/CS scaffolds were fabricated by
freeze-drying method using different technical parameters, such
as different freeze temperature, total solution concentration and
SF/CS blend ratio. The structure, mechanical property and degradation ability of the scaffolds has been studied in order to clarify
the regulations of the technical parameters of scaffold preparation.
Cytocompatibility of these SF/CS scaffolds was evaluated by the
growth and proliferation of rat bone marrow-derived mesenchymal stem cells (BM-MSCs) in vitro. BM-MSCs are multipotent stem
cells which have the pluripotency to differentiate into osteoblasts,
chondrocytes, adipocytes, tenocytes, endotheliocytes, hepatocytes
and neuronal cells [25,26]. Homologous BM-MSCs do not cause
immunoreactivity in vivo, and these features make them potential
seed cells in a variety of tissue engineering [27–29]. In a previous report, the ability of chondrogenic differentiation of BM-MSC
in SF/CS scaffolds has been evaluated [22]. However, the abilities
of osteogenic and adipogenic differentiation of BM-MSCs in such
SF/CS scaffold are barely studied, which limits the development
and applications of SF/CS scaffold in tissue engineering and regenerative medicine. Herein, we studied the abilities of osteogenic and
adipogenic differentiation of BM-MSCs in SF/CS scaffolds, and provided more information of the cell response to SF/CS scaffold. In
addition, subcutaneous implantation was processed to evaluate the
inﬂammatory response of the SF/CS scaffolds in vivo.

2. Materials and methods
2.1. Materials
Silk cocoons were collected from local silkworm farm (Shaanxi,
PR China). Dulbecco’s Modiﬁed Eagle’s Medium (DMEM) (low
glucose), trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA),
fetal bovine serum (FBS) and penicillin-streptomycin antibiotics were from GibcoTM , Thermo Fisher Scientiﬁc Inc. (MA,
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USA). 3-isobutyl-1-methylxanthine (IBMX), dimethyl sulfoxide
(DMSO), methylthiazolyldiphenyl-tetrazolium bromide (MTT), ␤glycerophosphate, polybrene, l-ascorbic acid, dexamethasone,
insulin, indomethacin, protease XIV and lysozyme were purchased
from Sigma-Aldrich Co. LLC. (MO, USA). GFP lentivirus were purchased from Cell Biolabs, Inc. (CA, USA). Tissue culture plates and
dishes were purchased from Corning Inc. (NY, USA). Dialysis bags
of molecular weight cut off (MWCO) 3500 were purchased from
Spectrum Laboratories Inc. (CA, USA). Enhanced bicinchoninic acid
(BCA) protein assay kit and alkaline phosphatase (ALP) assay kit
were from Beyotime Institute of Biotechnology (Beijing, PR China).
Chitosan (relative molecular weight (Mw) and degree of deacetylation (DDA) were provided in the Supporting information), lithium
bromide, methanol, sodium hydroxide and other reagents (all analytical grade) were all obtained from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, PR China).
2.2. Preparation of SF/CS scaffold
The silk ﬁbroin was extracted using the method described before
[30]. Brieﬂy, silk cocoons were cut into pieces and boiled in 0.02 M
aqueous sodium carbonate solution for 60 min. Then the debris
were rinsed thoroughly with distilled water and dried overnight
at 60 ◦ C. The silk ﬁbroin ﬁbers without sericin were dissolved in
aqueous lithium bromide (9.3 M) at 60 ◦ C for 4 h to make a 20% (w/v)
solution. The solution was dialyzed against distilled water for 48 h
to obtain the aqueous SF solution. The SF solution was lyophilized
and then dissolved to make a series of SF aqueous solution of different concentrations (2, 4 and 12% w/v). CS were dissolved in acetic
acid (2%, v/v) and stirred for 2 h to obtain 2, 4 and 12% (w/v) CS solutions. SF and CS solutions were mixed at the volume ratio of 2:8,
3.5:6.5, 5:5, 6.5:3.5 and 8:2 respectively. The SF/CS mixed solution was homogenized and poured into a cylindrical Teﬂon dish.
The mixed solution was frozen overnight at temperature of −20,
−80, or −196 ◦ C respectively, and then proceed to vacuum drying
for 60 h at −40 ◦ C. The SF/CS scaffold preforms were obtained and
treated with methanol for 4 h to induce insolubility in water, and
then immersed in sodium hydroxide solution (1 M) to neutralize
the acids. Subsequently, the scaffold preforms were washed extensively by distilled water to totally remove the excessive hydroxide.
Finally, these preforms were freeze-dried, thus a series of SF/CS
scaffolds with different properties were obtained. In the following
tests, the scaffolds were cut into disks with diameter of 6 mm and
thickness of 1 mm.
2.3. Characterization of SF/CS scaffold
2.3.1. Morphology of SF/CS scaffold
The inner morphology of scaffolds was observed by scanning electron microscopy (SEM) (Tescan, VEGA3-LMU, Czech) after
being sectioned in liquid nitrogen and sputter-coated with gold.
2.3.2. Porosity
The porosity of SF/CS scaffold was measured by liquid displacement method. Hexane, which does not cause swelling or shrinking
of SF/CS scaffold, was used as the displacement liquid. The scaffold
was immersed in a known volume of hexane (V1 ) in a graduated
cylinder for 10 min and the total volume of hexane together with
the scaffold was recorded as V2 . Then the scaffold was removed
and the residual hexane volume was recorded as V3 . The porosity
of SF/CS scaffold () was calculated by the formula:
 (%) =

V1 − V3
× 100
V2 − V3

(1)
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2.3.3. Pore size
The distribution of pore size of SF/CS scaffold was determined
from four independent SEM images of the scaffold. From each
image, 40 pores were measured. The software of Image J 1.51 k was
used to measure and analyze the SEM images.
2.3.4. Water uptake ratio and swelling ratio
The water uptake ratio of the scaffold was measured by immersion in deionized water at 37 ◦ C for 12 h. The dry scaffold was
weighed as Wd . The fully-wetted scaffold was carefully blotted on
Kimwipes to remove the hanging water on the surface and then
weighed as Ww1 . The water uptake ratio was calculated by the
formula:
Water uptake ratio (%) =

