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olds with tunable properties via
SDS assisted rapid gelation†

Yue Lu,a Shupeng Zhang,a Xiangyang Liu,bc Shefang Ye,a Xi Zhou,a Qiaoling Huang*b

and Lei Ren *a

Scaffolds with appropriate properties and a suitable shape based on the nature of the target tissue are

essential in tissue engineering. In the present study, we developed a simple method to fabricate lyophilized

silk/agarose scaffolds with tunable features (mechanical properties and pore structure) via controlling the

gelation degree of silk fibroin and freeze-drying the gels with different gelation degrees. Sodium dodecyl

sulfate (SDS) was utilized to control the gelling process of silk. Agarose helped retain the shape of the

scaffolds after hydration and sterilization. Moreover, the scaffolds could be easily realized with the desired

shape for specific applications by shaping the corresponding gels. The compressive modulus of the

scaffolds was tunable within a range of 18.6–58.8 kPa, and inner pore sizes could be tuned from 52.3 �
10.4 to 426.5 � 138.5 mm. In vitro MC3T3-E1 cell proliferation indicated good biocompatibility of the silk/

agarose scaffolds. Alkaline phosphatase (ALP) activity assay and mineralization analysis indicated that

scaffolds with higher mechanical properties were more beneficial for osteogenic differentiation and

mineralization. Thus, silk/agarose scaffolds are promising candidates for tissue engineering.
1. Introduction

With the increasing emergence of research on regenerative
medicine and tissue engineering, numerous biomaterials have
been developed for tissue engineering in clinical practice.1 The
most widely applied commercial materials for tissue repair and
healing are based on natural and synthetic biomaterials, such
as collagen, polylactic acid (PLA), and poly(ethylene tere-
phthalate) (PET). The therapeutic effects of these materials are
oen less than satisfactory for certain applications, as they
oen bring inammation, infection or even fatality. This is due
to the fact that the commercial biomaterials are typically elected
on the basis of previous regulatory approval, instead of being
optimal products for the specic injury.2

Usually, more than one tissue is injured in common injuries.
For example, musculoskeletal injuries involve not only bone
fractures, but also so tissue injuries such as tendons or liga-
ments. Bone tissues are the rigid part of body with dense small
pores and not prone to deformation.3 In sharp contrast, so
tissue, such as subcutaneous tissues are so and elastic with
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large pore size.4 Thus, the repair of different types of tissues
requires biomaterials with appropriate properties.5,6 On one
hand, the mechanical properties of biomaterials should mimic
the target tissues to be sustainable to maintain tissue shape and
facilitate the formation of new tissues.7,8 On the other hand,
appropriate pore structure enhances free exchange of nutrients,
gases and metabolites, inltration of cells and vascular
ingrowth.9 Therefore, design and fabricate implants with
tunable properties for specic injuries have become an urgent
need in medical practice.

Silk broin (SF) is a natural insoluble brous protein with
unique mechanical properties, tunable degradation rate and
good biocompatibility.10,11 It has been widely applied in so
tissue engineering (skin,12 vessel,13 nerve14 and bone tissues15)
in the form of sponges, lms, nonwovens and hydrogels.
Structurally, SF consists of highly ordered crystalline domains
and less-ordered amorphous domains. The crystalline domains
are predominated by ordered b-sheet segments, which are
composed of long (GAGAGS)n (G: glycine, A: alanine, S: serine)
sequences.16 Fresh regenerated SF solutions are predominated
by random coils, which can gradually transform to b-sheet
during gelation. Moreover, the gel structure changes over time
with increasing degree of gelation.17 Thus, it could be specu-
lated that freeze-drying of SF gel from different gelation stages
could generate three dimensional scaffolds with tunable prop-
erties. Unfortunately, there are three issues to consider when
applying this method. Firstly, the natural sol–gel transition is
slow that it takes several days up to weeks depending on SF
concentrations and temperature.17 Consequently, it's difficult to
This journal is © The Royal Society of Chemistry 2017
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obtain SF scaffolds with desired properties on the basis of
actual requirements. Secondly, SF scaffolds with low b-sheet
content are water soluble18 that scaffolds prepared by freeze-
drying of gels at early gelation stage are unusable for biomed-
ical applications. Thirdly, it is difficult to reconstruct lyophi-
lized SF sponges to desired shape unless a particular mold is
used for freeze-drying process.19 But specic molds need to be
tailored to meet specic patient needs which is not economical
enough.

