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Abstract

Developing bioactive hydrogels with potential to guide the differentiation behavior of stem cells 

has become increasingly important in the biomaterials field. Here, silk hydrogels with tunable 

mechanical properties were developed by introducing inert silk fibroin nanofibers (SNF) within an 

enzyme crosslinked system of regenerated silk fibroin (RSF). After the crosslinking reaction of 

RSF, the inert SNF was embedded into the RSF hydrogel matrix, resulting in improved mechanical 

properties. Tunable stiffness in the range of 9–60 KPa was achieved by adjusting the amount of the 

added NSF, significantly higher than SNF-free hydrogels formed under same conditions (about 1 

KPa). In addition, the proliferation of rat bone marrow derived mesenchymal stem cells cultured 

on the composite hydrogels and differentiated into endothelial cells, myoblast and osteoblast cells 

was improved, putatively due to the control of stiffness of the hydrogels. Bioactive and tunable 

silk-based hydrogels were prepared via a composite SNF and crosslinked RSF system, providing a 

new strategy to design silk biomaterials with tunable mechanical and biological performance.
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Hydrogels with tunable stiffness and differentiation capacity were achieved through introducing 

inert SF nanofibers into HRP crosslinking system of SF.
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Introduction

Cell-matrix interactions play critical roles in various cell biological processes such as 

adhesion, growth, differentiation and apoptosis.1–2 Many studies confirmed that mechanical 

properties of the matrix can guide the differentiation of bone marrow mesenchymal stem 

cells (MSCs) into various anchorage-dependent cell types, including neurons, myoblasts, 

and osteoblasts, suggesting a feasible strategy for developing bioactive biomaterials by 

modulation of stiffness.3–5 Considering the wide range of stiffness, from kilopascal (KPa) to 

several hundred megapascals (MPa) in various tissues, different strategies such as blending 

and crosslinking different polymers and components were developed to match the stiffness 

of various tissues.6–7 However, it remains a challenge to finely tune the stiffness of 

biomaterials over a wide range related to the needs above.

Silk fibroin (SF) shows promising applications as cell-support matrices for stem cells, 

fibroblasts, nerve cells, and osteoblasts,8–10 and as scaffolds for bone, cartilage, skin, nerve 

and blood vessel tissue regeneration due to the biocompatibility, minimal inflammatory 

reactions and tunable biodegradability.11–15 Because of their simulation with the 

extracellular cell matrix (ECM), SF hydrogel is a choice for these applications. Although 

several processes were developed to regulate the stiffness of the SF hydrogels to improve the 

biocompatibility and applicability,16–18 SF hydrogels with innate bioactivity to induce the 

differentiation of MSCs into specific anchorage-dependent cells has been relatively 

unexplored. In addition, SF-based composite hydrogels with other natural or synthetic 

biomaterials were prepared to achieve preferable mechanical properties for specific 

applications, but this approach can compromise biocompatibility.19

Enzyme catalyzed crosslinking of SF by reactions with horseradish peroxidase (HRP) and 

hydrogen peroxide was used to form hydrogels with highly elastic and tunable stiffness.20–22 

The stiffness could be controlled in the range of 200–10,000 Pa through changing molecular 

weight and solvent composition, but which falls short of the mechanical match with many 

tissues, especially bone and cartilage.23–25 Limited options are also available for hydrogels 

that are fine tuned in terms of stiffness for specific tissues. The introduction of additional 

biomaterials and beta-sheet domains within silk materials can improve the stiffness to about 

several MPa, but provided limited fine tuning.26 Therefore, new strategies are required to 

finely regulate the stiffness of the SF hydrogels to optimize applications in various tissue 

regeneration studies.

Recently, it was found that beta-sheet rich SF nanofibers (SNF) developed in our group 

remained inert in the presence of HRP due to their special conformational composition.27 

Considering that the original high stiffness of the nanofibers stemmed from beta-sheet 
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structure, the NSFs are suitable additives for tuning the stiffness of the SF hydrogels without 

the influence on the HRP crosslinking in traditional SF solution. The nanofibers also 

introduce ECM-like nano-morphology, which can improve biocompatibility.28,29 Therefore, 

as proof-of-concept, different ratios of SNF were blended with traditional SF solutions and 

formed into hydrogels with tunable stiffness. The delicate adjustment of stiffness, improved 

cytocompatibility as well as controlled differentiation of MSC by changing the content of 

the SNFs suggested a simple way to develop bioactive SF hydrogels with tunable 

mechanical properties.