Ww1 − Wd
× 100
Ww1

(2)

The fully-wetted scaffold was then placed on the ﬁlter paper
and centrifuged at 2000 rpm for 5 min to remove the excessive
water. The scaffold was then weighed as Ww2 . The swelling ratio
was calculated by the formula:
Swelling ratio (%) =

Ww2 − Wd
× 100
Wd

(3)

2.3.5. X-ray diffraction (XRD) and fourier transform infrared
(FTIR) analysis
XRD measurement of the scaffold was obtained using X-ray
diffractometer (PANalytical, X’pert Pro MPD, Netherlands). The
measurement was proceeded at the angle ranging from 10◦ to 90◦ .
The surface infrared spectra of the scaffold were measured by
an FTIR spectrophotometer (Bruker, TENSOR27, Germany).
2.3.6. Mechanical properties
The compressive strength and Young’s modulus of the scaffold
were measured by Universal Testing System (Instron 5943, USA).
The cylindrical-shaped scaffold, which was immersed in phosphate
buffered saline (PBS) for 4 h in advance, was measured according to the ASTM method F451-91 with modiﬁcations [31,32]. The
0.1 kN load cell and crosshead speed of 1 mm/min were selected.
The compressive strength and Young’s modulus were determined
®
from the compressive stress-and-strain graph by Bluehill 3 testing
software.
2.3.7. Scaffold degradation in vitro
PBS (0.01 M and pH 7.4) with or without enzymes (protease XIV
of 1 U/mL and lysozyme of 500 U/mL) were selected as the degradation solution [33,34]. The protease XIV and lysozyme were used
to study enzymatic degradation of SF and CS respectively in the
scaffold. The dry scaffold disc (6 mm diameter, 3 mm thickness,
weighed as Wd1 ) was immersed in PBS with or without enzymes
and incubate at 37 ◦ C. The degradation solution was refreshed every
other day. At each time point, the scaffold was taken out, rinsed with
distilled water for three times and then freeze-dried. The dried scaffold was weighed as Wd2 . The percentage of weight remaining was
calculated by the formula:
Weight remaining (%) =

Wd2
× 100
Wd1

(4)

2.4. Cytocompatibility of SF/CS scaffold
2.4.1. 2D and 3D cell culture
BM-MSC was seeded in scaffold in order to evaluate the cytocompatibility of the SF/CS scaffold for 3D cell culture. BM-MSC
was ﬁrst isolated from Sprague-Dawley (SD) rats, expanded on tissue culture plate and then characterized by immunoﬂuorescence
(see Supporting information). The scaffolds were ﬁrst sterilized by