For the rst issue, external stimuli methods have been
developed to accelerate the gelation process, such as ultra-
sound,20 temperature,21 surfactants,22 acids,23 etc. Among those
methods, sodium dodecyl sulfate (SDS) is a gelling agent which
can shorten and control the sol–gel transition to within tens of
minutes.22 Herein, we used SDS to control gelation process of
SF. For the second issue, numerous methods have been devel-
oped to improve water stability of SF scaffolds, including cross-
linking,21 water-annealing,18 and organic solvent treat-
ments.18,24,25 But most of those methods change the shape and/
or morphology of scaffolds when increasing b-sheet content.
Therefore, new methods have to be developed to obtain SF
scaffolds with desired b-sheet fraction from gelation.

Agarose is a natural plant polysaccharide, which has been
widely used in tissue engineering owing to its high mechanical
strength, controllable degradation and ability to maintain
cellular phenotype.26,27 Similar to SF, agarose could be con-
structed into exible scaffolds using freeze-drying method. It
has been demonstrated that agarose scaffolds were stable for
more than a month without immune or inammatory
responses.12,28 Moreover, SF/agarose blended hydrogel has been
proven to bring together the innate advantages of SF and
agarose for cartilage tissue engineering.29 Thus, incorporation
of SF with agarose might be able to improve the stability of pure
SF scaffolds in aqueous solutions. In addition, agarose can cure
into hydrogel under room temperature and the shape of
hydrogel could be easily designed and constructed through
a cutting process, thus solving the third issue mentioned above.

In this study, SF scaffolds with tunable mechanical property
and morphology were fabricated by controlling gelation process
before freeze-drying. SDS was used to accelerate and control SF
gelation process. Agarose was introduced to improve water
stability of SF scaffolds. The effect of SF gelation degree on
scaffolds physical properties (conformation, mechanical prop-
erties, porosity, morphology, et al.) was investigated. The
biocompatibility of scaffolds was evaluated by in vitro cell
proliferation, osteogenic differentiation and mineralization.

2. Materials and experimental
2.1 Preparation of regenerated SF solutions

Regenerated silk broin (RSF) solutions were prepared as re-
ported previously.30 Briey, 5 g of raw silk were degummed twice
with 1 L of 0.04 M sodium carbonate (Na2CO3) (Sinopharm
Chemical Reagent, China) solution for 30 min and washed
thoroughly with deionized water. The degummed bers were
dissolved in 9.3 M lithium bromide (LiBr) (Alfa Aesar, America)
for 4 h at 60 �C. The solution was dialyzed using dialysis bag
This journal is © The Royal Society of Chemistry 2017
(3500 MWCO) (Solarbio, China) against deionized water for two
days to remove LiBr. Then the RSF was concentrated by PEG (Mw

¼ 20 kDa, Sinopharm Chemical Reagent, China) dialysis for 3 h.
The concentration of the RSF solution was calculated by drying
a certain volume of the solution and weighing the dried sample.
The nal concentration of the RSF solutions was about 8 wt%.
RSF solutions were kept at 4 �C for further use.
2.2 Screening for silk gelation