Experimental

Preparation of Aqueous Regenerated Silk Fibroin Solutions

Regenerated SF solution (RSF) was prepared based on the protocol described previously.30 

Bombyx mori cocoons dissolved in 0.02 M Na2CO3 solution were boiled for 20 min at room 

temperature, and then rinsed thoroughly with distilled water to extract the sericin proteins. 

The extracted silk was dissolved in 9.3 M LiBr solution (Sigma-Aldrich, St. Louis, MO) at 

60°C, yielding a 20 wt% solution. This solution was dialyzed against distilled water to 

remove the salt. Then this solution was centrifuged at 9,000 rpm for 20 min at 4°C to 

remove silk aggregates formed, achieving aqueous RSF solution with concentration of about 

6 wt%.

SNF Formation

To prepare SNFs, the RSF solution was treated according to the protocol described 

previously.31 The solution (6 wt%) was slowly concentrated to about 20 wt% at 60°C for 24 

h to form metastable nanoparticles, and then diluted to below 2 wt% with distilled water. 

This diluted silk solution was incubated at 60°C for about 24h to induce nanofiber 

formation.

Preparation of Enzymatically Crosslinked SF Hydrogels

Enzymatically cross-linked hydrogels were prepared through a modified HRP crosslinking 

process.20 Different ratios of RSF (6 wt%) and SNF (2 wt%) solutions were mixed directly 

to form homogeneous aqueous solutions with various ratios of RSF and SNF at 3:1, 4:1, 6:1, 

12:1, 100:0, respectively, and then adjusted to a final RSF concentration of 3 wt% with 

distilled water. According to the ratios of RSF and SNF, the hydrogels were termed R3-SN1, 

R4-SN1, R6-SN1, R12-SN1, respectively, while the NSF-free hydrogels were termed R100. 

HRP solution (type VI lyophilized powder, Sigma-Aldrich, St Louis, MO) was dissolved in 

deionized water and added to the RSF-SNF solutions with a ratio of 10U HRP to 1 mL silk 

solution. Then 10 µL of hydrogen peroxide solution (165 mM, Sigma Aldrich, St. Louis, 

MO) was added to 1 mL of silk solution containing HRP to initiate gelation. The RSF and 

SNF-RSF hydrogels formed within 1 h. Gels were cultured at room temperature for 4 h to 

complete the crosskinking. All the hydrogels were sterilized with 60Co γ-irradiation at dose 

of 50 kGy before co-culture with cells.
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Scanning Electron Microscopy (SEM)

Hydrogel samples were lyophilized for characterization by SEM. After mounted on a copper 

plate and coated with platinumto form a 10–20 nm thick layer, the samples were observed 

using an SEM (S-4800, Hitachi, Tokyo, Japan) at 3 kV.32

FTIR

The secondary structures of the various samples in solid state were analyzed with FTIR on a 

Nicolet FTIR 5700 spectrometer (Thermo Scientific, FL, USA). For each measurement, 64 

scans were coded with a resolution of 4 cm−1, with the wavenumber ranging from 400 to 

4000 cm−1. Fourier self deconvolution (FSD) of the infrared spectra covering the amide I 

region (1595–1705 cm−1) was performed using Peakfit software to identify silk secondary 

structures.33

Circular Dichroism (CD)

Jasco-815 CD spectrophotometer (Jasco Co., Japan) was used to measure the secondary 

structures of the silk hydrogels.30 CD spectra from 250 to 190 nm wave lengths were 

recorded with an accumulation of five scans at the scanning rate of 100 nm min−1. The 

experiments repeated three times.

Atomic Force Microscopy (AFM)

The composite RSF-SNF solutions containing HRP were spin-coated onto freshly cleaved 4 

× 4 mm mica surfaces and cultured for above 1 h for gel formation. The morphology of 

hydrogels was then observed through AFM (Nanoscope V, Veeco, NY, USA) in air. One 225 

µm long silicon cantilever with a spring constant of 3 N m−1 was used in tapping mode.34

Dynamic Oscillatory Rheology

A Rheometer (AR2000, TA Instruments, New Castle, USA) fitted with a 20 mm cone plate 

(Ti, 20/1°) was used to evaluate the rheological properties of the hydrogels.29 All the 

crosslinked hydrogels were cut into same cylinder structure (diameter 1.5 cm, height 1 cm). 