Table 1
Seeding density of BM-MSCs.
Item

3D Culture

2D Culture

Cell morphology

5.0 × 104 /scaffold
1.0 × 105 /scaffold
2.0 × 104 /scaffold
1.0 × 105 /scaffold

3.0 × 104 /cm2
7.0 × 104 /cm2
1.8 × 104 /cm2
7.0 × 104 /cm2

Cell proliferation
Cell differentiation

immersing in 75% (v/v) ethanol for 4 h and then triplicated washing
with sterilized PBS to remove the residual ethanol. After exposing under the UV light for 30 min, the scaffolds were placed in 96
well, and then conditioned with growth medium for 12 h in the
incubator (37 ◦ C, 5% CO2 ) before seeding the cells. According to
the requirements of studying cells morphology, proliferation and
differentiation, different density of BM-MSCs were seeded in the
scaffold after removing the conditioning medium (Table 1). The
scaffolds with the cells were incubated for 2 h to allow the cell
adhesion, and then certain volume of growth media was added into
the wells. After 24 h of incubation, the scaffolds with cells were
transferred to a new plate containing fresh growth medium, and
the medium was refreshed every three days during the incubation
process. The cells cultured on tissue culture plate (2D culture) were
considered as positive controls respectively (Table 1).
2.4.2. Cell morphology
The morphology and distribution of the cells cultured in scaffold were observed by SEM, confocal microscopy and ﬂuorescent
microscopy. The scaffolds with the cells were washed with PBS
for three times and ﬁxed with 4% paraformaldehyde for 30 min.
The scaffolds were then treated with gradient of ethanol (50%, 70%,
80%, 90%, 95%, 100% and 100%). Part of these dehydrated samples
were dried at 4 ◦ C overnight, and then sputter-coated with gold.
The cells sitting on the surface pores of scaffolds were observed by
SEM (Tescan, VEGA3-LMU, Czech). Other dehydrated samples were
embedded in parafﬁn and then sectioned into 5 m slices. After
the treatments of xylene, gradient ethanol and distilled water, the
sections were stained with ﬂuorescent dye. Alexa Flour 555 was
used to stain cellular tubulins overnight at 4 ◦ C, and then washed
with PBS three times to remove unbound ﬂuorescent dye. Subsequently, the nucleuses were stained with DAPI for 20 min at room
temperature. The ﬂuorescence images of cells were obtained using
ﬂuorescent microscope (Nikon, eclipse 80i, Japan).
Transfection of green ﬂuorescent protein (GFP) into BM-MSC
was an alternative way to observe the cells morphology and distribution on the surface of scaffold. GFP-labeled BM-MSCs (see
Supporting information) were viewed by confocal microscopy
(Leica, TCS SP5, Germany) and the 2D cultured cells were observed
by ﬂuorescent microscopy (Nikon, eclipse 80i, Japan).
2.4.3. Cell proliferation
The cell proliferation in the scaffold was evaluated by MTT assay.
Brieﬂy, samples (scaffolds with the cells) were washed with sterile
PBS three times. Then the samples were transferred into a new plate
and 200 L serum-free growth medium containing MTT (5 mg/mL)
were added. After incubating for 4 h at 37 ◦ C, the samples were
taken out and cut into pieces and immersed in 200 L of DMSO
for 10 min. After centrifuging for 5 min at 1000 rpm, the supernatant (100 L) was used to measure the absorbance at 490 nm.
The cell-free scaffold was set as blank.
2.4.4. Osteogenic and adipogenic differentiation
Speciﬁc culture medium was used to induce the osteogenic
and adipogenic differentiation of BM-MSC. The adipogenic medium
consisted of low glucose DMEM, 10% (v/v) FBS, 100 U/mL penicillinstreptomycin, 1.0 nmol/mL dexamethasone, 0.5 mol/mL IBMX,
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0.2 indomethacin, and 10 g/mL insulin. The adipogenic medium
was replaced every 3 days. The osteogenic medium was low glucose
DMEM supplemented with 10% (v/v) FBS, 100 U/mL penicillinstreptomycin, 0.1 nmol/mL dexamethasone, 0.05 mol/mL lascorbic acid and 10 mol/mL ␤-glycerophosphate. The osteogenic
medium was replaced every other day.
2.4.5. Type I collagen (COL-I) and osteocalcin (OCN) content
COL-I and OCN content were measured by enzyme-linked
immunosorbent assay (ELISA) kits. ELISA kits were purchased from
Enzyme-Linked Biotechnology Co., Ltd. (Shanghai, PR China). Total
protein concentration was measured by enhanced bicinchoninic
acid (BCA) protein assay kit purchased from Beyotime Institute of
Biotechnology (Beijing, PR China). Brieﬂy, Samples (scaffolds with
the cells) were rinsed with PBS three times and cut into small
pieces. These pieces were mixed with 200 L of 0.1% TritonX-100
solution, and repeated frozen-thaw three times. After centrifuging
for 5 min at 1000 rpm, the supernatants were used to measure the
total protein concentration as well as COL-I and OCN content. The
following steps were carried out according to the manufacturer’s
protocols, and then the absorbance at 450 nm was measured. COL-I
and OCN content were expressed as COL-I/total protein (g/mg)
and OCN/total protein (ng/mg). The cell-free scaffold was set as
blank. In the case of the 2D culture, the measurement steps were
similar to those of the scaffold but without the process of cutting
and centrifuging.
2.4.6. Von Kossa staining
After osteogenic differentiation for 4 weeks, the calcium in
the mineralized nodules of the cells were stained into a brownblack color using Von Kossa method. The samples (the scaffolds
with cells) were rinsed with PBS twice and then ﬁxed with 4%
paraformaldehyde for 20 min. After washing two times with deionized water, the samples were immersed in 1% (w/v) silver nitrate
under a UV light (100 w) for 20 min. Subsequently, the samples
were immersed in the sodium thiosulfate solution (5%, w/v) to ﬁx
the color and remove the residual silver nitrate. The photos of the
stained sample were taken using the upright microscope (Nikon,
SY100, Japan) and digital camera (Nikon, D5500, Japan).
2.4.7. Oil red O staining
After being cultured in adipogenic medium for 21 days, presence of the lipid droplets in the cells was assessed by Oil Red O
staining. The sample (the scaffolds with the cells) were ﬁxed with
4% paraformaldehyde for 5 min and then washed with PBS and isopropanol (60%, v/v). The sample was immersed in diluted Oil Red O
solution (Oil Red O in 90 mL of isopropanol (0.5%, w/v) mixed with
60 mL of distilled water) for 10 min at room temperature, and then
washed three times with PBS. The stained sample was observed and
photographed by the upright microscope (Nikon, SY100, Japan) and
camera (Nikon, D5500, Japan).
2.5. Implantation of SF/CS scaffold and histology analysis
All animal treatments and procedure of surgery were complied
with National Institutes of Health guidelines [35]. The scaffolds
were sterilized as described in 2.4.1. 16 Male SD rats, weighing
150 ± 14.5 g, were randomly assigned into two groups. The rats
were anesthetized by intraperitoneal injection of 2% pentobarbital sodium solution (0.2 mL/100 g weight) and then their abdomen
was shaved and disinfected by iodophor disinfectant. The incision of 15 mm was made and the scaffolds (diameter 6 mm and
thickness 2 mm) were implanted into the subcutaneous pocket.
Subsequently, the skin and the muscle layers were sutured by surgical suture.
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At 14th or 28th day of surgery, the rats were euthanized by
cervical dislocation and then the implantation sample was taken
out and ﬁxed with 4% paraformaldehyde for 12 h. As described
in 2.4.2, the samples were processed by dehydration (gradient
ethanol), parafﬁn embedding, section, deparafﬁnization (xylene),
and rehydration (gradient ethanol and distilled water). The 5 m
sections of the samples were stained with hematoxylin and eosin
(H&E) method for histological analysis. The upright light microscope (Nikon, SY100, Japan) was used to examine the histological
sections of the implantation samples. For each implant, four independent sections were observed.
2.6. Statistical analysis
For each experiment, four parallel samples were tested (unless
specially noted). All data were performed and reported as
mean ± standard deviation. One-way analysis of variance (ANOVA)
was used to represent the difference among samples. All statistical
analysis was performed by the software of Statistical Program for
Social Science 19.0 (SPSS 19.0, NY, USA). The value of p ≤ 0.05 was
considered to be statistically signiﬁcant.
3. Results and discussion
3.1. Preparation and characterization of SF/CS scaffold
Freeze-drying is a conventional method to prepare porous scaffold from natural polymers. Herein we used freeze-drying method
to fabricate SF/CS scaffolds, which is expected to obtain high porosity, small thermal deformation and excellent pore connectivity. The
DDA of CS was determined to be 88.07% and the Mw was determined to be 6.04 × 105 in the test (see Supporting information Figs.
S1 and S2). Mw of SF has a dispersed distribution, and it was distributed in the range of 1.23 × 102 –4.80 × 103 (Fig. S3 and Table
S1).
3.1.1. Morphology and pore size distribution
Sponge-like structure was observed from the macroscopic
aspect of pure SF, pure CS and SF/CS scaffolds. (Fig. 1a–c). The
pore morphology of pure SF scaffold showed lamellar structure
with certain direction, and bunch of interconnections distributed
throughout the scaffold (Fig. 1a). The distance between each layer
was about 20–40 m and the thickness of sheet in each layer was
about 2–3 m. The pure CS scaffold showed porous structure with
irregular pore shape, dense interconnections and relatively smooth
pore walls, and the thickness of sheet in each layer was about 2 m
(Fig. 1b). Pore morphology of SF/CS scaffold was similar to pure CS
scaffold (Fig. 1c).
The freeze temperature is a key factor affecting the structure of
SF/CS scaffold and the pore morphology. Regular freezer (−20 ◦ C,
Fig. 1d), ultra-low temperature freezer (−80 ◦ C, Fig. 1e) and liquid
nitrogen (−196 ◦ C, Fig. 1f) provide three different freeze temperatures for the preparation of SF/CS scaffold. Scaffold prepared in
regular freezer possessed plenty of interconnections together with
irregular pore shape (Fig. 1d), which was supposed to be suitable
for cell seeding and proliferation. The freeze temperature of −80 ◦ C
made the scaffold to show large lamellar structure, in which the
layers arranged in random directions (Fig. 1e). These pores and
cracks seemed to be too big to hold the cells. At −196 ◦ C, the scaffold
appeared to be small sheet-like structure, and the distance between
two sheets was about 10–20 m. Small pores with a diameter of
5–10 m also appeared on the sheets, but seldom interconnections
were observed (Fig. 1f), which would make the mass transport to
be difﬁcult in such structure. Therefore, the freeze temperature of
−20 ◦ C was chosen to fabricate SF/CS scaffolds in the following tests
and experiments.
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Fig. 1. SEM images of cross-sectional morphology of the scaffolds. (a) Pure SF scaffold, (b) pure CS scaffold and (c) SF/CS scaffold. Freeze temperature is −20 ◦ C and the total
concentration is 4%. The inserts are their respective gross morphology. Morphology of SF/CS scaffold prepared at different freeze temperature, (d) −20 ◦ C, (e) −80 ◦ C and (f)
−196 ◦ C. Morphology of SF/CS scaffolds prepared with different total concentration (w/w), (g) 2%, (h) 4% and (i) 12%. The inserts are their respective pore size distribution.
For all the SF/CS scaffold, SF:CS = 1:1.

