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Abstract

Bombyx mori silk fibroin (SF) is a promising natural biocompatible protein. However, its 

interaction with graphene oxide (GO) has never been studied and the resultant SF/GO matrix has 

not been used to direct stem cell fate. Herein, we found out that mixing SF molecules and GO 

nanosheets in an aqueous solution can trigger the assembly of SF nanoparticles into oriented 

nanofibrils due to the guidance of GO nanosheets, forming SF/GO films with unique 

nanotopographies and improved modulus upon the removal of the solvent. When GO mass 

percentage in the SF/GO films is 2 and 10%, the SF assemblies are necklace-like nanofibrils 

(assembled from loosely linked SF nanoparticles) and solid nanofibrils (assembled from densely 

linked SF nanoparticles) in the resultant films, termed SG2 and SG10, respectively. GO nanosheets 

guided the SF assembly into nanofibrils by triggering the structural change of SF molecules from 

random coils to β-sheets, as confirmed by Fourier transform infrared spectroscopy and circular 

dichroism measurements. Furthermore, oxidative groups in the GO nanosheets were reduced by 

the reducing groups in SF during the nanofibril formation according to X-ray photoelectron 

spectroscopy and Raman spectroscopy. The reduction of the oxidative groups in GO by SF was 

further verified by the good cell viability on the SF/GO films. The unique nanotopographies of the 
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SF/GO films were found to accelerate the early cell adhesion and induce the osteogenic 

differentiation of human mesenchymal stem cells (MSCs) even in the absence of additional 

inducers in the medium. More importantly, SG10 presents a stronger capability in promoting early 

MSC adhesion by promoting F-actin assembly, increasing cell spreading area, and inducing the 

osteogenic differentiation of the MSCs by the unique SF/GO nanofibrous matrix. To the best of 

our knowledge, it is the first report that the SF/GO substrates can induce the osteogenic 

differentiation of MSCs in the absence of osteogenic differentiation medium. Therefore, SF/GO 

composite materials would have a potential application in the field of bone tissue engineering.
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1. INTRODUCTION

Designing artificial biomaterials is a promising approach to bone defect repair and 

regeneration. This strategy aims to design a scaffold mimicking the nanofibrous structure of 

extracellular matrix (ECM) to regulate cell adhesion, proliferation, signal transduction, and 

differentiation for repair or regeneration of bone tissue in vivo.1 ECM mediates human 

mesenchymal stem cells (MSCs) differentiation by virtue of its reasonable distribution of 

nanofibers and the component proteins. Namely, ECM nanofibers and ECM compositions 

are described as biophysical factors such as nanotopographical structures and biochemical 

factors, respectively.2–4 Therefore, a fine selection of material composition and subtle design 

of nanotopography have to be considered for the development of artificial ECM for bone 

tissue engineering.

Silk fibroin (SF) is a natural protein spun from Bombyx mori silkworm. It has favorable 

properties including biodegradability, mechanical superiority, processibility, and 

biocompatibility that can meet the requirements of scaffolds for regenerative medicine,5–7 

enabling its potential application in regenerative medicine.8–10 The mechanical property and 

roughness characteristic of silk protein substrates can affect the adhesion of MSCs.11,12 

Further research has found out that the topographical surface of silk protein substrates can 

not only influence the adhesion and morphology of MSCs but also direct osteogenic 

differentiation of MSCs.13 This implies that controlling the nanotopography of silk protein-

based scaffolds as well as their mechanical properties might regulate the osteogenic 

differentiation of MSCs.

Interestingly, graphene oxide (GO), an atomically thin material, provides reactive sites for 

functionalization because of its abundant functional groups and high surface area.14 

Increasing evidence indicates peculiar functional groups from GO play an important 

function in regulating cell behaviors.15–17 On the other hand, attempts have been made to 

forming GO and SF composites, but the resultant composites usually do not resemble 

nanofibrous ECM18,19 and also are formed under harsh conditions such as alkaline pH, long 

incubation time, and high-temperature treatment.19–22 Moreover, how to assemble SF into 

nanofibrils, which form an ECM-like matrix on the GO nanosheets, by using GO nanosheets 

Shuai et al. Page 2

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as templates at facile conditions, has not been studied. Additionally, our previous study 

shows that SF films surface having nanoridges can induce osteogenic differentiation of 

MSCs when osteogenic inducers are not added.11 However, there is no report on answering 

whether the GO-templated SF nanofibrils would impact the adhesion or osteogenic 

differentiation of MSCs in the presence and absence of osteogenic factors.