Frequency sweeps were collected continuously with wide frequency range from 100 to 0.1 

rads−1 at 37°C. Before measurement, all samples were stabilized for 20 minutes.

In Vitro Biocompatibility of the RSF-SNF hydrogels

Rat bone marrow mesenchymal stem cells (rBMSCs) were isolated from Sprague Dawley 

(SD) rats at 8 weeks as described.35 The use of rats was carried out following approval and 

granted by the animal ethics committee of Soochow University. Cells were maintained in 

DMEM medium (Dulbecco’s modified Eagle’s medium, Invitrogen) with 10% FBS and 1% 

antibiotic/antimycotic (Life Technologies, Grand Island, NY) in a humidified incubator at 

37°C in 5% CO2. Cells at passage three were used for experiments. The hydrogels with 

thickness of 400 µm were cultured in DMEM medium solution for 72 h at 37°C to remove 

residual H2O2 and HRP. Cells were then seeded on the samples and incubated at 37°C in 5% 

CO2.
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Three groups (R3-SN1, R12-SN1, and R100) were used to culture the cells in vitro and to 

assess cell proliferation. The passaged cells were re-suspended and cultured in DMEM 

medium containing 10% FBS after digestion with trypsin. The cell concentration was 

adjusted to 1 × 105 cells/ml and cultured on samples with 2 ml medium at 37°C in 5% CO2. 

After culturing for 1, 3, 7 and 14 d, the cells were counted with the CCK-8 method.36 

Aliquots (200µl) of CCK-8 (CK04-500, Dojindo, Japan) were added to each well and then 

incubated for 4 hours. Supernatant (100 µl) was removed from each well and transferred to a 

new 96-well plate. The absorbance at a wavelength of 450 nm was measured with 

microplate reader (Infinite M200, Tecan, Switzerland).

Cell staining (Calcein-AM) count

The cells (1 × 105 cells/ml) were cultured in 6 well-plates with 2 ml medium at 37°C in 5% 

CO2. At day 14, cells were stained with Calcein. The storage concentration of calcein-AM 

was 1mM in DMSO, and the storage solution was diluted to 50 µM with PBS. Aliquots (200 

ul) were added into each well and incubated at 37°C for 20 min. Then the cells were washed 

with PBS twice. Fluorescence intensity of the cells was tested under a fluorescent 

microscope with an excitation wavelength of 490 nm and an emission wavelength of 515 

nm.

Quantitative Real-Time PCR

The in vitro differentiation behaviors of the cells cultured on the silk hydrogels were 

evaluated with quantitative real-time PCR (qRT-PCR), western blot and 

immunofluorescence staining.37,38

Total RNA was extracted from SD rat bone mesenchymal stem cells (rBMSCs) using TRIzol 

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. First-strand 

cDNA was synthesized with reverse transcriptase kit. Real-Time PCR was performed with 

SYBR Green PCR reagent system (SYBR-green, Invitrogen, Carlsbad, CA, USA). Primers 

of the endothelial marker CD31 and Flt1 (Fms related tyrosine kinase 1), early myogenic 

markers MyoD1 (Myogenic differentiation 1) and osteogenic marker BMP2 (Bone 

morphogenetic protein 2), ALP (Alkaline phosphates) and Runx2 (Runt-related transcription 

factor 2) are shown in Table 1:

Western Blot

Total cell protein was obtained with the cell lysis buffer. The protein concentration was 

obtained with BCA protein assay (Pierce, IL, USA) based on the manufacturer's instructions. 

Protein samples (10µl/lane) were separated by 11% SDS-PAGE. The primary antibodies 

included anti-CD31, anti-Flt1, anti-MyoD1, anti-ALP, anti-BMP2 and anti-Runx2 

(Santacruz, CA, USA). The secondary antibody was rabbit anti-mouse IgG (1:3000, 

Santacruz, CA, USA). Relative protein levels were quantified by scanning densitometry and 

the gray value of protein level were measured with NIH Image J Software.