For the SF/CS scaffold, the pore sizes decreased gradually with
the increase of total concentration (w/w) from 2% to 12% (Fig. 1g–i).
When the total concentration was 2% and 4%, the pore size of scaffold was in the range of 129–198 m and 86–133 m respectively.
When the concentration increased to 12%, the pore sizes decreased
to 43–70 m.
The porous structure of the SF/CS scaffolds is depended on the
formation of ice crystals during the freeze process, since the ice
crystals are always regarded as the porogens in the freeze-drying
method. The formation of ice crystals is related to the freeze temperature and the nature of solution [36]. When the blending ratio
of SF/CS solution was ﬁxed as 1:1, the pore morphology of the
scaffolds was mainly related to the freeze temperature. The freeze
temperature of −196 ◦ C is well below the glass transition temperature of SF/CS blend solution. The small ice crystals of sheet
rapidly formed, which prevented the growth of ice crystals. Therefore, the scaffold showed small sheet-like structure. At −80 ◦ C, the
formation of ice crystals was slower than that at −196 ◦ C, the ice
crystals allowed to form larger lamellar shape. Hence the lamellar
structure presented in the scaffold under the freeze temperature of
−80 ◦ C. The pure CS scaffold showed the similar pore morphology
under the freeze temperature [37]. Under a relatively high freeze
temperature (−20 ◦ C), the nucleation and growth of ice were rel-

ative slow, so it tends to form large ice crystals. Therefore, pure
SF, pure CS and SF/CS scaffold exhibited relative large pore structure when frozen at −20 ◦ C. When the concentration of the pure
SF solution was low, the ice crystals tended to form lamellar shape
along the freeze direction, which induced the morphologies of the
pure SF in the scaffold also to be lamellar. Considering the SF/CS
blending ratio, the addition of CS increased the viscosity of SF/CS
blend solution. The more CS added, the higher viscosity hindered
the transportation of water molecules, which may prevent the formation of lamellar ice crystals [38]. Thus, the pore morphology of
SF/CS scaffold were homogeneous irregular polygons, which was
similar to that in pure CS scaffold. Therefore, the pore morphology
of the SF/CS scaffolds can be controlled by both adjusting the freeze
temperature and SF/CS composition. Porous structure is preferred
in the 3D cell culturing, so the freeze temperature of −20 ◦ C was
adopted in the following tests.
3.1.2. Porosity, water uptake ratio and swelling ratio
Porosity, water uptake ratio and swelling ratio are crucial
indicators of scaffold performance in 3D cell culture and tissue
engineering. High porosity always helps with cell proliferation,
migration and the delivery of nutrients [39]. As the matrix for supporting cells growth, the water uptake and swelling ratio of the
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Fig. 2. (a) The porosity, (b) water uptake ratio and (c) swelling ratio of the SF/CS scaffolds prepared with different concentration, the SF/CS blending ratio was ﬁxed to 1:1;
(d) The porosity, (e) water uptake ratio and (f) swelling ratio of the SF/CS scaffolds prepared from different SF/CS blending ratio, the total concentration was ﬁxed to 4%.

