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Abstract

:

Cardiac tissue engineering is a promising strategy for the treatment of myocardial damage. Mesenchymal stem cells (MSCs) are extensively used in tissue engineering. However, transformation of MSCs into cardiac myocytes is still a challenge. Furthermore, weak adhesion of MSCs to substrates often results in poor cell viability. Here, we designed a composite matrix based on silk fibroin (SF) and graphene oxide (GO) for improving the cell adhesion and directing the differentiation of MSCs into cardiac myocytes. Specifically, patterned SF films were first produced by soft lithographic. After being treated by air plasma, GO nanosheets could be successfully coated on the patterned SF films to construct the desired matrix (P-GSF). The resultant P-GSF films presented a nano-topographic surface characterized by linear grooves interlaced with GO ridges. The P-GSF films exhibited high protein absorption and suitable mechanical strength. Furthermore, the P-GSF films accelerated the early cell adhesion and directed the growth orientation of MSCs. RT-PCR results and immunofluorescence imaging demonstrated that the P-GSF films significantly improved the cardiomyogenic differentiation of MSCs. This work indicates that patterned SF films coated with GO are promising matrix in the field of myocardial repair tissue engineering.
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1. Introduction


Mesenchymal stem cells (MSCs) implantation is a promising strategy for myocardial repair because MSCs are able to attenuate cardiac fibrosis and promote neovascularization by secreting reparative paracrine factors [1,2,3]. More importantly, MSCs are pluripotent cells with the ability to differentiate into cardiac myocytes, which replenish damaged heart cells, since cardiac myocytes are incapable of regenerating themselves after birth [4,5,6]. Although there is great potential for cardiac repair, the therapeutic efficiency of MSCs implantation is still limited due to poor adhesion [7,8] and low efficacy of conversion into cardiac myocytes [9,10]. Designing artificial matrices to support cell growth has been proposed as an effective method for improving cell adhesion and proliferation, and even for directing pluripotent cell differentiation in tissue engineering. Artificial matrices consisting of collagen protein and featuring nanofibrous structure, which mimic the composition and structure of the extracellular matrix (ECM), have been reported to play an important role in modulating stem cells’ fate [11,12,13,14]. Thus, a structured biological-derived matrix is expected to enhance the adhesion and mediate the differentiation of MSCs for cardiac tissue engineering.



Silk fibroin (SF) derived from Bombyx mori (B. mori) silkworm is an ideal biomaterial in tissue engineering. It has unique qualities including biocompatibility, plasticity, biodegradability, and excellent mechanical properties [15,16], enabling SF to serve as a biomimetic platform for supporting cell growth [17,18,19]. In addition, silk fibroin matrix with an elaborated topological structure can be easily fabricated by lithography or electrospinning techniques [20,21,22]. Some reports have demonstrated that patterned SF films are able to guide the osteogenic or neurogenic differentiation of MSCs [23,24,25]. Meanwhile, cardiac muscle tissue is characterized by anisotropy, contributing to its powerful contraction properties [26] and specific cellular orientation and elongation [14]. Therefore, topologically structured SF matrices hold great promise for cardiac tissue engineering. Nonetheless, how to improve the adhesive properties and biological function of the matrix are urgent issues that remain to be solved, because SF provides only a biophysical inducing factor for differentiation and generally low adhesion to cells.



Meanwhile, graphene oxide (GO), an oxidized derivative of graphene sheets, has received much attention in biomedical application [27,28]. It contains active oxygen groups, providing numerous binding sites to absorb proteins, carbohydrates, and stimulatory factors [29,30,31,32], which are essential components in mediating the adhesion and directional differentiation of MSCs. Moreover, with high hydrophilicity and colloidal stability, GO has been widely used in surface functionalization modification and composite materials construction [33,34,35]. Attempts have been made to produce GO and SF (GO/SF) composites, such as nanocomposite membranes, scaffolds, and nanofibers [36,37,38]. The present GO/SF composites exhibit improved mechanical and electrical ability, but less emphasis has been placed on their biological properties. Meanwhile, functional surface coatings with GO provide an alternative strategy for the enhancement of the bioactivity of substrates [39,40]. GO-based coatings are extremely stable and require no additional chemical treatment during the process. Therefore, we expected that GO and SF composite matrix (GSF), prepared by coating GO onto a patterned SF film, could form a nano-topological surface structure and display functional groups of GO, thereby triggering the cellular adhesion and cardiomyogenic differentiation of MSCs.