Hence, we invented a facile one-step process by mixing GO nanosheets and SF with an 

appropriate ratio for inducing the self-assembly of SF nanofibrils at room temperature and in 

the neutral aqueous solution (Scheme 1A,B). The SF/GO films were obtained by casting the 

resultant SF/GO mixture on the polystyrene Petri dishes (Scheme 1C). After human MSCs 

were seeded sparsely (Scheme 1D) onto the SF/GO films, we hypothesized that the 

nanotopography of the SF/GO films could regulate the cell behavior together by altering the 

ECM clustering, focal adhesions (FAs), and cytoskeletal organization of MSCs (Scheme 1 

E), further leading to changes in the cell phenotype and cell differentiation process (Scheme 

1F).

2. MATERIALS AND METHODS

2.1. Preparation of SF Solution.

The fresh SF solution was prepared according to our previously reported protocol.23 Briefly, 

tiny pieces of B. mori cocoon shells were boiled twice in 0.5% Na2CO3 aqueous solution for 

0.5 h for removing sericin from cocoons. After drying, the SF fibers were gradually 

dissolved in 9.3 M LiBr aqueous solution and then dialyzed against distilled water for 72 h 

for obtaining aqueous SF solution. The SF solution concentration was calculated by the 

weighing method.

2.2. Self-Assembly of SF and GO.

2.2.1. Morphology of SF/GO Composites in Aqueous Solution.—For 

observation of assembled SF morphology induced by GO (Hengqiu Graphene Tech Co. Ltd, 

China), the SF/GO solution was diluted in deionized water to reach the desired concentration 

(0.01 mg/L), and 5 μL of the solution was dropwise added on the freshly peeled mica disc 

and air-dried. The self-assembly morphology of SF/GO was observed using an atomic force 

microscopy (AFM) system (VEECO MultiMode, USA).

2.2.2. Structure Characterization of SF/GO Composites.—The circular dichroism 

(CD) spectra of the SF/GO composites were measured from 190 to 250 nm at the rate of 0.5 

nm/s using a MOS-450 Spectrometer (Biologic, France). X-ray photoelectron spectroscopy 

(XPS) was observed by using an X-ray photoelectron spectrometer (ESCALAB 250Xi, 

Thermo Fisher Scientific). Raman spectra and Raman scanning images were obtained by 

Raman microscopy (DXR2, Thermo Fisher Scientific) using a 532 nm laser.

2.3. Fabrication of SF/GO Films.

The GO solution with a concentration of 2 mg/mL was dispersed by ultrasonication for 20 

min to form a homogeneous GO dispersion. The concentration of SF solution was adjusted 

to be 100 mg/mL. After the GO solution was added into SF solution, a homogeneous 
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suspension was finally obtained after continuously stirring the mixture for 30 min. Here, the 

mass percentage of GO with respect to SF in the suspension was adjusted to be 2 or 10% 

(when the total mass percentage of GO and SF is considered 100%). To prepare the SF/GO 

films, 5 mL of SF/GO composite solutions was poured into polystyrene Petri dishes and 

subsequently air-dried for 48 h to form SF/GO films. The SF/GO films containing 2% GO 

and 10% GO were denoted as SG2 and SG10, respectively.

2.4. Characterization of SG2 and SG10 Films.

2.4.1. Mechanical Property of SG2 and SG10.—The mechanical properties of the 

films were determined using a universal testing machine (AGS-J, Shimadzu, Japan) at a 

temperature of 25 °C and humidity of 80% with a 10 N capacity load cell. The films were 

cut into a dumbbell shape of 0.4 cm × 2 cm for the tensile tests. The specimens were 

stretched at a speed of 0.1 mm/s.

2.4.2. Fourier-Transform Infrared Spectroscopy (FTIR) of SG2 and SG10.—
The films were pressed into discs mixed with KBr powder and evaluated using a FTIR 

(FTIR-8400S, Shimadzu, Japan) according to our previous methods.24 A curve fitting and 

Fourier self-deconvolution treatment of the amide I region (1600–1710 cm−1) was carried 

out to quantitatively estimate the relative proportion of silk secondary structures. The 

amount of individual secondary structure element was calculated, through dividing the 

relative peak areas of one amide I band by the total peak areas of all amide I bands using the 

Origin software peak-fitting module (Origin 8).25

2.4.3. Contact Angle Measurements of SG2 and SG10.—The surface wettability 

of SG2 and SG10 films was evaluated at room temperature through a drop shape analysis 

system coupled with a computer-assisted contour analysis program (OCA20, DataPhysics 

Corp, Germany).