A mixed solution of agarose (Sangon, China) and sodium
dodecyl sulfate (SDS) (Sinopharm Chemical Reagent, China)
was prepared by adding SDS to warm agarose solution to obtain
various concentrations of SDS. The RSF solution was thoroughly
mixed with agarose/SDS solution by pipetting. The nal
concentration for each component was as follows: SF 4 wt%,
agarose 1.5 wt% and SDS 4.5–6.5 mM. Aliquots (200 mL) of the
mixed solutions were gently transferred into 96-well plates and
incubated in a SpectraMax M2 Microplate Reader (Molecular
Devices, CA, USA) at 37 �C. The gelation process was monitored
by measuring the change of optical density (OD) at wavelength
550 nm.17 Five samples were analyzed for each concentration of
SDS. And the OD changes were expressed as the mean value of
each time point. The rapid gelation starting time (RGST) was
dened as the time point at which the gelation rate increased to
more than 0.01 min�1. The rapid gelation ending time (RGET)
was determined as the time point at which the gelation rate
decreased to less than 0.01 min�1. The preparation time was
described as the time from 0 to RGST, and the gelling time (GT)
was described as the time interval between RGET and RGST.
2.3 Preparation of scaffolds

The most suitable SDS concentration for controlling broin
gelation was selected according to the silk gelation kinetics
curve (Fig. 1D). The mixed SF/agarose/SDS solutions were
allowed to gel in a 24-well plate at 37 �C for different time
periods before freezing. Then the mixture at different gelation
stages was frozen directly at�20 �C for a day and lyophilized for
48 h, to obtain porous scaffolds.
2.4 Characterization of scaffolds crystallinity (b-sheet
content)

Fourier transform infrared spectroscopy (FTIR) investigation
was carried out using a Thermo Scientic Nicolet iZ10 Spec-
trometer to evaluate the b-sheet content of scaffolds prepared
from different gelation stages. All spectra were recorded at the
range of 400–4000 cm�1 with a resolution of 4 cm�1. An atten-
uated total reection (ATR) was used to analyze 64 repeated
scans. In accordance with previous described procedures,31 the
Fourier self-deconvolution (FSD) technique was employed to
identify silk secondary structures covering the amide I region
(1595–1705 cm�1) of the infrared spectra using Peakt 4.12
soware. FSD spectra were analyzed and curve-tted to calcu-
late the relative areas of components of the amide I region.
RSC Adv., 2017, 7, 21740–21748 | 21741
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Fig. 1 (A) The optical image of SF/agarosemixtures in a 96-well plate showing turbidity change with time at 5.5 mM [SDS]. (B) OD changes of SF/
agarose solutions with time at various [SDS]s, [SDS]¼ 4.5–6.5mM. (C) PT and GT change as a function of [SDS]. (D) Five time points are selected at
equal OD intervals according to the gelation kinetic curve at 5.5 mM [SDS].
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2.5 Characterization of scaffolds morphology

The cross-sectional morphology of scaffolds was visualized by
scanning electron microscope (SEM, Hitachi SU70). Scaffolds
were glued on a copper plate and sputtered with platinum
before SEM imaging. The pore diameters of scaffolds were
measured by Image-J soware. Above 100 different pores were
measured from each of the sample sets for the calculation of the
average values and the distribution of pore diameters.
2.6 Analysis of scaffolds porosity

The porosity of scaffolds was analyzed using a liquid displace-
ment method. Scaffold was submerged in cyclohexane (V1), and
the total volume of scaffold with cyclohexane was documented
as V2. Then the scaffold was carefully removed from cyclohexane
and the remaining cyclohexane volume was recorded as V3. The
porosity of the scaffolds was determined using the following
equation:

Porosity (%) ¼ (V1 � V3)/(V2 � V3) � 100%
2.7 Characterization of scaffolds mechanical properties