To develop such a matrix, we first designed patterned SF films by using a soft lithographic technique. An SF working solution was prepared by dissolving SF in an organic solvent (Figure 1A). The patterned SF films were fabricated by casting the working solution onto PDMS stamps with a linear groove structure, followed by natural drying (Figure 1B). The surfaces of the patterned SF films were then treated with air plasma to activate the functional groups of SF (Figure 1C). Following that, we introduced GO nanosheets for coating the surface of the patterned SF films to produce the patterned GSF (P-GSF) matrix (Figure 1D). We used human adipose-derived mesenchymal stem cells (AMSCs) to prove that the P-GSF films presented improved performance in cell adhesion and an orientated tendency in cell growth, and further directed cellular differentiation into cardiac myocytes (Figure 1E,F).




2. Materials and Methods


2.1. Fabrication of P-GSF Films


Lyophilized SF powder was derived from B. mori cocoons by following our previous protocol [41]. The powder was dissolved in hexafluoroisopropanol (HFIP) to acquire a working solution with concentration of 6 wt%. Poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow Corning, Midland, TX, USA) stamp was used in our study to produce the patterned surface of the matrix. PDMS prepolymer was first cast on a silicon substrate with linear groove topography surface (period: 606 nm, width: 330 nm, depth: 190 nm, GermanTech Co., Ltd., Beijing, China). Then, the PDMS stamp was peeled from the silicon substrate after solidification for 2 h at 85 °C. The PDMS stamp was cleaned with acetone and isopropanol, respectively, several times before use. Patterned SF films (P-SF) were fabricated by casting 100 µL of SF working solution on the PDMS stamp and air-drying at room temperature. The films were soaked in 80% methanol solution for 2 h to induce insolubility in water. Then, the P-SF films were treated with air plasma for 1 min at a 50 W radio frequency. For coating GO nanosheets onto the surface of P-SF films, GO aqueous solution with various contents (0.05–1%) was added dropwise onto the films. After natural drying, the films were washed with deionized water and vacuum dried at room temperature.




2.2. Characterization of P-GSF Films


The protein adsorption of P-GSF films with various GO contents was evaluated using bovine serum albumin (BSA) and fetal bovine serum protein (FBS), respectively, following the protocol of the BCA protein assay kit (Beyotime Biotechnology, Beijing, China). The mechanical properties of the films were determined by the tensile tests, in which the films were cut into strip shapes and the stretch speed was 0.1 mm/s. The respective surface topographies of GO-coated SF films (GSF), patterned SF films (P-SF), and GO-coated patterned SF films (P-GSF) were obtained by scanning electron microscope (SEM). Raman spectra and Raman scanning images of films were analyzed under a 532 nm laser irradiation by microscopic imaging Raman spectrometer (DXR2, Thermo Fisher Scientific, Waltham, MA, USA). The surface hydrophilicity of films was characterized by measurement of the water contact angle.