2.5. Cell Viability Assay and Cell Morphology.

Human MSCs (Cyagen Biosciences, China) were cultured in serum-containing medium 

(HUXMA-90011, Cyagen Biosciences). The SG2 and SG10 film were fixed on the bottom 

of 24-wells plates. SF film, tissue culture plate (TCP), and GO coating on the TCP were set 

as the control group. Adding 75% (V/V) ethanol into each well sterilized the films, which 

were further washed three times using a phosphate buffer solution (PBS). The cell numbers 

were counted using a handheld automated cell counter (Millipore, USA). Cells at a density 

of 2.0 × 104 cells/cm2 were immediately seeded in 24-well plates which were coated with 

different films.

2.5.1. AlamarBlue Assays.—The cell viability on the SF/GO films was determined by 

using alamarBlue cell viability reagent kit (Life Technologies). After MSCs were cultured 

for 1 and 5 d, 10 μL of alamarBlue solution was added and incubated for another 3 h at 

37 °C. A microplate reader was used to quantify the cell viability as relative fluorescence 

units (RFU) by monitoring fluorescence with an excitation and emission wavelength of 530 

and 600 nm, respectively.
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2.5.2. Cell Morphology.—Cells were fixed in fixative (Beyotime Institute of 

Biotechnology, China) for 1 h and washed three times by PBS. After fixation, the 

cytoskeletons were stained with Alexa Fluor 488 phalloidin (Invitrogen), and cell nuclei 

were visualized by DAPI (Beyotime Institute of Biotechnology, China) at room temperature. 

Cell morphology was acquired using a confocal microscope system (Zeiss LSM780, 

Germany).

2.5.3. Cell Adhesion.—Cells (1.0 × 105) were seeded in 24-wells. After they were 

cultured for different times (0.5 and 3 h), PBS solution was used to wash them three times in 

order to get rid of the non-adherent cells. After that, each well was fixed with fixative 

solution for 20 min and soaked in 1% Triton X-100 for 10 min, followed by incubation with 

Fluor 480 phalloidin dye for 30 min and DAPI for 10 min in the dark, and finally placed 

under an optical microscope to observe the cell adhesion. Statistical analysis was used to 

calculate the number of cells and the cell spread area based on the images by Image-Pro Plus 

software. For immunofluorescence staining of cell adhesion proteins (vinculin and paxillin), 

MSCs were cultured for 2 d and fixed in 4% paraformaldehyde at room temperature, then 

permeabilized by 0.2% Triton X-100. They were subsequently incubated first with 4% 

bovine serum albumin/PBS for 30 min and then with specific primary antibodies (Anti-

Vinculin [VLN01, Invitrogen] and Anti-Paxillin [Y113, Abcam]) overnight at 4 °C. They 

were then incubated with the secondary antibodies conjugated with Alexa Fluor 488 

(Abcam, ab150117) and Alexa Fluor 594 (Abcam, ab150080), respectively, and stained by 

DAPI for probing the cell nuclei.

2.6. Osteogenic Differentiation of MSCs on SG2 and SG10.

MSCs in a low density (2.0 × 104 cells/well) were implanted on these SF/GO matrixes and 

then cultured in the osteogenic induction medium (containing: primary media, 50 μM 

ascorbic acid, 10 mM beta-glycerol phosphate, and 100 nM dexamethasone) or in the 

normal medium (serum-containing medium supplemented with 50 mM of CaCl2) for 14 d. 

For real-time polymerase chain reaction (PCR), the mRNA levels of integrin α2 (Itgα2) and 

collagen type I (COLI) of MSCs cultured on the composite films in the osteogenic medium 

were assessed. All primers (Sangon Biotech) were designed and are listed in Table 1 for the 

PCR quantification with GAPDA as a reference gene. For immunofluorescence staining of 

osteogenic differentiation-related proteins, including COLI, osteocalcin (OCN), and 

osteopontin (OPN), MSCs on the SF/GO films were fixed in a fixative solution for 30 min at 

room temperature. Then, the MSCs were probed with the primary antibodies of anti-

collagen type I (ab34710, Abcam), anti-OCN (ab13418, Abcam), and anti-OPN (ab8448, 

Abcam) overnight at 4 °C, followed by staining with secondary antibody conjugated with 

Alexa Fluor 488 (ab150117, Abcam) or Alexa Fluor 594 (ab150080, Abcam). After 

incubation with the secondary antibody, the MSCs were stained by DAPI for probing the cell 

nuclei. In addition, alkaline phosphatase (ALP) staining (BCIP/NBT staining kit, Beyotime) 

and alizarin red staining (Alizarin Red S, Sigma) were also carried out according to the 

previous procedure26 to investigate the osteogenic differentiation of MSCs.
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2.7. Statistical Analysis.

One-way analysis of variance was used to statistically analyze the data, which were 

represented in the form of mean ± standard deviation (SD). When the P-value was less than 

0.05 and 0.01, the difference between different groups was thought statistically and 

extremely significant, respectively.