scaffold is critical to support numerous cellular activities. When
the SF/CS blending ratio was ﬁxed to 1:1, both the porosity and
the water uptake ratio of scaffold signiﬁcantly decreased when the
total concentration increased from 2% to 12% (Fig. 2a and b). However, the swelling ratio does not change much when increasing
the total concentration (Fig. 2c). When the total concentration was
ﬁxed to 4%, and the SF/CS blending ratio varied from 8:2 to 2:8, no
signiﬁcant differences were observed in porosity or water uptake
(Fig. 2d and 2e). However, the swelling ratio obviously increased
with increase of CS content in SF/CS scaffold (Fig. 2f).
The porosity of scaffold plays a crucial role in the 3D cell culture
and tissue engineering, which always determines the cellular fate
and function of implant. The high porosity is conductive to the cells
growth, nutrition transport and tissue vascularization [40]. According to the above results, the porosity of the scaffold was determined
by the concentration of SF/CS solution. When the concentration of
SF/CS solution was at a low level (2% w/v), the water content was
relatively high and the ice crystals occupied relatively more volume. The scaffold showed relatively high porosity (96.2%). With
the increase of solution concentration, both of porosity and pore
size showed a gradually decreasing trend, while the effect of SF/CS
blend ratio on the porosity of scaffold was insigniﬁcant.
The water uptake and swelling ability is an important parameter of the scaffold, since the free diffusion of water determines the
transport of nutrients and the excretion of metabolic wastes. Hence
higher water uptake ratio means better material exchange with the
surroundings. The water uptake ratio of scaffold decreased with the
increase of solution concentration, which performed in the similar
way of porosity and pore size. The higher porosity allowed more
water to get into the pores of the scaffold, which was beneﬁcial
to the cell growth in the scaffold. The swelling ratio reﬂects the
hydrophilicity and stability of the scaffold, which is important for
cell adhesion and activities. SF has a relative hydrophobic nature
resulting from its ␤-sheet conformation, while CS has high ability
of water absorption [41]. Therefore, the swelling ratio increased
with the addition of CS content in the blend solution. In these considerations, the water uptake ratio and the swelling ratio of the

SF/CS scaffold could also be tuned by the technical parameters of
preparation.

3.1.3. FTIR and XRD analysis
The FTIR spectra of pure SF, pure CS and SF/CS scaffolds were
collected to monitor the characteristic peaks of functional groups
(Fig. 3a). The characteristic peaks of pure SF scaffold were at 1620
(amide I), 1535 (amide II) and 1255 cm−1 (amide III), which were
related to the ␤-sheet structure in SF after methanol treatment [42].
Pure CS scaffold showed the characteristic peaks at 1650, 1595 and
1324 cm−1 , which were assigned to amide I, NH2 and amide III
respectively. The characteristic peaks of 1055 and 1010 cm−1 were
attributed to the skeletal vibration involving C O stretching. The
peak at 1153 cm−1 assigned to the asymmetric stretching vibration
of C O C [43,44]. The SF/CS scaffold exhibited the characteristic
peaks from both SF and CS, however the intensity and position of
amide I, amide II and amide III peaks were slightly shifted in different SF/CS blending ratio. Shang et al. summarized many FTIR
results and concluded that the shifts of amide I peaks of SF indicated the formation of ␤-sheet structure in SF/CS scaffold [45,46].
The ␤-sheet structure (silk II) of SF could enhance the water stability
of SF/CS scaffold [45].
XRD analysis was performed to conﬁrm the structure change
after blending SF and CS (Fig. 3b). Pure SF showed the characteristic diffraction peaks at 21.1◦ and 24.4◦ , which was corresponding
to ␤-sheet crystal structure and random coil conformation [47,48].
For pure CS, the diffraction peaks at 21.6◦ was the characteristic structure of anhydrous form of chitosan. The diffraction peaks
of SF/CS scaffold were exhibited from both SF and CS. With the
increase of CS content, the intensity of the diffraction peak at 21.6◦
slightly decreased, while the intensity of peak at 24.1◦ had obvious
reduction. The changes of FTIR and XRD spectra of SF/CS scaffold
indicated that the addition of CS might have inﬂuence the structure
of SF. Chen et al. reported the SF conformation transform to ␤sheet structure due to the blending of SF and CS. They proposed the
mechanism that “polymer induced conformation transition” and
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Fig. 3. (a) FTIR spectra and (b) XRD pattern of SF/CS scaffolds. The scaffolds were prepared with different SF/CS blending ratio, namely SF:CS = a 10:0, b 8:2, c 6.5:3.5, d 5:5, e
6.5:3.5, f 8:2, g 0:10 in each ﬁgure.

stated that the ␤-sheet structure formed due to hydrogen bonding
between SF and CS [49].
3.1.4. Mechanical properties
The ideal mechanical property of tissue engineering scaffold
should match up with the native tissue and possess sufﬁcient
strength to support the cells growth. Therefore, it is necessary to
prepare a series of SF/CS scaffold with different mechanical properties to meet the requirements of various types of tissue engineering
and 3D cell culture. When the SF/CS blending ratio was 1:1, the compressive modulus and compressive strengths increased with the
increase of total concentration from 2% to 12% (Fig. 4a and 4b). The
concentration of 12% showed at least 20-fold increase in both compressive modulus and strengths as compared to the concentration
of 2%. When the concentration of SF/CS scaffold was ﬁxed at 4%, with
the increase of CS content, both the compressive modulus and the
compressive strength increased signiﬁcantly. The results indicated
that higher total concentration, as well as higher CS content could
enhance the mechanical strength of the scaffold. In addition, after
compression process, all of the samples had resilient ability to original size. Furthermore, the SF/CS scaffolds with desired mechanical
property have the potential to be prepared through adjusting the
total concentration and the SF/CS blending ratio.
Results above indicated that the mechanical properties of SF/CS
scaffold can be controlled by adjusting the total solution concentration and the SF/CS blend ratio. The compressive modulus and
strength increased with the increase of both total solution concentration and the CS content in SF/CS blend solution. When increasing
the total solution concentration, the porosity of the scaffold was
at low level and the total volume of pores was relatively small,
the scaffold showed relative high strength. CS content in SF/CS
blend solution also played a key role in controlling the mechanical properties. However, high porosity is always required for cell
growth, angiogenesis, nutrient and oxygen delivery. Therefore, in
the premise to maintain mechanical properties, the SF/CS scaffold
with high porosity should be selected in the following cell culture
and implantation.
3.1.5. Degradation of SF/CS scaffold in vitro
The degradation ability of scaffolds is related to the role of tissue engineering scaffolds after implantation. The ideal degradation
speed of scaffold should match the growth of new tissue. Degradation ability of the SF/CS scaffold was determined by using PBS with
or without protease XIV (speciﬁc for SF degradation) and lysozyme
(speciﬁc for CS degradation) [50,51]. The SF/CS scaffold (total concentration of 4%) with blending ratio of 2:8, 5:5 and 8:2 showed
weight remaining of 93.3, 86.6 and 82.2% respectively after keep-