2.3. Cell Adhesion Assay


Human adipose-derived mesenchymal stem cells (hAMSCs, Cyagen Biosciences, Guangzhou, China) were used in our study and cultured in a complete medium containing FBS, penicillin–streptomycin, and L-glutamine (HUXMD-90011, Cyagen Biosciences, Guangzhou, China). The GSF, P-SF, and P-GSF films were pretreated with 75% ethanol for 2 h for sterilization and were rinsed with PBS three times. The films were then placed on the bottom of 24-well plates, and a tissue culture plate (TCP) was set as the control group. hAMSCs at a density of 1.0 × 104 cells/cm2 were seeded on different films and the control plates. After culturing for 1 h and 4 h, respectively, the cells in all groups were washed three times with PBS to remove the non-adherent cells. Following that, the cells were fixed in 4% formalin solution for 30 min and permeated in 1% Triton X-100 for 10 min. The cytoskeleton was stained with 480 phalloidin dye for 30 min and observed under a confocal microscopy system (LSM710, Carl Zeiss, Oberkochen, Germany) to analysis the cell adhesion. Immunofluorescence staining of cell adhesion proteins (vinculin and paxillin) was also carried out to study further the cell adhesion properties. hAMSCs were cultured for 24 h and treated with 4% formalin and 1% Triton X-100 in turn. The cells were subsequently blocked with 5% BSA for 30 min at room temperature. After washing with PBS three times, the hAMSCs were incubated with primary antibodies (anti-vinculin from Invitrogen, anti-paxillin from Abcame, Cambridge, UK) overnight at 4 °C, followed by treatment with Alexa Fluor 488 (Abcame, Cambridge, UK) and Alexa Fluor 594 (Abcame, Cambridge, UK), respectively, for 30 min. Finally, after washing with PBS three times, the fluorescence was observed with LSCM. The semiquantitative analysis of the mean fluorescence intensity of the adhesion protein was performed in Image J software (V 1.8.0).




2.4. Cell Morphology and Viability Assay


hAMSCs at a density of 1.0 × 104 cells/cm2 were seeded on 24-well plates, covered with different films and cell plate, respectively. After being cultured for 24 h, the cells’ cytoskeletons were stained by 480 phalloidin dye according to the above-mentioned protocol. The fluorescence images of cell morphology were acquired under LSCM. The morphologies of hAMSCs in different groups were also characterized using scanning electron microscopy (SEM, SU8010, Hitachi, Tokyo, Japan). The samples were first fixed with 2% glutaraldehyde overnight at 4 °C and then washed with PBS twice. After that, cells were treated with 1% osmic acid for 1 h and dehydrated with gradient ethanol for 15 min each time. Finally, the samples were dried with a critical point drier and coated with gold before SEM observation. Pseudo-color processing was used in the image analysis to highlight the cells’ morphology.



The cell viability of hAMSCs on different films were assessed using a Cell Counting Kit-8 (CCK-8, Dojindo, Tokyo, Japan). After hAMSCs were cultured for 1 d, 3 d, and 5 d on the 96-well plates covered with films, 10 µL of working solution was added and incubated for another 2 h at 37 °C. After that, 100 µL of supernatant from each well was transferred to the new 96-well plates, and the absorbance of each well was determined at 450 nm.




2.5. Cardiomyogenic Differentiation of hAMSCs on P-GSF Films


For cardiomyogenic differentiation, the hAMSCs (1.0 × 104 cells/cm2) at passage 4–5 were implanted on 6-well plates covered with different films and cultured in the complete medium (Cyagen Biosciences, Guangzhou, China) for 24 h. Then, the medium was discarded and the cells were treated with an inducing medium (complete medium containing 10 µM 5-azacytidine (5-aza)) for 24 h. After that, the inducing medium was replaced with new complete medium and cultured for 14 d and 28 d, respectively. The culture medium was changed every three days.



Cardiac troponin T (cTnT) and connexin 43, two important effector proteins of cardiomyocytes, were selected and detected by immunofluorescence staining. The hAMSCs were fixed with 4% formalin and blocked in 2% BSA. Then, the cells were incubated with the primary antibodies (anti-cTnT and anti-connexin 43) overnight at 4 °C, followed by staining with the secondary antibody (Alexa Fluor 594, Abcame Cambridge, UK) at room temperature for 1 h. Finally, the cells were stained by 480 phalloidin to indicate the cytoskeleton. For real-time polymerase chain reaction (PCR), the total RNA of hAMSCs cultured on different films was extracted using a total RNA extraction kit (Solarbio, Beijing, China). After reverse transcription and purification, the mRNA levels of cTNT, connexin 43, and GATA binding protein 4 (GATA 4) of hAMSCs in different groups were determined by real-time RT-PCR analysis using a TaqMan primer-probe. All primers (Sangon Biotech, Shanghai, China) were designed and are listed in Table 1 with GAPDH as a reference gene.