3. RESULTS

3.1. Assembly of SF into Nanofibrils Induced by the GO Template.

The representative AFM height images (Figure 1A–H) showed the nanotopography of SF, 

GO nanosheets, and SF/GO composites. Figures 1A,B shows that freshly prepared SF 

formed nanoparticles with an uneven size. Figure 1C,D shows that the GO nanosheets had a 

planar surface and polygonal morphology. Interestingly, adding GO into SF solution drove 

SF to be self-assembled into different nanotopographies, depending on the GO mass 

percentage in the GO/SF composites (Figure 1E–H). At a GO percentage of 2%, SF 

nanoparticles were loosely linked and assembled into necklace-like nanofibrils (Figure 1F). 

The necklace-like nanofibrils formed an oriented head-to-tail structure, proving the oriented 

assembly of SF nanoparticles with the guidance of the GO templates. Increasing the GO 

percentage to 10% resulted in the formation of densely packed solid SF nanofibrils 

(assembled from densely linked SF nanoparticles) on the GO nanosheets (Figure 1G). The 

high magnification view of the nanofibrils on the GO nanosheets (Figure 1H) confirmed that 

the nanofibrils were indeed assembled from SF nanoparticles. Therefore, AFM images 

clearly demonstrated that SF was assembled into nanofibrils and the nanotopography of the 

resultant nanofibrous substrate, either loosely linked necklacelike or densely linked solid 

nanofibrils, could be regulated by varying the proportion of SF/GO. The detailed results of 

section analysis collected along with the AFM traces (Figure 1I–L) and surface roughness 

analysis (Figure S1A,B) showed that the ordered assembly of SF on GO nanosheets was due 

to the binding of SF by the GO at the specific sites. These findings proved that a suitable 

percentage of GO in the SF/GO films played an important role in directing the assembly of 

SF into the varying nanotopography.

To further prove that the assembly of the SF was triggered by GO, CD spectra, Raman 

spectra, and XPS spectra were measured. Figure 2A,B shows the CD spectra of SF and 

SF/GO solutions. Fresh SF had a random coil conformation according to a negative 

ellipticity at about 200 nm (Figure 2A). After the GO was mixed with SF by increasing its 

proportion from 2 to 10%, the decrease of the peak at 200 nm and the increase of peak at 

218 nm proved that the percentage of β-sheet structure was increased with the increase in 

the GO content (Figure 2A,B), indicating that the GO could dramatically affect the 

secondary structure of SF. It should be noted that the β-sheet structure of SF favors the 

assembly of SF nanofibrils.27 Therefore, CD spectra proved that the secondary structure of 

SF could be mediated by changing the GO content in the neutral aqueous solution. In 

addition, Raman spectroscopy (Figure S2) showed that the intensity ratio (ID band/IG band) 

of SG10 was higher than that of GO, indicating that the GO in SG10 solution was 

chemically reduced. In order to analyze these changes in the GO/SF composites more 

carefully, we used the XPS technique to detect the C 1s spectra of GO/SF composites 
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(Figure 2C–F). Figure 2D–F shows that the oxygen species (C–O and O–C═O) from GO 

nanosheets were reduced by SF after the GO was added to the SF solution, indicating that 

the SF could be used as a reducing agent to reduce GO. Hence, our findings prove that the 

interaction between SF and GO drives the self-assembly of SF nanofibrils on the GO 

nanosheets and promotes the reduction process of GO in neutral pH conditions.

3.2. Characterization of SF/GO Films.

Figure 3A shows the photographs of the obtained SF, SG2, and SG10 films. Figure 3B 

shows that the Young’s moduli of SG2 and SG10 films were 240 and 270 MPa, respectively, 

higher than that of the SF film (210 MPa). Increasing the concentration of GO resulted in an 

increase in the Young’s modulus of SF/GO films. Therefore, the mechanical properties of 

SF/GO can be slightly changed by controlling the ratio of GO and SF.

As the secondary structure is one of the important factors determining the mechanical 

properties, we characterized the secondary structure with FT-IR for clarifying mechanical 

properties of SF, SG2, and SG10 films. Figure S3 shows that the SF film adopted a 

predominantly random coil conformation. With more GO added into SF, the absorption 

peaks of amide I and amide II were all right-shifted, indicating the structural transformation 

of SF from random coils to β-sheets. In addition, deconvolution of the overlapped peaks to 

resolve amide I in the region of 1600–1700 cm−1 was performed based on peak assignment 

that 1623–1641 and 1675–1700 cm−1 were assigned to β-sheets, 1656–1662 cm−1 to α-

helices, 1642–1655 cm−1 to random coils, and 1663–1674 cm−1 to turns.28,29 Figure 4A–C 

shows the detailed secondary structures of SF/GO films. The curve fitting result in 

percentage terms (Figure 4D) indicated that SF had the lowest β-sheets content at around 