ing in PBS for 8 weeks (Fig. 5a). When immersed in the enzyme
solution, the SF/CS scaffold with blending ratio of 2:8 and 5:5 had
no obvious difference in weight remaining as compared to that in
PBS. However, the remaining weight of SF/CS scaffold with blending ratio of 8:2 decreased to 15.5%, which was signiﬁcantly lower
than that in pure PBS after 8 weeks. This degradation could be
attributed to the strong enzymolysis of silk ﬁbroin exerted by protease. The reduction in weight of the SF/CS scaffold was primarily
due to the degradation of SF content. Li et al. reported pure SF
scaffold remained 30% of weight after keeping in PBS for 15 days
with enzyme [33]. However, the SF/CS scaffold of blending ratio 8:2
still had weight remaining above 50% at day 42, which suggested
that the degradation of SF/CS was slower than pure SF scaffold in
the degradation system of PBS with enzyme. The degradation of
CS content is related to its deacetylation degree (DD) [52]. The CS
with lower DD has more amorphous regions, which is more easily to degrade in vitro. CS with high DD (88.07%) was used in this
study and hence the SF/CS scaffold of blending ratio 2:8 had weight
remaining above 90%. In summary, the SF/CS scaffolds with different degradation ability can be fabricated by adjusting the technical
parameter of SF/CS blending ratio.

3.2. Cytocompatibility of SF/CS scaffold
The cytocompatibility of the SF/CS scaffold was evaluated in
vitro. The total concentration of 4% (w/v), blending ratio of 1:1 and
freeze temperature at −20 ◦ C were selected as the technical parameters of scaffold preparation and the reasons are as follows: (1)
Yang et al. reported that the optimal pore size for bone ingrowth
was 100–350 m [5]. Liu et al. used gelatin sponges with pore size
of 200 m for adipose tissue reconstruction and achieved satisfactory results [53]. According to the results of pore size distribution
(Fig. 1g–i), the scaffolds of total concentration of 2% and 4% could
provide the pore size of 100–200 m for cell growth and differentiation in tissue engineering of osteogenesis and adipogenesis.
(2) According to our previous work, the scaffolds with total concentration of 2% did not maintain their integrity for long time in
the cell culture medium. (3) For the scaffold of total concentration of 4%, its porosity and water uptake ratio were approximately
89.4 ± 4.2% and 88.7 ± 0.7% respectively, which were sufﬁcient to
meet the requirements of porosity in the bone tissue engineering
[5]. (4) For the scaffold of total concentration of 4% and blending
ratio of 1:1, the moderate swelling ratio (85.7 ± 3.3%) and degradation ability were sufﬁcient to ensure the integrity of 3D porous
structure.
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Fig. 4. The mechanical property of the SF/CS scaffolds. (a) Compressive modulus and (b) compressive strength of the SF/CS scaffolds prepared with different concentration.
(c) Compressive modulus and (d) compressive strength of the SF/CS scaffolds prepared from different blending ratio.

Fig. 5. Weight changes of the SF/CS scaffold prepared from different blending ratio in (a) PBS and (b) PBS with enzymes (protease XIV of 1 U/mL and lysozyme of 500 U/mL).

3.2.1. Morphology and distribution of BM-MSCs in the SF/CS
scaffold
Morphology and distribution of BM-MSCs cultured in SF/CS scaffold were evaluated by ﬂuorescence confocal microscopy. When
the seeding density was at a relative low value (5.0 × 104 /scaffold),
the cells were in spherical shape after 1 day of seeding (Fig. 6a). The
results of 3D reconstruction from the confocal microscope revealed
that the seeded cells could enter into the underlying part of the
scaffold and distributed at the deep interstices of pores (Fig. 6b–d).
The 2D cultured cells adhered and spread on the surface showed
spindle-shape morphology after same period of culture (Fig. S5a).
When the seeding density was at a relative high value for
osteogenic and adipogenic differentiation (1.0 × 105 /scaffold), The
cells distributed and grown on the surface of the scaffold gradually

spread out and attained conﬂuency, meantime showed spindleshape morphology after three days of culture (Fig. 7a). Some cells
crossed the wall between the adjacent pores and spread on the surface of the pores (Fig. 7b, green arrows). Some cells went into the
pores on the surface of the scaffold, and their ﬁlopodia extended
and anchored to the wall of pores (Fig. 7c green arrows). In the
interior of the scaffold, cells showed four main morphologies. (1)
Clustered spherical cells: Inside the small pores of the scaffold, the
cells clustered and showed spherical shape (Fig. 7d). (2) Clustered
cell bulks: In the relatively large pores, the cells were with spindle
shape or irregular shape and clustered into cell bulks (Fig. 7e). (3)
Single spindle-shaped cells: When the surrounding space was relatively large, single cells or small number of cells showed spindle
shape and adhere to the surface of pore walls (Fig. 7f, white arrow).
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Fig. 6. 3D reconstruction of GFP-labeled BM-MSCs in the sub-surface (120 m deep) of SF/CS scaffolds (a–d) after 1 day of seeding at low seeding density. (a) Enface view of
cells in the scaffold. (b) Rotate 0◦ , (c) 45◦ and (d) 90◦ .