2.6. Statistical Analysis


The data were calculated and are presented as mean values ± standard deviation (SD), n = 3. One-way analysis of variance was adopted to statistically analyze the data. Differences between groups were considered statistically significant at p < 0.05, and extremely significant at p ≤ 0.01.





3. Results


3.1. Formation and Characterization of P-GSF Films


The surface micro-morphology of patterned SF films was observed by SEM (Figure 2). As expected, the P-SF films featured dimensions including a linear groove structure with a line width of about 300 nm and depth of nearly 200 nm (Figure 2B), largely replicated from the PDMS stamps. As a control, the GSF films exhibited the typical ridge structure of GO (Figure 2A). The P-GSF films turned from transparent to deep brown as the content of GO coating increased (Figure S1A). Protein adsorption on the films was analyzed to evaluate their biocompatibility. The results indicated that the GO coating promoted protein adsorption (Figure S1B,C); P-GSF films with a higher GO content can adsorb more BSA or FBS in the first 24 h, implying that it can enhance cell attachment. GO coating also resulted in an increase in the elastic modulus of P-GSF films (Figure S1D). When the content of GO increased to 0.25%, the elastic modulus of P-GSF films increased to 93 MPa, twice that of P-SF films. However, when the content of GO was higher than 1%, the P-GSF films became fragile. This is because the high content of GO in P-GSF films may lead to an increase of rigidity and a decrease of toughness. SEM indicated GO with a nanofiber morphology evenly distributed on the groove or ridge surface of the P-SF films (Figure S2). Compared with P-GSF films with GO content at 0.25%, P-GSF films of higher GO content (0.5% and 1%), showed an increase in the size of the GO nanofibers and a decrease in the width of the grooves, finally completely covering the patterned surface of the P-SF films. This means that the GO coating with a content of 0.25% was more suitable for constructing a P-GSF matrix with a desirable surface structure (Figure 2C) for directing the orientation and promoting the adhesion of AMSCs. Raman spectroscopy presented peaks at 1600 cm−1 and 1340 cm−1, which can be assigned to the G band and D band of GO, further confirming the coating with GO (Figure S3A). Raman imaging indicated that GO was evenly distributed on the surface of the P-SF films (Figure S3B). The water contact angle of the SF and P-SF films was 76.5° and 69.4°, respectively. However, the water contact angle of GSF and P-GSF films decreased to 60.4° and 58.0°, respectively, implying that GO coating treatment improved the hydrophilicity of the SF films because of the introduction of oxygen-compound groups from GO (Figure S3C).




3.2. Cell Adhesion of AMSCs


We used human adipose mesenchymal stem cells (hAMSCs) to investigate the early cell adhesion to the GSF, P-SF, and P-GSF films (Figure 3A). Cells cultured on TCP plates were used as a control. Relatively few HAMSCs were observed in the TCP and P-SF groups after culturing for 1 h, whereas more cells adhered on the GSF and P-GSF films and exhibited a more stellate-patterned phenotype. After culturing for 4 h, rapid hAMSCs spreading was observed on the GSF and P-GSF films, but those cultured on the TCP plates remained spindled or narrow, a morphological feature of non-spreading hAMSCs. The results indicated that GO coating successfully enhanced cell adhesion on the SF matrix and promoted cell spreading on the surface of the GSF and P-GSF films. In addition, two adhesion-associated proteins of hAMSCs, vinculin and paxillin, were also labelled by immunofluorescence staining. As shown in Figure 3B, in all groups, vinculin and paxillin were obviously expressed around the cell nucleus, indicating that the two proteins played a role in the adhesion of hAMSCs. The fluorescence intensity of paxillin in hAMSCs cultured on the P-GSF films was higher than for the other three groups (Figure S4), indicating that the GO coating and patterned structure both contributed to the cell adhesion.