25.13%. After the GO was added, the β-sheet content was increased to 60.04 and 74.39% for 

SG2 and SG10, respectively. FTIR results confirmed that the GO template could trigger the 

β-sheets assembly of SF. In addition, the wettability of SF/GO films was measured because 

material compositions and geometric structure strongly influenced the wettability of a 

biomaterial surface. The contact angles of SF, SG2, and SG10 films were 71.4°, 76.7°, and 

80.0° (Figure 4E), respectively. The SG10 films had a contact angle higher than the SF 

films, indicating that the SG10 films were less hydrophilic probably because of the decrease 

of oxy-compound groups from GO and the increase of β-sheets of SF as a result of the 

interaction between SF and GO.

3.3. Cell Viability and Adhesion of MSCs.

To study how SF/GO films would play a role in the cell viability and adhesion, we seeded 

MSCs on the SF/GO films and then measured cell proliferation ability by alamarBlue assay 

(Figure 5A). Figure 5A shows that the values of the RFU increased over time for each group, 

indicating an increase in the cell number cultured on the substrate throughout the cell culture 

period. Cells cultured for 5 d showed a higher cell number on the SF/GO films than the GO 

films without a statistical difference. Therefore, cell proliferation analysis suggested that 

SF/GO and GO films could serve as a biomaterial to maintain cell growth. In addition, 

cellular morphology was observed by staining the F-actin cytoskeleton in Figure 5B. The 

confocal micrographs indicated that MSCs exhibited a more elliptical-patterned phenotype 

on the TCP, SF films, and GO films on day 1. Interestingly, more spindle-shaped 
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morphology and obvious filopodia extensions of MSCs could be observed on the SG2 and 

SG10 films. After 5 d of culturing, the morphology of MSCs on the TCP and SF films still 

exhibited an elliptical-patterned or irregular phenotype, suggesting that the SF/GO matrix 

exerted a significant influence on the assembly of the F-actin cytoskeleton.

To further understand the early adhesion behavior of MSCs on the SF/GO matrix, we 

observed the adhesion morphology of MSCs and tracked the adhesion-associated proteins. 

Figure 6A shows that the MSCs were spheroidal on all groups after adhesion for 0.5 h. 

However, the SG10 group had more cells than the SF group and SG2 group (Figure 6A,D), 

indicating that the SG10 film had the ability in promoting early cell adhesion. After 3 h of 

adhesion, the number of cells on the SF and SG2 films remained low (Figure 6B,E). 

Interestingly, after 3 h of attachment, the average cell spreading area of MSCs on the SG10 

film was larger than that on the TCP, indicating that the SG10 films could promote cell 

adhesion in the early stage (Figure 6G). Next, FA formation of MSCs, which served as the 

mechanical links to the SF/GO matrix, was further examined by labeling two adhesion-

associated proteins: vinculin and paxillin. As shown in Figure 6C, vinculin and paxillin were 

localized predominantly at the cell periphery on the SG10 films. However, they were 

localized at the nucleus periphery on the SF films, indicating that MSCs on the SF films 

lacked filopodia extensions. These results showed that SG10 substrates played a role in 

facilitating cell adhesion and signal transduction of FAs.

3.4. Osteogenic Differentiation and Cellular Matrix Expression of MSCs.

To examine the effect of SF/GO films on the differentiation of MSCs, we seeded MSCs on 

the SF/GO films in the presence and absence of osteogenic inducers. Integrin α2 belongs to 

the integrin alpha subunit family that is responsible for cell adhesion, stress-fiber formation, 

and organization of ECM and also participates in the early osteogenic differentiation.30,31 

When incubated in the medium having osteogenic inducers, the RT-PCR showed that the 

SG2 and SG10 films had a higher level of Itgα2 than the control groups (Figure 7A), and the 

SG10 film had the highest level of COLI expression (Figure 7B) after culturing 14 d, 

suggesting that SF/GO films could promote the expression of ECM proteins. In addition, we 

seeded MSCs in the medium in the absence of osteogenic inducers to evaluate the induction 

efficiency of osteogenic differentiation by the SF/GO films. Higher levels of ALP staining 

(Figure 7D) and alizarin red staining (Figure 7C,E) were observed on the SG10 films. 