(4) Single spherical cells: single cells adhere to the corner of the pore
wall and showed spherical shape. (Fig. 7e and f green arrows). These
results indicated that BM-MSCs exhibited multiple morphologies
when distributed at different positions of the SF/CS scaffold. The 2D
cultured cells showed same spindle shape and attained conﬂuency
after 3 days of culture (Fig. S5b).
The SF/CS scaffold provided appropriate architecture for the
homogeneous distribution of cells. When seeding at a relatively
low density, the cells were mostly distributed on the surface of
the scaffold after 1 day of seeding. More uniform cell distribution
was attained through the subsequent invasion of the cells into the
underlying structure of the scaffold. When the density of cell seeding was relatively high, the cells showed different morphologies
on the surface and inner pores of the scaffold. Three days after cells
seeding, the spherical cells have transformed to spindle-shape, and
covered the entire surface of the scaffold. In the superﬁcial pores of
the scaffold, many cells with spindle-shape aggregated to form cell
clusters or to build up bridges between the walls of pores in the
scaffold. Various forms of cells, namely clustered spherical cells,
clustered cell bulks, single spindle-shaped cells and single spherical cells, appeared in the inner pores of the scaffold. Therefore, we
hypothesized that the cells morphology was related to the seeding
density of cells and topography of adhesion site in the pore of the
scaffold. When many cells entered into the relatively small space of
pore, the cells did not have sufﬁcient space and surface to adhere
and spread out. They tended to show spherical shape and aggregate
in the pores of scaffold (Fig. 7d). Higher concentration of cell seeding
resulted in a high viscosity of the cell suspension, which hindered

the dispersed distribution of cells. Hence, many cells entered into
the relative large pore, and they also showed clustered cell bulks.
When a small number of cells entered into small pores, the cellular
shape was mainly dependent on topography of the adhesion site.
The single spherical cell was observed at narrow corners in the scaffold and single cell with spindle-shape was hung in the small pore
and bridge the two walls of small distance (Fig. 7e green arrows
and f). Therefore, the seeding density and topography of adhesion
site contributed to the cell morphology. For anchorage-dependent
cells, cellular shapes were determined by the interactions with the
ECM and neighboring cells in vivo [54]. Thus, the SF/CS scaffold had
ability to mimic ECM to make cells to reﬂect their interactions with
3D microenvironment and neighboring cells.
3.2.2. Proliferation of BM-MSCs in the SF/CS scaffold
The MTT values of the cells could be used as an approximate
indicator of cell proliferation. The MTT values of the cells cultured
in the scaffold increased steadily at day 3, 5 and 9 (Fig. 8). The
increased MTT values suggested that the cells in the scaffold proliferated steadily and the SF/CS scaffold could provide a suitable
environment for cell proliferation.
3D scaffold is always considered to hinder the homogeneous
distribution of gases, nutrients and soluble molecules and removal
of metabolite in static culture system due to the lack of cell culture
medium ﬂow. While in our study, the growth and proliferation of
BM-MSCs performed pretty well in the scaffold, which was due
to the extensive interconnections in 3D porous structure and SF/CS
component. On one side, the 3D structure provided sufﬁcient space
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Fig. 7. Fluorescent images, SEM images of BM-MSCs in the scaffolds at high seeding density. (a) Surface ﬂuorescent images of GFP-labeled BM-MSCs cultured in the scaffold
after 3 days of seeding. (b) and (c) Surface SEM images of cells culture in the scaffold after 3 days of seeding (d–f) Fluorescence images of the cells in the inner of the scaffold.
(d) Clustered spherical cells (arrows). (e) Clustered cell bulks (white arrows) and single spherical cell (green arrows). (f) Single spindle-shaped cells (white arrow) and single
spherical cell (green arrows). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

and surface for cell proliferation. On the other side, the factor of
chemical compositions could not be ignored. The promotion of cell
proliferation may also be due to the SF component. SF contains
a little Arg-Gly-Asp (RGD) sequence peptide, which can effectively
promote cell adhesion [55,56]. He [57], and Qian et al. [58] reported
similar results in study of cell proliferation in SF scaffold. Adversely,
Lai et al. reported that CS did not quite contribute to MSCs proliferation [19].
3.2.3. Osteogenic and adipogenic induction
Type 1 collagen (COL-I) is highly expressed at the early stage
of osteogenic differentiation of BM-MSCs, while osteocalcin (OCN)
is highly expressed at the late stage. The high content of COL-I and
OCN are early and late markers respectively in the osteogenic differentiation of BM-MSCs [59,60]. The results showed that the content
of COL-I decreased and the content of OCN increased in SF/CS scaffold from day 7 to day 21 (Fig. 9a and b), which was consistent with
the regulation of COL-I and OCN in the osteogenic differentiation
of BM-MSCs [61,62].
Accumulation of the mineralization nodules occurred in ECM is
another marker of osteogenic differentiation at the late stage [63].
Von Kossa staining could indicate the quantity and distribution
of mineralization nodules in the surroundings of BM-MSCs. After
28 days of culture, the BM-MSCs without osteogenic induction did
not show any mineralization nodules (Fig. 9c). For the cells cultured with osteogenic induction, while many brown-black nodules
appeared in the pores throughout the whole scaffold (Fig. 9d).
The accumulation of lipid droplets in cytosol, which can be
stained by Oil Red O, is an important clue of the differentiation
of BM-MSCs to adipocytes [64]. After 21 days of culture, no lipid
droplets could be observed in the scaffold when no adipogenic

Fig. 8. MTT values of BM-MSCs in the scaffold (* P < 0.05).