3.3. Cell Proliferation and Cell Morphology of AMSCs


The cell morphology of AMSCs cultured on TCP, GSF, P-SF and P-GSF for 24 h was characterized by CLSM and SEM, respectively (Figure 4A). AMSCs exhibited a starfish-shaped morphology when grown on TCP and GSF films, without obvious orientation distribution. By contrast, AMSCs on the patterned surfaces of P-SF and P-GSF films were oriented along the direction of grooves, with a spindle-shaped phenotype morphology. The results demonstrated that the designed pattern provided suitable guidance to lead the cell alignment. The cell proliferation of AMSCs was analyzed by culturing AMSCs on different matrices for 1, 3, and 5 d, respectively. Figure 4B shows that the absorbance of all groups increased over time, indicating the positive proliferation of AMSCs cultured on the substrate throughout the whole culture period. Cells cultured for 5 d were lower in number on the P-GSF films than the other three matrices, without statistical difference. This may be because some AMSCs cultured on P-GSF films progressed to differentiation rather than continually proliferating. Therefore, the results indicate that P-GSF films could serve as a matrix to maintain cell growth.




3.4. Cardiomyocytes Differentiation and Cardiac-Specific Gene Expression of AMSCs


We investigated whether the culture of AMSCs on P-GSF films promoted their cardiomyogenic differentiation by evaluating myocyte-related gene expression through a qRT-PCR assay. The gene expression of gap junction proteins (connexin 43) and cardiomyogenic contractile proteins (cTnT) were significantly higher in the P-GSF group compared with TCP, GSF, and P-GSF groups on day 14 and day 28 (Figure S5A and Figure 5A). Cardiomyogenic transcriptional factor (GATA4) expression exhibited no difference among all groups when AMSCs were cultured in the earlier period (day 14), and its expression was maximal in the P-GSF group on day 28. This means that transformation of AMSCs into cardiomyocytes may have been activated in the early days and finally completed in the later period. The gene expression of connexin 43 was higher in the GSF group than the TCP or P-SF groups, while cells cultured on P-SF films expressed more cTnT than TCP or GSF. This is because the GO coating focused on the promotion of cells adhesion and junction, but the patterned structure provided an inducer of mechanical stress for cells. In addition, immunofluorescence staining of connexin 43 and cTnT confirmed the gene analysis results (Figure 5B and Figure S5B). When cultured on day 14, AMSCs cultured on the P-GSF films had recognizable connexin 43-positive and cTnT-positive staining, but no significant red fluorescence was observed in the other groups (Figure S5B). On day 28, red fluorescence was observed in the GSF, P-SF, and P-GSF groups, and the P-GSF group had the most positive cells expressing connexin 43 or cTnT protein. Taken together, the above results consistently verify that the P-GSF films can act as an ideal matrix to direct the cardiomyogenic differentiation of AMSCs. In our study, 5-aza was added into the medium to induce cardiomyogenic differentiation in first 24 h, according to previous studies. Therefore, we analyzed the retention ability of 5-aza on different matrices. As expected, P-GSF films can retain more 5-aza than GSF, P-SF, and TCP after 24 h (Figure S6), indicating that more inducer may participate in promoting the differentiation of cardiac myocytes.





4. Discussion


Cardiomyocyte differentiation of stem cells has always been a great challenge. Cardiomyocytes are sensitive to a series of growth factors, including connexin 43, endothelial growth factor (VEGF), and fibroblast growth factor-2 (FGF-2) [42,43,44], and it takes a long time to complete the transformation of pluripotent cells into cardiomyocytes. In this study, we constructed an artificial matrix consisting of SF and GO to explore the possibility of cardiomyocyte differentiation by stem cells on our matrix to facilitate myocardial repair by tissue engineering.