Quantitative alizarin red staining (Figure 7C) results showed that the staining area on the 

SG10 films was higher than that on the TCP. Moreover, immunofluorescence staining of 

COLI, OPN, and OCN confirmed the matrix staining results (Figure 7F). MSCs cultured on 

all of the groups had recognizable COLI-positive and OPN-positive staining. Furthermore, 

MSCs cultured on the SG10 films expressed significantly more OCN proteins that those on 

other groups on day 14, suggesting that the SG10 film could induce the osteogenic 

differentiation of MSCs. Taken together, these results consistently verified that the SG10 

substrate provides more suitable microenvironment than the SG2 films in accelerating the 

early adhesion and inducing the osteogenic differentiation of MSCs when osteogenic 

inducers were absent in the medium.
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4. DISCUSSION

So far, the interaction between SF and GO that drives the assembly of SF as well as the 

application of the resultant SF/GO composites has not been studied. In addition, to date 

whether such SF/GO composites could regulate the fates of stem cells is poorly understood. 

For this purpose, we designed a novel approach to the preparation of SF/GO matrix and 

characterized the structural properties of the resultant SF/GO matrix by CD, FTIR, and XPS 

measurements. We also seeded human MSCs on the resultant SF/GO matrix and investigated 

the in vitro performance of the cell adhesion, proliferation, and differentiation of MSCs.

When a SF molecule forms a steric structure, its polypeptide chain mainly forms random 

coils and α-helix structures and thereby is further folded into a spherical nanoparticle.23 In 

the present study, AFM data (Figure 1) directly showed that SF nanoparticles were 

assembled into nanofibrils nearly aligned on the GO nanosheets when the GO proportion 

was increased from 2 to 10% (Figures 1 and S1). Ling et al. considered that amphiphilic SF 

molecules could interact with the C–C sp2-hybridized carbon surfaces on the GO.21 Some 

amino acids such as valine, isoleucine, and threonine from proteins can destabilize α-helix 

to form β-sheets by changing solution conditions,32 indicating that GO substrates might 

interact with such amino acids in SF to promote the β-sheets formation and the subsequent 

SF assembly. Indeed, the CD, XPS, and FTIR analysis (Figures 2 and 4) proved that more β-

sheet structures in the SF molecules were formed with the addition of GO while the 

oxidative groups of GO were also reduced by the SF. These results suggest that the higher 

specific surface area of GO with lots of oxidative groups can promote the interaction with 

the amino acids inside the SF, favoring the change of the secondary structures of SF from α-

helix to β-sheets. Driven by the intermolecular hydrogen bonding, the SF with β-sheet 

structures could undergo self-assembly on the GO nanosheets to form an ordered fibril 

structure.33

Many studies have shown that the compositions of secondary structure, surface functional 

groups, and roughness characteristics can affect the surface hydrophilicity of polymer 

substrates.11,34,35 The contact angle measurements showed that the increasing of β-sheet 

structures of SF and the reduction of oxidative groups made the SG10 films more 

hydrophobic (Figure 4E). The formation of SF/GO complex also slightly improved the 

modulus of the biomaterials, consistent with the earlier findings that more β-sheet structures 

in the SF would lead to improved mechanical properties of the SF-derived materials.36,37 

The primary sequence of the SF protein consists of alternating hydrophobic and hydrophilic 

fragments. The spatial arrangement of these fragments can affect the hydrophilic properties 

and mechanical strength of the SF molecules.38 In addition, a large body of literature studies 

show that the oxy-compound groups of GO can promote cellular behaviors.39–42 In our 

study, GO coating indeed showed the excellent biocompatibility in the SF/GO films (Figure 

5). Therefore, the SF/GO matrix we designed in this study can improve the overall 

performance needed in biomedical applications of the SF/GO composite materials.

It was previously reported that morphology can induce an guide the differentiation of stem 

cells.11,13,43 In this study, SF/GO films with different GO content presented two different 

nanotopographies. Namely, the SG2 and SG10 presented necklace-like and solid nanofibrils 
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on the GO nanosheets, respectively. Because nanotopographical properties of the substrate 

surface can directly affect the cell behaviors, we first investigated the role of the 

nanotopographical cues created by the SF/GO films in regulating the adhesion of MSCs. We 

found that many cells started to adhere on the SF/GO films 0.5 h after cell seeding (Figure 

6A) and presented an elongated cytoskeleton feature after 1 d of culturing (Figure 5B). More 

importantly, the SG10 films more favored the early cell adhesion than the SG2 films because 

the former had a unique more nanofibrous structure than the latter. This interesting result 

prompted us to know how the MSCs adhered to the SF/GO matrixes. Vinculin and paxillin 

are expressed for the aggregation assembly of membrane cytoskeletons, which is often 

related to the formation of FAs and increasing of cytoskeletal contractility.44 We found that 

MSCs assembled FAs along the cell margins rather than around the nuclei for the cells on 

the SF/GO films and more FAs were formed on the SG10 than SG2 films (Figure 6C). 