The compressive properties of the scaffolds in wet state were
evaluated by an Instron Microtester 5525X equipped with a 100
N capacity load cell. The cylinder-shaped scaffolds of approxi-
mately 10 mm in diameter and 6 mm in height were applied for
the measurement. Scaffolds were immersed in water for
hydration for 1 h before measuring with a cross-head speed of 2
21742 | RSC Adv., 2017, 7, 21740–21748
mm min�1 at 25 �C and 65% RH. The load was applied till the
scaffold had been compressed by 50% of its original length. The
compressive modulus was determined as the slope of the linear
region of the stress–strain curve. Each compressive modulus
was collected from at least three samples.
2.8 Cell uorescence imaging

MC3T3-E1 cells, purchased from the Type Culture Collection of
the Chinese Academy of Sciences, were used to investigate the
biocompatibility of the scaffolds. Cells were maintained in
Minimum Essential Medium Alpha with Earle's salts media
(Hyclone, China) supplemented with 10% fetal bovine serum
(Gibco, China) and 1% penicillin–streptomycin (Gibco, China).
Cells were cultured in tissue culture dishes at 37 �C in atmo-
sphere of 5% CO2. Scaffolds were soaked in ultra-pure water for
several hours to release SDS from scaffolds. The scaffolds were
cut into standard 6 mm diameter discs for culturing in 96-wells.
Then the scaffolds were sterilized by 75% ethanol for 30 min
and washed by phosphate buffered saline (PBS). The cells were
cultured on the scaffolds with a density of 1 � 105 cells per
sample. Scaffolds were incubated in an incubator for 1 and 3
days. The cells were stained with Calcein-AM (Sigma, America)
before observation using confocal uorescence microscopy
(Leica TCS SP5).
2.9 MTT assay

Cell suspension was seeded onto the scaffolds held in the 96-well
plate at a density of 500 cells per sample. Tissue culture plate
(TCP) was used as control group. Aer different incubation
This journal is © The Royal Society of Chemistry 2017
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periods, all samples were washed three times with PBS, and 100
mL of a-MEM was added and mixed with 20 mL of 5 mg mL�1 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT). Aer 4 h incubation at 37 �C, reagents were replaced with
200 mL of dimethyl sulfoxide (DMSO) followed by agitation. The
absorbance at 570 nm was read using a SpectraMax M2 Micro-
plate Reader (Molecular Devices, CA, USA).

2.10 ALP activity assay

ALP activity was evaluated to determine the osteogenic capacity
of scaffolds following the manufacturer's instructions (Beyo-
time, China) scaffolds of cylinder shape were cut into thin sli-
ces. Cells in a seeding density of 3 � 103 cells per well were
seeded on each scaffolds and incubated for 4 and 7 days. Then
samples were carefully washed thrice with PBS and treated with
RIPA lysis buffer (Solarbio, China) for 20 min. Aer removing
the sediment by centrifugation, a 50 mL aliquot of each super-
natant was transferred to a 96-well plate, followed by adding 50
mL p-nitrophenyl phosphate (pNPP) solution. 100 mL of stop
buffer was added to the samples aer 20 min incubation at
37 �C, and the absorbance was read in the microplate reader at
405 nm. Total protein content in the supernatant was deter-
mined by the bicinchoninic acid (BCA) method using the BCA
assay kit (Biotechnology, China). ALP levels were normalized to
the total protein content.

2.11 Mineralization assay

Alizarin Red staining was used to evaluate cell mineralization
on scaffolds. Aer 10 days culture with cells, samples were
rinsed ve times with PBS before xing with 70% ethanol for
10 min. Calcium deposits in bone nodules were stained by 0.2%
Alizarin Red S (Solarbio, China) for 30 min and rinsed with
distilled water thoroughly. Results were observed under an
upright polarizing microscope (DM 6000B).

2.12 Statistical analysis

Results are reported as mean � standard deviation (n ¼ 3).
Statistically signicant differences analysis was performed by
a one-way analysis of variance (ANOVA). P value < 0.05 was
considered to be statistically signicant.