Numerous studies have shown that cell morphology, viability, and even biological function can be affected by the surrounding environment of cells [45,46]. Mature cardiomyocytes exhibit a fibrous structure. Therefore, we firstly designed a patterned SF film (Figure 2), providing conditions that included a topographic structure to direct the growth of stem cells (Figure 4). Meanwhile, graphene oxide (GO) is regarded as an excellent functional material. The sheet structure and large number of bonding sites enable GO to efficiently bind or stimulate biological factors when used in vivo. Byung-Soo Kim considered that GO can potentiate the myocardial repair efficacy of mesenchymal stem cells by stimulating the expression of angiogenic growth factors and gap junction proteins [47]. However, the scaffolds from GO alone are fragile, although GO is reported to be of high mechanical strength. Our results also proved that excess GO (higher than 1%) attenuated the elastic modulus of composite GO-SF films (Figure S1D). Furthermore, the biosafety of GO is another concern. In our study, a coating method was applied to introduce GO into our matrix. The proliferation results for the cells indicated that the P-GSF films were biocompatible (Figure 4). We also conducted an adsorption experiment with proteins (FBS and BSA) and chemical substances (5-aza). FBS is an essential nutrient component in the culture of cells, while 5-aza plays an important role in inducing the cardiomyocyte differentiation of stem cells. The results indicated that the adsorption of FBS and 5-aza significantly increased when GO was coated on the matrix (Figures S1C and S6). This may explain why stem cells cultured on P-GSF films had faster adhesion behavior and higher efficiency of cardiomyocyte differentiation.



Overall, our results for cell morphology, adhesion, and differentiation confirmed the underlying mechanisms which make P-GSF films suitable for myocardial repair tissue engineering. In the follow-up study, we will conduct in vivo research to further validate the efficiency of our matrix for the repair of myocardial injury.




5. Conclusions


We designed a novel matrix using SF films coated with GO nanosheets to promote the cell adhesion and cardiomyogenic differentiation of MSCs. The resultant P-GSF films have a nano-topographic surface with ordered grooves interlaced by GO ridges. In the testing, the P-GSF films exhibited a higher hydrophilicity and protein adsorption capacity than P-SF films, which further promoted the early adhesion of MSCs. More importantly, the P-GSF films directed the growth orientation of MSCs into a linear arrangement, and induced their differentiation into cardiac myocytes, as demonstrated by relative gene expression and immunofluorescence. Our work indicates that P-GSF films are promising matrices for supporting the growth and differentiation of MSCs into cardiac myocytes for enhancing myocardial tissue regeneration.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biom13060990/s1, Figure S1: Characterization of P-GSF films; Figure S2: Surface morphology of P-GSF films in different contents of GO coating visualized by SEM; Figure S3: The Raman spectra analysis and surface wettability evaluation of different films; Figure S4: The mean fluorescence intensity of vinculin and paxillin proteins treated by immunofluorescence staining; Figure S5: Assessment of cardiomyogenic differentiation of AMSCs on TCP, GSF, P-SF, and P-GSF films; Figure S6: Adsorption and retention comparison of 5-AZA of TCP, P-SF, GSF, and P-GSF films.





Author Contributions


Conceptualization, J.W. and M.Y.; methodology, Y.W. (Yi Wu); software, Y.W. (Yecheng Wang); validation, J.W., Y.S. and Z.X.; formal analysis, Q.W.; resources, Y.C.; data curation, J.W.; writing—original draft preparation, J.W.; writing—review and editing, M.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We acknowledge the support from the Zhejiang Provincial Science and Technology Plans (2021C02072-3,2021C02072-6), the National Natural Science Foundation of China (32101095, 81871499, 31800807 and 81871482), the Zhejiang Provincial Natural Science Foundation of China (LZ17C170002, LY22E030004), the Fundamental Research Funds for the Central Universities (2018XZZX001-11), the State of Sericulture Industry Technology System (CARS-18-ZJ0501), and the Zhejiang Provincial Key Laboratory Construction Plans (2020E10025).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Orlic, D.; Kajstura, J.; Chimenti, S.; Jakoniuk, I.; Anderson, S.M.; Li, B.S.; Pickel, J.; McKay, R.; Nadal-Ginard, B.; Bodine, D.M.; et al. Bone marrow cells regenerate infarcted myocardium. Nature 2001, 410, 701–705. [Google Scholar] [PubMed]

	