Therefore, these findings indicated that ECM-like nanofibrous structures of the SF/GO films 

(SG10 in particular) facilitated the early cell adhesion and stimulated the organization of the 

cytoskeleton that resulted in the changes of cellular morphology.

Because of the morphological changes of the MSCs on the SF/GO films, the subsequent cell 

fate such as differentiation will also be affected. Figure 7 shows that the osteogenesis-related 

markers of MSCs, such as integrin α2 and OCN, on the SF/GO films were significantly 

upregulated (with the MSCs on the SG10 films being more upregulated than those on the 

SG2 films) compared with the control group. Studies have shown that the enhanced 

formation of FAs contributed to the osteoblastic differentiation of MSCs.45 The theory of 

anchoring cell-fate cues is critical to understand the general effects of the SF/GO films on 

the MSCs adhesion and differentiation.46 SF nanofibrils aligned on the GO nanosheets in the 

SG10 group provided more abundant anchoring points for the MSCs adhesion and the FA 

formation than the necklace-like nanofibrils in the SG2 group. When the anchoring points 

were more tightly bound, they provided enough mechanical feedback to MSCs and resulted 

in improved cytoskeletal rearrangement in MSCs (Scheme 1E). It was proposed that the 

substrate morphologies directed differentiation by affecting the cellular 

mechanotransductions and related signaling pathways of stem cells and cancer cells.46–48 As 

a result, the rearrangement of cytoskeletons and activation of the signaling pathway of the 

extracellular-signal-related kinase/mitogen-activated protein kinase of MSCs on the ECM-

like substrate could further stimulate the down-stream signaling to promote stem cell 

differentiation.46 This nanotopography-related mechanism is the possible reason why the 

SG10 films with aligned solid nanofibrils showed a higher capability in inducing the 

osteogenic differentiation than the SG2 films with necklace-like nanofibrils. Namely, our 

results indicate that the nanotopography of the SG10 films contributed significantly to the 

induced osteogenic differentiation. Overall, our results about cell adhesion and 

differentiation confirmed the underlying mechanisms by which the unique nanofibrous 

SG10 films favored the cell adhesion and differentiation.

5. CONCLUSIONS

In summary, we discovered that the GO could effectively serve as a platform for the site-

specific assembly and growth of SF nanofibrils in aqueous solution by a facile one-step 

process. This finding proves that the hydrophilic GO can interact with SF molecules and 
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assemble them into aligned nanofibrils. More GO addition to the SF solutions promoted the 

assembly and β-sheet transition of SF nanofibrils as well as the reduction of the oxidative 

groups in GO by SF. The resultant SF/GO films were biocompatible, exhibited a good 

mechanical property, and accelerated MSCs growth. Most importantly, for the first time, we 

found that the SF/GO films provided a unique nanofibrous matrix favoring the early 

adhesion and inducing the osteogenic differentiation of MSCs. These results suggest that the 

nanotopographical properties of SF/GO substrate could be dominant in determining the 

organization of the cell adhesion, followed by promoting the osteogenic differentiation of 

MSCs. Therefore, our study has a major impact on the design of biomaterials and 

convincingly proves that SF/GO scaffolds could be potentially employed in inducing bone 

tissue formation for bone repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Morphologies of SF nanoparticles and the assembled nanofibers on GO nanosheets. (A–H) 

AFM morphology of SF nanoparticles (A,B), GO nanosheets (C,D), and SF/GO solutions 

with GO contents of 2% (E,F) and 10% (G,H). (B,D,F,H) Magnified view of a typical area 

in (A,C,E,G), respectively. When the GO content was 2%, the schematic of necklace-like SF 

nanofibrils was shown at the bottom left of (F), and the schematic of solid SF nanofibrils 

when GO contents was 10% was shown at the bottom left of (H). The section analysis in (I) 

shows that SF nanoparticles had a height of 3.7 or 1.8 nm. The section analysis in (J) shows 
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that a GO nanosheet had an extremely thin and smooth characteristic surface with the height 

about 1 nm. The section analysis in (K) shows that at 2% of GO, the height of necklace-like 

SF particle assemblies at the thicker area [purple dotted line in (F)] can reach up to 4 nm (as 

shown by the purple dotted curve) and the height of those at the thinner area [green line in 

(F)] was about 1.5 nm (as shown by the green curve). The section analysis in (L) shows that 

when GO content is increased to 10%, the newly formed SF nanofibrils had a height of 0.3 

nm.
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Figure 2. 
Structural changes of SF molecules and GO templates in the one-pot reaction solutions. 