3. Results and discussion
3.1 Gelation kinetics of SF/agarose/SDS solutions

During the gelation process, transparent SF/agarose/SDS solu-
tion gradually changed into an opaque hydrogel, accompanied
by a gradual decrease in transparency (Fig. 1A). The opaque
color was caused by the light scattering from the heterogeneous
structure of the silk broin gel.17 The optical density changes of
the SF/agarose/SDS solution at 550 nm were thus investigated
during gelation (Fig. 1B). It has been demonstrated that SDS at
low concentration can greatly facilitate the sol–gel transition of
SF based on hydrophobic and electrostatic interactions.32

Herein, only low concentration of SDS (4.5, 5, 5.5, 6, 6.5 mM)
was used for this study. As illustrated in Fig. 1B, for the [SDS]
concentration studied, the gelation process had been greatly
This journal is © The Royal Society of Chemistry 2017
accelerated with the increase of [SDS], consistent with previous
report.22,32 The gelling time (GT) and preparation time (PT) were
determined from time-dependent OD values. GT reected how
fast the gelation process occurs and the PT reected the lag time
before rapid gelation process. As shown in Fig. 1C, PT decreased
sharply to zero with increasing [SDS]. GT decreased with the
increased concentration of SDS. In order to use gelation process
to fabricate SF/agarose scaffolds with desired conformation, the
appropriate [SDS] is needed. As the b-sheet content barely
changes during PT process,17 it is not necessary to utilize gela-
tion process with long PT ([SDS] lower than 5.0 mM). On the
other hand, the longer GT, the easier to control scaffolds
structure using gelation process. Thus, 5.5 mM [SDS] was
selected for further research owing to its shorter PT and longer
GT. Herein, the gelation process was divided equally into four
sections by OD value as presented in Fig. 1D. Five samples from
each time interval were freeze-dried for further study (Section
2.3) and will be hereaer referred to as S1, S2, S3, S4 and S5.

3.2 Structure stability and shape designability of scaffolds

We hypothesized that agarose could improve the stability of silk
scaffolds. In order to test this assumption, ve lyophilized SF
scaffolds from different gelation stage without agarose were
prepared using the same method of preparing SF/agarose
scaffolds. As shown in Fig. 2A, the SF scaffold without agarose
prepared from the beginning of the gelation (P1) dissolved
immediately upon contact with water. This is because the
scaffold consists mainly of water soluble silk I conformation.
The other four silk scaffolds (P2–P5) prepared from the rest of
the gelation stages were fragile and difficult to handle (data not
shown). By contrast, the incorporation of agarose stabilized
scaffolds, and that all scaffolds were water insoluble (Fig. 2B,
second row) and easy to handle. Specially, when subjected to
high temperature autoclaving, all SF/agarose scaffolds retained
the original shapes (Fig. 2B, third row), indicating good
stability. Agarose blended broin/SDS solution quickly formed
elastic hydrogel within a minute when placed at �20 �C
(Fig. 2C). On the contrary, broin/SDS solution remained liquid.
Another advantage of introducing agarose was the shape of
scaffold could be easily designed by cutting corresponding
hydrogel as shown in Fig. 2D. And further freeze-drying process
retained the shape of hydrogel.

3.3 Conformation of lyophilized scaffolds

The conformation changes of SF/agarose scaffolds were deter-
mined by FTIR as shown in Fig. 3A. Amide I in the infrared
spectral region between 1580 and 1720 cm�1 was used for the
investigation of different secondary structures of scaffolds. The
peaks at 1647–1655 cm�1 were characteristic of random coil,
while absorption band at 1625 cm�1 was assigned to b-sheets.31

Scaffold S1 (0 min) had a broad peak at 1640 cm�1, indicating
the scaffold was dominated by random coils. When the gelation
time increased to 7 min, a weak b-sheet peak began to appear at
1621 cm�1 for sample S2. With the increase of the gelation
degree, the b-sheet peaks became sharper, indicating the
increase of b-sheet content in corresponding scaffolds. To
RSC Adv., 2017, 7, 21740–21748 | 21743
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Fig. 2 (A) Lyophilized SF scaffolds prepared from different gelation stages and corresponding hydrated samples. (B) Lyophilized SF/agarose
scaffolds prepared from different gelation stages and corresponding hydrated or autoclaved samples. (C) SF/SDS and SF/agarose/SDS mixtures
after 1 min storage at �20 �C. (D) SF/agarose hydrogels with different shapes and corresponding lyophilized scaffolds.