induction was exerted (Fig. 9e). On the contrary, when cultured
in the adipogenic differentiation medium, bunch of lipids droplets
could be observed in the scaffold. The cells cultured in the scaffold generated more abundant lipids droplets, especially the ones
sitting near the wall of pores (Fig. 9f).
The results of COL-I, OCN, Von Kossa staining and Oil Red O
staining indicated that the cells in the scaffold showed excellent potential of osteogenic and adipogenic differentiation. When
induced with the differentiation factors, a large number of bone
nodules and fat droplets presenting in the scaffold, which indicated
that the cells deep inside the scaffold had the potential to differentiate into osteocytes and adipocytes. Few study about osteogenic
and adipogenic differentiation of BM-MSCs in SF/CS scaffolds were
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Fig. 9. Osteogenic and adipogenic differentiation of BM-MSCs in the scaffold. COL-I (a) and OCN (b) content of BM-MSCs in the scaffold. (c) and (d) Von Kossa staining of
mineralization nodules. (c) BM-MSCs cultured in the scaffold without osteogenic induction. (d) BM-MSCs cultured in the scaffold with osteogenic induction. (e) and (f) Oil
Red O staining of lipids droplets. (e) BM-MSCs cultured in the scaffold without adipogenic induction. (f) BM-MSCs cultured in the scaffold with adipogenic induction. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

reported. Han et al. studied the growth of BM-MSCs in the collagen scaffold and concluded that the collagen scaffold improved
osteogenic and adipogenic differentiation ability of BM-MSCs [65].
We compared the images of the bone nodules and fat droplets of
BM-MSCs in collagen and SF/CS scaffold respectively, and found
the bone nodules and lipid droplets presented in SF/CS scaffold
was comparable to that in collagen scaffold. The phenomenon
indicated that the BM-MSCs in SF/CS scaffold showed excellent
osteogenic and adipogenic differentiation ability, which might be
due to two reasons as follows: (1) SF/CS composition. Lai et al.
reported the SF/CS composition could promote osteogenic differentiation of BM-MSC [19]. Although few work about the effect of
SF/CS composition on adipogenic differentiation of BM-MSCs were
reported, the pure SF and CS was considered to be able to upregulate the adipogenic differentiation level of MSCs [66,67]. (2) 3D
porous structure. Large surface area and high porosity of 3D porous
structure was believed to be appropriate for neo-adipogenesis and
neo-osteogenesis [54,67].
As mentioned before, BM-MSC is one of adult stem cells derived
from bone marrow, which have high proliferation ability and mul-

tiple differentiation potential. Herein the SF/CS scaffold provided
appropriate microenvironment for differentiation potential of BMMSCs, which could support their potential applications in bone and
adipose tissue engineering.

3.3. Inﬂammatory response of SF/CS scaffold in vivo
The SF/CS scaffold (total concentration of 4% (w/v), blending
ratio of 1:1 and freeze temperature at −20 ◦ C) were selected to test
the inﬂammatory response in vivo. SD rats were chosen to be the
hosts for hypodermic implantation of SF/CS scaffold (Fig. 10a1–a4).
After 2 weeks of implantation, no obvious generation of inﬂammatory cells at the interface between scaffold and connective tissue
could be observed from HE staining results (Fig. 10b1–b4). Instead,
many native cells of connective tissue invaded into the pores of
the scaffolds which were near the interface between scaffold and
connective tissue. After 4 weeks of implantation, the pores of scaffold were further invaded by abundant native cells of connective
tissue, which indicated a chemotactic action induced by the scaffolds (Fig. 10c1–c4). The scaffolds still held structural integrity,
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Fig. 10. Images of SF/CS scaffold implanted and harvested (a1–a4). (a1) Preparation of SD rat. (a2) Disinfection and implantation. (a3) Suture of wound. (a4) Harvesting the
scaffold. Histological images of H&E staining of subcutaneously implanted SF/CS scaffold at 2 (b1–b4) and 4 (c1–c4) weeks. “T” means tissue, and “S” means scaffold. Arrows
indicate the erythrocyte.

and newly generated blood vessels were observed in the pores of
scaffold (arrows in Fig. 10c3–c4). The pore size (86–133 m), porosity (89.4 ± 4.2%), and mechanical properties (compressive modulus
(39.8 ± 1.8 KPa) and compressive strength (10.2 ± 0.8 KPa)) of scaffold allowed cells to invade, adhere, grow and form new blood
vessels and connective tissue. The invasion and in growth of the
epithelial cell in the pores of the SF/CS scaffold and the formation
of the new blood vessels both indicated the porous structure was
beneﬁcial for the transport of nutrition and oxygen. The absence of
inﬂammatory response proved the scaffold to be a favorable material for the tissue implants. In addition, the CS has a broad-spectrum

of antibacterial activities [68]. The study of Lu [69] and Deng [70]
etc. provided abundant information and experience for SF/CS scaffold in skin, cartilage, sciatic nerve tissue implantation. Combined
with our results, studies fully extend the potential application of
the SF/CS scaffold in various types of tissue engineering.
4. Conclusions
We prepared a series of SF/CS scaffolds with tunable property
using freeze-drying method, and BM-MSCs were seeded in these
scaffolds to evaluate the availability of use in tissue engineering.
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The 3D structure, mechanical properties and degradation ability of
SF/CS scaffold can be tuned by changing the freeze temperature,
the total concentration of the precursor solution and the mixing
ratio between SF and CS. BM-MSCs cultured in the SF/CS scaffold
exhibited multiple morphologies with excellent cytocompatability and proliferation level. The ability of inducing osteogenic and
adipogenic differentiation after long terms of culture were also
conﬁrmed. Based on the observation on two and four weeks of
implantation, the structure and component of the SF/CS scaffold
were beneﬁcial for cells adherence, ingrowth and the formation of
new blood vessels. In addition, there was no obvious inﬂammatory
response in vivo. Therefore, the SF/CS scaffold with tunable property is not only a promising 3D cell scaffold but also a potential
tissue engineering scaffold for reconstructive surgical application.
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