Kinnaird, T.; Stabile, E.; Burnett, M.S.; Lee, C.W.; Barr, S.; Fuchs, S.; Epstein, S.E. Marrow-derived stromal cells express genes encoding a broad spectrum of arteriogenic cytokines and promote in vitro and in vivo arteriogenesis through paracrine mechanisms. Circ. Res. 2004, 94, 678–685. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.J.; Kim, R.Y.; Park, B.W.; Lee, S.; Choi, S.W.; Park, J.H.; Choi, J.J.; Kim, S.W.; Jang, J.; Cho, D.W.; et al. Dual stem cell therapy synergistically improves cardiac function and vascular regeneration following myocardial infarction. Nat. Commun. 2019, 10, 3123. [Google Scholar] [CrossRef] [PubMed]

	



Rangappa, S.; Fen, C.; Lee, E.H.; Bongso, A.; Wei, E.S.K. Transformation of adult mesenchymal stem cells isolated from the fatty tissue into cardiomyocytes. Ann. Thorac. Surg. 2003, 75, 775–779. [Google Scholar]

	



Tay, C.Y.; Yu, H.Y.; Pal, M.; Leong, W.S.; Tan, N.S.; Ng, K.W.; Leong, D.T.; Tan, L.P. Micropatterned matrix directs differentiation of human mesenchymal stem cells towards myocardial lineage. Exp. Cell Res. 2010, 316, 1159–1168. [Google Scholar]

	



Coulombe, K.L.K.; Bajpai, V.K.; Andreadis, S.T.; Murry, C.E. Heart Regeneration with Engineered Myocardial Tissue. Annu. Rev. Biomed. Eng. 2014, 16, 1–28. [Google Scholar] [PubMed]

	



Lee, W.Y.; Wei, H.J.; Lin, W.W.; Yeh, Y.C.; Hwang, S.M.; Wang, J.J.; Tsai, M.S.; Chang, Y.; Sung, H.W. Enhancement of cell retention and functional benefits in myocardial infarction using human amniotic-fluid stem-cell bodies enriched with endogenous ECM. Biomaterials 2011, 32, 5558–5567. [Google Scholar]

	



Terrovitis, J.; Lautamaki, R.; Bonios, M.; Fox, J.; Engles, J.M.; Yu, J.H.; Leppo, M.K.; Pomper, M.G.; Wahl, R.L.; Seidel, J.; et al. Noninvasive Quantification and Optimization of Acute Cell Retention by In Vivo Positron Emission Tomography after Intramyocardial Cardiac-Derived Stem Cell Delivery. J. Am. Coll. Cardiol. 2009, 54, 1619–1626. [Google Scholar]

	



Mignone, J.L.; Kreutziger, K.L.; Paige, S.L.; Murry, C.E. Cardiogenesis From Human Embryonic Stem Cells-Mechanisms and Applications. Circ. J. 2010, 74, 2517–2526. [Google Scholar]

	



Lee, T.J.; Park, S.; Bhang, S.H.; Yoon, J.K.; Jo, I.; Jeong, G.J.; Hong, B.H.; Kim, B.S. Graphene enhances the cardiomyogenic differentiation of human embryonic stem cells. Biochem. Bioph. Res. Commun. 2014, 452, 174–180. [Google Scholar]

	



Kassiri, Z.; Khokha, R. Myocardial extra-cellular matrix and its regulation by metalloproteinases and their inhibitors. Thromb. Haemost. 2005, 93, 212–219. [Google Scholar] [CrossRef] [PubMed]

	



Papadaki, M.; Bursac, N.; Langer, R.; Merok, J.; Vunjak-Novakovic, G.; Freed, L.E. Tissue engineering of functional cardiac muscle: Molecular, structural, and electrophysiological studies. Am. J. Physiol.-Heart C 2001, 280, H168–H178. [Google Scholar] [CrossRef] [PubMed]

	



Camelliti, P.; Borg, T.K.; Kohl, P. Structural and functional characterisation of cardiac fibroblasts. Cardiovasc. Res. 2005, 65, 40–51. [Google Scholar] [CrossRef]

	



Shin, S.R.; Zihlmann, C.; Akbari, M.; Assawes, P.; Cheung, L.; Zhang, K.Z.; Manoharan, V.; Zhang, Y.S.; Yuksekkaya, M.; Wan, K.T.; et al. Reduced Graphene Oxide-GelMA Hybrid Hydrogels as Scaffolds for Cardiac Tissue Engineering. Small 2016, 12, 3677–3689. [Google Scholar] [CrossRef]