Immunofluorescence Staining

Immunofluorescence staining of cells with CD31, MyoD1 and Runx2 were used to 

characterize endothelial, myoblastic and osteogenic differentiation of BMSCs. Briefly, the 
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samples were fixed in 4% formaldehyde (Sigma-Aldrich, St. Louis, MO, USA) for 30 min, 

permeabilized with 1% Triton X-100 for 10 min, and blocked in PBS containing 3% BSA 

for 1 h. Cells were incubated with anti-CD31, anti-MyoD1 and anti-Runx2 primary 

antibodies (Santacruz, CA, USA) for 1 h. Samples were then rinsed and incubated with 

secondary antibodies. DNA and silk hydrogels were stained with DAPI (Sigma-Aldrich, St. 

Louis, MO, USA). FITC-phalloidin (Invitrogen, Grand Island, NY, USA) was used to stain 

F-actin. The images were collected by confocal laser scanning microscopy (CLSM, 

Olympus FV10 inverted microscope, Nagano, Japan).

Statistical Analysis

All in vitro experiments were repeated at least three times. All numerical data were 

expressed as Mean ± SD as depicted. The statistical software SPSS 17.0 was used for 

analysis. All data was analyzed using one-way ANOVA.

Results and discussion

Formation of the RSF hydrogels containing NSF

Unlike traditional RSF solutions, the SNF solution cannot easily translate into hydrogels in 

reactions with HRP and H2O2 (Figure S-1). The composition and ECM-biomimic 

nanofibrous structures make SNF a desirable additive to improve the mechanical and 

morphological properties of SF hydrogels without sacrificing biocompatibility and 

crosslinking. Traditional RSF molecules in aqueous solutions were crosslinked in the 

presence of HRP and H2O2 to form dityrosine bonds, resulting in hydrogel formation, while 

the SNF without the crosslinking reaction dispersed homogeneously in the hydrogels (Figure 

1). Following the increase of SNF in the system, the hydrogels transformed from transparent 

to opaque (Figure S-2). The gelation time was similar for the systems containing same 

amount of RSF but different contents of SNF, suggesting that the HRP catalyzed reaction 

only occurred among the RSF molecules. Circular dichroism (CD) was used to evaluate the 

protein secondary structures before (Figure 2a) and after the reaction (Figure 2b). A more 

distinct minimum at 218 nm appeared following the increase of SNF amount, due to the beta 

sheet rich structure of the SNF. Similar to previous studies,39,40 a minimum near 218 nm 

remained unchanged after the reaction for the systems containing various contents of SNF, 

confirming that the SNF did not appear to significantly influence the HRP reaction.

Structure and morphology of RSF-SNF hydrogels

Secondary structure of the various hydrogels was assessed with FTIR. Because of absorption 

in the amide I region of the peptide chains, the infrared spectral region is within 1700–1600 

cm−1, which has been usually used for analyzing different secondary structures of silk. Both 

1648–1652 cm−1 and 1635–1645 cm−1 peaks are indicative of the random coil, while the 

1610–1630 cm−1 peaks is characteristic of silk II (beta sheet) conformation. For the systems 

with different contents of SNF, no significant conformational changes appeared by FTIR for 

RSF and SNF in the hydrogel state and in aqueouos solutions (Figure 2c, 2d), indicating that 

the crosslinking reaction had no significant influence on the conformation of SF. Due to the 

beta sheet rich structure of the SNF, the peak near 1625 cm−1 gradually appeared for the 
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hydrogels with higher contents of SNF, suggesting that the SNF remained stable in the 

hydrogels.

The micromorphology of the freeze-dried hydrogels was investigated with SEM (Figure 

3A). The SEM images showed homogeneous porous structures for all the hydrogels, 

suggesting that the SNF was dispersed homogeneously in the hydrogels without phase 

separation. The different pore sizes of the hydrogels containing different amounts of SNF 

implied altered interactions between RSFs and SNFs. The pore walls revealed nano-

topographic structures in the hydrogels with no phase separation observed on the walls, 

confirming the homogeneous distribution of the SNF inside the hydrogels. Considering that 

SNF and RSF have different nanomorphologies, AFM was used to reveal the distribution of 

SNFs inside the hydrogels (Figure 3B). More nanofibrous features appeared in the RSF-SNF 

hydrogels with enriched SNF, but this feature disappeared in the pure RSF hydrogels. This 

finding suggeted that the SNF retained the nanofirous structures in the hydrogels. Three-

dimensional height images showed homogeneous distributions of the SNF nanofibers in the 

composite hydrogels, which may provide improved physical cues for cells.