Fig. 3 (A) FTIR spectra of SF/agarose scaffolds. S1–S5 represent
scaffolds prepared from different gelation stages (Section 3.1). (B) b-
sheet and random coil conformation content of SF/agarose scaffolds
change with gelation degree.
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determine the fraction of individual secondary structure
components, the amide I band was resolved by Fourier self-
deconvolution analysis FSD based on the second derivative of
the original spectra (Fig. S1†),31 FSD of the infrared spectra
implied that the b-sheet content escalated signicantly from
21744 | RSC Adv., 2017, 7, 21740–21748
19.8% to 25.9%, 30.2%, 33.0%, 39.3% in the S1, S2, S3, S4, S5
scaffolds, respectively. On the contrary, random coil content
reduced from 26.5% to 22.7%, 21.4%, 19.4%, 15.2%, respec-
tively (Fig. 3B). The increase of the b-sheet content and the
decrease of the random coil were linear with the gelation
degree. It is thus suggested that SF/agarose scaffolds with
desirable b-sheet content could be controlled by gelation
process.
3.4 Pore morphologies of scaffolds

Previous studies suggested that adequate porous structure could
supply sufficient surface for cell adhesion, and facilitate nutri-
tion exchange.33 For example, scaffolds with larger pore size are
more conducive to cell diffusion and migration, while scaffolds
with smaller pore size provide higher surface area for cell
adhesion.34 In this paper, scaffolds with a wide range of pore size
were prepared by controlling the gelation degree as shown in
Fig. 4. The SEM images of lyophilized SF/agarose scaffolds
revealed interconnected porous structures. Obviously, as the
gelation degree increased, the pore size increased too. The
average pore size and its distribution were obtained by analysing
the cross-sectional SEM images of scaffolds (Fig. S2†). The wall
thickness also changed from thin wall (<1 mm) to thick wall (�10
mm) as the gelation degree increased (Fig. 4, lower row).

Fig. 5 is a schematic illustration of scaffolds formation. SF
molecules are predominated by random coils before mixture
with agarose. Upon mixture, both SF and agarose molecules are
freely dispersed in the solution (Fig. 5, stage 1). At the second
stage, agarose rapidly forms a gel network within several
minutes by virtue of hydrogen bonding.35 With the interaction
with the long tail hydrocarbon chain and negative charge of SDS
molecules, SF molecules rapidly unfold and expose the hydro-
phobic regions.22,36 Then agglomeration among SF and SDS
molecules occurs due to intermolecular hydrophobic forces,
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 SEM morphologies of SF/agarose scaffolds prepared from different gelation degree.
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subsequently forming single-domain networks (Fig. 5, stage 2).
At the third stage, these single-domain networks grow up by
involving more SF molecules and interconnecting multi-
domain networks forms (Fig. 5, stage 3). At the last stage, the
gelation process completes with formation of entire SF
networks (Fig. 5, stage 4).

During the freezing process, with temperature decrease, ice
crystals grow that solutes (agarose, silk and SDS) are excluded
from the ice.37 At the beginning of the gelation, agarose
Fig. 5 Schematic illustration of the formation of SF/agarose scaffolds.