(A,B) CD spectra of SG2 and SF (A) and SG10 (B). (C–F) XPS spectra of GO, SG10, and 

SF. CD spectra proved that the secondary structure of SF can be controlled by changing the 

GO content. XPS spectra show almost no nitrogen in the GO solution and the SG10 had an 

emerging N peak because of the contribution of the amino acids from SF. The high-

resolution C 1s spectra of GO (D), SG10 (E), and SF (F) show that GO was reduced by SF 

molecules in SG10 solution.
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Figure 3. 
Surface morphology and mechanical characteristics of the SF/GO films. (A–B) Digital 

photographs (A) and Young’s modulus (B) of the SF film, SG2 film, and SG10 film. By 

regulating the content of GO, the mechanical characteristics of SF film can be changed 

correspondingly.
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Figure 4. 
Secondary structure and surface properties of the SF film and composite SF/GO films. (A–

C) Curve fitting result of FTIR spectrum in the amide I spectra of SF (A), SG2 (B), and 

SG10 (C). (D) Percentage of beta-sheets, turns, alpha-helix, and random coils determined by 

amide I deconvolution of SF/GO films. (E) Contact angle measurements of SF film (a), SG2 

film (b), and SG10 film (c). *P < 0.05, **P < 0.01, data are presented as mean ± SD, n = 3.
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Figure 5. 
Proliferation and morphology of human MSCs on the SF/GO films. (A) RFU can reflect the 

number of cells on SF/GO films. The population doubling time was about 5 d. (B) 

Morphology of human MSCs on TCP, GO coating, SF film, SG2 film, and SG10 film with 

actin stained in green by Alexa Fluor 488 phalloidin and nuclei stained by DAPI after the 

cells were cultured for 1 and 5 d.

Shuai et al. Page 19

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Evaluation of cell adhesion effect and expression of adhesion-associated proteins seeded on 

the SF/GO films. (A,B) Adhesion morphology of MSCs on TCP, SF film, SG2 film, and 

SG10 film for 0.5 (A) and 3 h (B). (C) Immunofluorescence staining of two adhesion-

associated proteins including vinculin and paxillin. (D,E) Quantitative analysis of cell 

numbers in (A,B), respectively. (F,G) Quantitative analysis of each cell adhesion area in 

(A,B), respectively. **P < 0.01, data are presented as mean ± SD, n = 5.
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Figure 7. 
Assessment of osteogenic differentiation efficiency of human MSCs on the SF/GO films 

cultured in the osteogenic induction medium or the normal medium. (A,B) Levels of mRNA 

for Itgα2 (A) and COLI (B) of human MSCs for 14 d cultured in the osteogenic induction 

medium. (D,E) ALP staining (D) and alizarin red staining (E) of MSCs cultured on TCP, SF 

film, SG2 film, and SG10 film for 14 d in the normal medium. (C) Quantitative result of 

alizarin red staining in (E). Immunofluorescence images (F) of COLI, OCN, and OPN 

proteins in human MSCs seeded for 14 d cultured in the normal medium. OCN was stained 

by Alexa Fluor 488-labeled antibody (green). COLI and OPN were stained by Alexa Fluor 

594-labeled antibody (red). Cell nuclei were stained with DAPI (blue). *P < 0.05, **P < 

0.01, data are presented as mean ± SD, n = 4.
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Scheme 1. 
Schematic Diagram Depicting the Formation of SF Nanofibrils by the GO Template and the 

Use of the Resultant Nanofibrous Matrix as a Platform for Osteogenic Differentiation of 

MSCs; (A) Spherical SF Nanoparticles and GO Nanosheets Were Mixed with GO Content 

between 2 and 10% by a One-Pot Reaction; (B–C) after the Reaction, Spherical SF 

Nanoparticles Were Assembled into Nanofibrils on the GO to Cover the Surface of GO 

Nanosheets (B), Forming an SF/GO Film (C); (D) Human MSCs Were Cultured on and 

Attached to the SF/GO Film; (E) Cells Were Dynamically Stretched on the SF/GO Film 

through the Reassembly of Cytoskeleton Proteins; (F) in the Absence of Osteogenic 

Inducers, MSCs Cultured on the SF/GO Film Showed Enhanced Early Adhesion and 

Specific Differentiation toward Osteoblasts
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Table 1.

Primer Sequences Used for Reverse Transcription-Polymerase Chain Reaction Gene Expression Analysis

genes 5′–3′ primers

GAPDH forward TGACGCTGGGGCTGGCATTG

reverse GGCTGGTGGTCCAGGGGTCT

collagen I forward ATGGATTCCAGTTCGAGTAGGC

reverse CATCGACAGTGACGCTGTAGG

integrin α2 forward CCGACAGGGGTTATCATAGGCA

reverse CATTCACCACACCAGCGAGC
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