Mechanical properties of the RSF-SNF hydrogels

A persisten need remains for versatile, tunable and biocompatible hydrogels to match the 

mechanical properties of native ECMs of different tissues. Several strategies towards this 

goal include optimzing crosslinking reactions, changing SF concentration and controlling 

the secondary composition of SF to tune the mechanical properties of SF hydrogels.26, 41–45 

The mechanical properties of SF hydrogels have been broadened to the MPa range using 

these approaches.26, 28, 46 However, the regulation of the differentiation of MSCs into 

different cell lineages using SF hydrogels and control of material stiffness has not been 

explored.

The rheometer was used to measure the storage modulus of hydrogels based on previous 

studies.6, 29 Unlike previous strategies, SNFs, stable nanofibers composed of pure silk 

fibroin, could be added directly to the RSF solutions, providing a simple way to tune the fine 

stiffness of the materials. As shown in Figure 4, the SNF-RSF hydrogels exhibited different 

moduli in the range from 9.2 KPa to 55 KPa, while the modulus of pure RSF hydrogels at 

same concentration was about 1 KPa. These results indicated that the introduction of SNF 

could significantly enhance the mechanical properties of the crosslinked hydrogels. Previous 

modification methods such as optimizing crosslinking process and altering SNF 

concentrations could be used in the present system, further improving the stiffness to above 

100 KPa (data not shown). The delicate adjustment of the mechanical properties was then 

achieved through tuning the content of SNF, suggesting the feasibility of actively controlling 

the mechanical properties of the hydrogels. These results indicated that programmable 

modulation of stiffness was easily obtained by the introduction of SNFs, making it possible 

to develop bioactive SF hydrogels with tunable features for the differentiation of stem cells.

Cytocompatibility of the RSF-SNF hydrogels in Vitro

To verify that the introduction of SNF had no negative influence on cell compatibility, 

BMSCs were cultured on the surface of pure RSF hydrogels and RSF-SNF hydrogels with 
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different contents of SNF. The cells seeded on the different hydrogels showed excellent 

adhesion and proliferation over 14 days of culture (Figure 5). At day 14, significantly more 

cells proliferated on the RSF-SNF hydrogels than on the pure RSF hydrogels (Figure 5A). 

Cell numbers increased steadily up to 14 days without reaching a plateau (Figure 5B). 

Further improvement of cell proliferation occurred for the cells on the RSF-SNF hydrogels 

with higher content of SNF, confirming the promotion of cell compatibility after the 

introduction of SNF. Although multiple cues such as stiffness, compositions and 

nanostructures have significant influence on cell proliferation, the cell culture results on 

RSF-SNF hydrogels indicated that the introduction of SNF resulted in a better niche for cell 

response in vitro, which is similar to several studies that revealed an enhanced influence of 

nanofibrous SF materials on cell compatibility.28,47–49

Differentiation Control of BMSCs on the RSF-SNF hydrogels

In cell-matrix interactions, cells are sensitive to the stiffness of the matrix and show different 

differentiation behavior according to the mechanical cues of the microenvironment.50,51 

Considering the broad range of the stiffness from KPa to MPa for different tissues, it is 

preferable to finely tune the stiffness of the SF hydrogels. Unlike previous crosslinked SF 

hydrogels,52 the RSF-SNF hydrogels could be finely tuned to achieve suitable stiffness for 

various tissues. Three RSF-SNF hydrogels (R100, R12-SN1, R3-SN1) with stiffness of 1.7 

KPa, 9.2 KPa and 55 KPa, suitable for blood vessel, muscle and bone tissues, respectively, 

were chosen to evaluate the differentiation behavior of MSCs into endothelial cells, muscle 

cells and osteoblasts.