This journal is © The Royal Society of Chemistry 2017
molecules rapidly form a gel network within a minute upon
freezin at �20 �C (data not shown). At this stage, silk broin
molecules are predominated by random coil and well dispersed
and trapped in the agarose gel. Thus, ice crystals are small as the
growth of ice crystals is hindered by disordered SF molecules.
With the increment of the gelation degree, ice crystals can grow
bigger as the SF domain network is larger and less disordered SF
molecules le in the solution. Then at drying stage, ice crystals
sublimate directly leaving corresponding pore structures. Thus
RSC Adv., 2017, 7, 21740–21748 | 21745
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the corresponding pore size of scaffolds is small and the pore
wall is thin at the early stage of the gelation. And the pore size and
pore wall thickness grow with the increment of gelation degree.
3.5 Porosity and interconnectivity

The porosity and interconnectivity of the scaffolds are
substantial characteristics for tissue engineering. A liquid
discharge method was introduced to measure the porosity of
scaffolds. The porosity gradually changed from 69% to 86%
with the increased gelation degree (Fig. 6A), consistent with
SEM results. To illustrate pore interconnectivity and elasticity of
the scaffolds, a S3 scaffold was used as a representative and
placed in a dish containing trypan blue dye. The entire scaffold
hydrated fast and appeared blue once exposed to the trypan
blue solution, indicating good interconnectivity of the scaffold.
When the scaffold was pressed and released, the scaffold
quickly restored its shape implying good elasticity (Fig. 6B).
Fig. 7 Mechanical properties of SF/agarose scaffolds in wet condi-
tions. (A) Compressive strain–stress curves of scaffolds. (B)
Compression modulus of scaffolds. Data are shown as mean � stan-
dard deviation, n ¼ 3 (**p # 0.01).
3.6 Mechanical properties of scaffolds

Scaffolds were hydrated with PBS to simulate the in vivo envi-
ronment before the compression test. The compression stress–
strain curves showed that all scaffolds from different gelation
degrees had non-linear stress–strain responses (Fig. 7A). The
maximum stress decreased with increasing gelation degree. A
typical linear elastic region was found at small strains for all
scaffolds, indicating exural deformation with escalating strain.
The compression modulus was determined from the incipiently
linear portion of strain–stress curves, as shown in Fig. 7B.
Apparently, the compressionmodulus decreased with increasing
gelation degree, 58.8 kPa for S1 scaffold and reduced to 18.6 kPa
for S5 scaffold, consistent with the maximum stress (Fig. 7A).
The decrease of compression modulus with higher b-sheet could
be ascribed to the enlarged pore size and porosity (Sections 3.4
and 3.5). The mechanical change of scaffolds indicates that the
compression modulus could be tuned in a large range (18.6–58.8
kPa) by controlling suitable gelation degree.
3.7 In vitro biocompatibility of SF/agarose scaffolds

MC3T3-E1 cells, preosteoblasts derived from mouse calvaria,
were used to investigate the biocompatibility of scaffolds.
Although SDS content was very low in scaffolds, SDS gradually
Fig. 6 (A) Porosity of SF/agarose scaffolds. Data are shown as mean�
standard deviation, n¼ 3. (**p# 0.01, ***p# 0.001) (B) A scaffold was
placed in a Petri dish filled with trypan blue dye for illustration of the
elasticity of the scaffold and dye migration through the scaffold and
thus pore interconnectivity.

21746 | RSC Adv., 2017, 7, 21740–21748
dissolved in the cell culture media might be toxic for cells. To
overcome this problem, scaffolds were pre-soaked in ultra-pure
water for several hours to release SDS from scaffolds before cell
culture. Cell staining by calcein AM validated cell viability for all
kind of scaffolds indicating non-toxic effect of scaffolds (Fig. 8).
When cultured for 1 day on scaffolds, cells were independently
dispersed in the scaffolds and followed the contours of the
scaffold pores. The cell density gradually reduced from S1 to S5
owing to the increasing pore size. When cultured for 3 days,
cells grew well and connected to each other on the pore walls.
The results indicate SF/agarose hybrid scaffolds are promising
for tissue engineering.