Flt1/CD31, MyoD1, and ALP/BMP2/Runx2 are important markers of endothelial, myoblast 

and osteoblasts, respectively.53–55 The differentiation behaviour of BMSCs were evaluated 

with immunofluorescent staining and mRNA expression (Figures 6 and 7). Significantly 

higher expression of the markers for endothelial, myoblast and osteogenic cells appeared for 

the MSCs cultured on the three hydrogels with stiffness of 1.7 KPa, 9.2 KPa and 55 KPa, 

respectively, suggesting that differentiation capacity was successfully achieved through the 

introduction of SNF into the SF hydrogels. Western blots were used to quantify the 

production of the different markers (Figure 8). Significantly higher levels of CD31/Flt1, 

MyoD1, and ALP/BMP2/Runx2 appeared with the cells cultured on R100, R12-SN1, and 

R3-SN1 hydrogels, respectively, confirming that SF hydrogels with tunable differentiation 

capacity into various tissue cells could be achieved by tuning the stiffness to match various 

tissues. Tuning the stiffness of the biomaterials to control differentiation behaviors of the 

stem cells has been considered as a powerful way of achieving bioactive biomaterials. 

Although the mechanical properties of silk hydrogels could be changed through various 

processes or different crosslinking methods, it remains a great challenge to finely tune their 

stiffness to match different tissues. Therefore, only SF scaffolds rather than hydrogels with 

various differentiation capacities for MSCs have been reported in several studies.56–59 As far 

as we know, this is the first time tunable differentiation for the growth factor free SF 

hydrogels was found. More interestingly, the differentiation behaviors of the stem cells on 

our SF hydrogels are consistent with that cultured on other biomaterial hydrogels.3–5 

However, significant deviation appeared for the cells cultured on SF scaffolds with tunable 

stiffness. For example, although the study based on hydrogel system suggested that the 
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stiffness in the range of 1–7 KPa could induced the differentiation of stem cells into 

endothelial cells,4 the stem cells cultured on the SF scaffolds with modulus of 1–4 KPa 

failed to exhibit endothelial differentiation capacity.60 It is reasonable since the modulus of 

the scaffolds not only depends on the stiffness of the scaffolds but also is influenced by the 

porous structures. Other factors such as nanostructures and orientation could also tune the 

differentiation behaviours of the stem cells, suggesting the possibility of optimizing the 

control of cell behaviors through designing suitable microenvironments. Considering that 

various factors could be introduced in our present hydrogel systems, the present study 

provides a feasible way of developing bioactive SF hydrogels with tunable differentiation 

behavior without the introduction of growth factors or other polymers. Further optimization 

of the specific differentiation capacity can be anticipated through subtle further tuning of the 

stiffness.

Conclusions

Bioactive SF hydrogels with tunable mechanical properties were prepared through 

introducing SF nanofibers into HRP catalyzed crosslinking processes. The stiffness of the 

hydrogels was significantly improved and finely adjusted by changing the amount of SF 

nanofibers, providing a feasible fabrication method. The differentiation behavior of MSCs 

into endothelial, myoblast and osteoblast cells, as well as better cytocompatibility of the 

hydrogels, suggests useful features for these hydrogels in different tissue regeneration 

applications.
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Figure 1. 
The mechanisms and structure of silk fibroin nanofiber-reinforced hydrogels prepared via 

the enzymatically crosslinked process. HRP is horseradish peroxidase for the crosslinking 

reaction.
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Figure 2. 
Secondary conformational changes of silk fibroin after the crosslinking process: (a) CD 

curves of different silk fibroin solutions before crosslinking; (b) CD curves of different silk 

fibroin hydrogels after crosslinking; (c) FTIR spectra of freeze-dried silk fibroin solutions 

before crosslinking; and (d) FTIR spectra of freeze-dried silk fibroin hydrogels after 

crosslinking. The samples were as follows: R3-SN1, the ratio of RSF and SNF was 3:1; R4-

SN1, the ratio of RSF and SNF was 4:1; R6-SN1, the ratio of RSF and SNF was 6:1; R12-

SN1, the ratio of RSF and SNF was 12:1; R100, pure RSF hydrogel.
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Figure 3. 
Microstructures of the crosslinked silk fibroin hydrogels: (A) SEM images of the freeze-

dried hydrogels, the insets were the magnified surface morphologies of the porous walls; (B) 