MTT assay was used to evaluate cell proliferation rate on
different scaffolds. As shown in Fig. 9, on day 1, the number of
cells on TCP (control) was signicantly more than SF/agarose
scaffolds. This is because cells could penetrate through the
scaffolds to the bottom of the plate and result in fewer cells in
scaffolds than on plate. Therefore, samples S4 and S5 showed
the smallest cells number owing to their larger pore size and
relative lower cross sectional area compared to samples S1–S3.
Aer 4 days, cell numbers rapidly increased on all samples.
Particularly, cell numbers on samples S4 and S5 exceeded
samples S1–S3. 7 days later, the cell numbers on samples S4 and
S5 were even higher than control group. This phenomenon
could be explained by the following two reasons. First, porous
three dimensional scaffolds have large space for osteoblast
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Confocal imaging of calcein AM (live cells, green) staining of MC3T3-E1 cells on SF/agarose scaffolds at day 1, 3 post seeding. Scale bar ¼
300 mm.

Fig. 9 MTT analysis of MC3T3-E1 cells. Data are shown as mean �
standard deviation, n ¼ 3 (*p # 0.05, **p # 0.01, ***p # 0.001).

Fig. 10 (A) ALP analysis of MC3T3-E1 cells. (B) Alizarin Red-S staining
of different scaffolds after 10 days culture. Data are shown as mean �
standard deviation, n ¼ 3 (*p # 0.05, **p # 0.01, ***p # 0.001).
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growth and proliferation comparing to two dimensional
surfaces. Second, larger pore size could facilitate cell migration
and nutrient/gas exchange.

3.8 ALP activity and mineralization analysis

The ALP activities of MC3T3-E1 cells were quantitatively
measured to evaluate osteogenic differentiation.38 As shown in
Fig. 10A, the ALP activity was highest on sample S1 and lowest
on TCP (control) at day 4. And there was no signicant differ-
ence among sample S2, S3 and S4. At day 7, the ALP activity
increased for all samples. Sample S1 displayed the highest ALP
activity and TPC showed the lowest value. However, there was
no observable difference among other samples. The highest
ALP activity on sample S1 might due to its highest mechanical
properties (58.8 kPa).38,39

Intracellular calcium deposits mainly occurred in cell calci-
cation period following the increase of ALP activity.40 Alizarin
Red-S staining of scaffolds revealed that only a small amount of
calcium nodules formed on the control cell culture slide aer
This journal is © The Royal Society of Chemistry 2017
ten days of culture as shown in Fig. 10B. All the scaffolds
showed a clear orange colour comparing to bright pink colour
of the scaffold without cells (blank), indicating a large number
of calcium nodules had formed on all scaffolds. The colour of
sample S1 is a little bit deeper and uniform through the scaffold
indicating more calcium nodules were formed, consistent with
the result of ALP activity. Thus, scaffold S1 is most promising
for osteogenic differentiation and mineralization.
4. Conclusions

Silk-agarose hybrid scaffolds with tunable mechanical property
and morphology were fabricated from gelation process. The
RSC Adv., 2017, 7, 21740–21748 | 21747
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gelation kinetic of SF/agarose was controlled by SDS and the
scaffolds were fabricated via freeze-drying process of the hybrid
gels from different gelation degrees. The agarose hybrid silk
hydrogels from any gelling degree could be cut into desirable
shapes which can be retained aer freeze-drying. The relation-
ships between SF/agarose scaffolds properties and silk gelation
degree were studied. It was found that the pore size and porosity
of scaffolds gradually increased with gelation degree, whereas
the compression modulus decreased accordingly. In vitro cell
culture indicated all kind of SF/agarose scaffolds had good
biocompatibility. Results of alkaline phosphatase (ALP) activity
assay and mineralization analysis revealed that scaffolds with
higher mechanical properties were more benecial for osteo-
genic differentiation. Those results indicated silk-agarose
hybrid scaffolds with tunable mechanical property and pore
size are potential candidates for tissue engineering.
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