AFM images of the different hydrogels. The samples were as follows: (a) R3-SN1, the ratio 

of RSF and SNF was 3:1; (b) R4-SN1, the ratio of RSF and SNF was 4:1; (c) R6-SN1, the 

ratio of RSF and SNF was 6:1; (d) R12-SN1, the ratio of RSF and SNF was 12:1; (e) R100, 

pure RSF hydrogel.
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Figure 4. 
Rheological properties of the different hydrogels: (a) Frequency sweeps; (b) The storage 

modulus. The samples were as follows: R100, pure RSF hydrogel; R12-SN1, the ratio of 

RSF and SNF was 12:1; R6-SN1, the ratio of RSF and SNF was 6:1; R4-SN1, the ratio of 

RSF and SNF was 4:1; R3-SN1, the ratio of RSF and SNF was 3:1. Significantly higher and 

increased stiffness was achieved for the hydrogels following the introduction and content 

increase of SNF. *P < 0.05
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Figure 5. 
The in vitro cell compatibility of the different hydrogels: (a) Cell proliferation and 

morphologies after cultured on the hydrogels for 14 days; (b) The cell numbers measured 

with the CCK8 method. The samples were as follows: R3-SN1, the ratio of RSF and SNF 

was 3:1; R12-SN1, the ratio of RSF and SNF was 12:1; R100, pure RSF hydrogel. *P<0.05, 

**P<0.01.
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Figure 6. 
Immunofluorescence staining of the cells cultured on SF hydrogels with different stiffness 

over time. The specific marker proteins (CD31, MyoD1 and Runx2) were used to evaluate 

endothelial, myoblast and osteogenic differentiation of rBMSCs, respectively. The cell 

culture times for CD 31, MyoD1 and Runx2 measurements were 7, 7 and 14 days, 

respectively. The samples were as follows: R3-SN1, the ratio of RSF and SNF was 3:1; R12-

SN1, the ratio of RSF and SNF was 12:1; R100, pure RSF hydrogel. *P<0.05, **P<0.01.
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Figure 7. 
Q-PCR assessment of the differentiation behavior of rBMSCs cultured on silk hydrogels 

with different stiffness for different time points: (A, B) vascular endothelial cells markers 

CD31 and Flt1 after 7 days; (C) muscle marker MyoD1 after 7 days, (D, E, F) Osteogenesis 

markers BMP 2, ALP and Runx2 after 7 days. The samples were as follows: R3-SN1, the 

ratio of RSF and SNF was 3:1; R12-SN1, the ratio of RSF and SNF was 12:1; R100, pure 

RSF hydrogel. *indicates significant difference between groups (p < 0.05),** indicates 

significant difference between groups (p < 0.01).
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Figure 8. 
Western Blot analysis of the differentiation of rBMSCs cultured on the hydrogels with 

different stiffness for the screened time points. (A, B) The expression of vascular endothelial 

cells markers CD31 and Flt after the cells were cultured for 7 days; (C) the expression of 

muscle marker MyoD1 after the cells were cultured for 7 days; (D, E, F) Osteogenesis 

markers BMP2, ALP and Runx2 after the cells were cultured for 14 days. The samples were 

as follows: R3-SN1, the ratio of RSF and SNF was 3:1; R12-SN1, the ratio of RSF and SNF 

was 12:1; R100, pure RSF hydrogel. Results were shown as mean ± SD of gray value. * 

means P<0.05 and ** means P<0.01
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Table 1

Primers used in quantitative real-time PCR

Genes Primer sequence(F,R,5’-3’)

β-actin AACCCTAAGGCCAACCGTGAAAAG

(NM_031144.3) CGACCAGAGGCATACAGGGACAAC

CD31 GGACTGCGCCCATCACTTACC

(NM_031591) TCATCCACCGGGGCTATTACCTT

Flt1 GGGCAAAGAATAGCGTGGGACAG

(NM_019306.2) ACGGGGCTCGGTGGGCTTATTT

MyoD1 GCGCCGCCTGAGCAAAGTGAAC

(NM_176079.1) CAGCGGGCCAGGTGCGTAGAAG

BMP2 AAAGCGTCAAGCCAAACACAAACA

(NM_017178.1) RGAGGGGCCACGATCCAGTCAT

ALP AGAAGCCGCCAACCTGTG

(NM_053650.1) TGCGCTTTCCCATCTTCC

Runx-2 GAACCCACGGCCCTCCCTGAACTC

(NM_001278483.1) AGCGGCGTGGTGGAATGGATGGAT
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