	



Altman, G.H.; Diaz, F.; Jakuba, C.; Calabro, T.; Horan, R.L.; Chen, J.S.; Lu, H.; Richmond, J.; Kaplan, D.L. Silk-based biomaterials. Biomaterials 2003, 24, 401–416. [Google Scholar] [CrossRef] [PubMed]

	



Farokhi, M.; Mottaghitalab, F.; Shokrgozar, M.A.; Kaplan, D.L.; Kim, H.W.; Kundu, S.C. Prospects of peripheral nerve tissue engineering using nerve guide conduits based on silk fibroin protein and other biopolymers. Int. Mater. Rev. 2017, 62, 367–391. [Google Scholar] [CrossRef]

	



Zhang, Q.; Ma, L.; Zheng, S.N.; Wang, Y.R.; Feng, M.L.; Shuai, Y.J.; Duan, B.; Fan, X.; Yang, M.Y.; Mao, C.B. Air-plasma treatment promotes bone-like nano-hydroxylapatite formation on protein films for enhanced in vivo osteogenesis. Biomater. Sci. 2019, 7, 2326–2334. [Google Scholar] [CrossRef]

	



Shuai, Y.J.; Mao, C.B.; Yang, M.Y. Protein Nanofibril Assemblies Templated by Graphene Oxide Nanosheets Accelerate Early Cell Adhesion and Induce Osteogenic Differentiation of Human Mesenchymal Stem Cells. Acs Appl. Mater. Interfaces 2018, 10, 31988–31997. [Google Scholar] [CrossRef]

	



Lu, K.; Chen, X.D.; Tang, H.; Zhou, M.; He, G.; Liu, J.; Bian, X.T.; Guo, Y.P.; Lai, F.; Yang, M.Y.; et al. Bionic Silk Fibroin Film Induces Morphological Changes and Differentiation of Tendon Stem/Progenitor Cells. Appl. Bionics Biomech. 2020, 2020, 8865841. [Google Scholar] [CrossRef]

	



Sayin, E.; Baran, E.T.; Hasirci, V. Osteogenic differentiation of adipose derived stem cells on high and low aspect ratio micropatterns. J. Biomat. Sci.-Polym. E 2015, 26, 1402–1424. [Google Scholar] [CrossRef]

	



Wang, D.Y.; Sun, Y.; Ding, X.L.; Peng, G.; Zou, T.Q.; Liu, H.F.; Fan, Y.B. Influence of Micropatterned Silk Fibroin Films on Human Umbilical Endothelial Cell Behaviors. J. Med. Biol. Eng. 2017, 37, 750–759. [Google Scholar] [CrossRef]

	



Yang, M.Y.; Shuai, Y.J.; Zhou, G.S.; Mandal, N.; Zhu, L.J.; Mao, C.B. Tuning Molecular Weights of Bombyx mori (B. mori) Silk Sericin to Modify Its Assembly Structures and Materials Formation. Acs Appl. Mater. Interfaces 2014, 6, 13782–13789. [Google Scholar] [CrossRef] [PubMed]

	



Hronik-Tupaj, M.; Raja, W.K.; Tang-Schomer, M.; Omenetto, F.G.; Kaplan, D.L. Neural responses to electrical stimulation on patterned silk films. J. Biomed. Mater. Res. A 2013, 101, 2559–2572. [Google Scholar] [CrossRef] [PubMed]

	



Tang-Schomer, M.D.; Hu, X.; Hronik-Tupaj, M.; Tien, L.W.; Whalen, M.J.; Omenetto, F.G.; Kaplan, D.L. Film-Based Implants for Supporting Neuron-Electrode Integrated Interfaces for The Brain. Adv. Funct. Mater. 2014, 24, 1938–1948. [Google Scholar] [CrossRef]

	



Chen, J.P.; Chen, S.H.; Lai, G.J. Preparation and characterization of biomimetic silk fibroin/chitosan composite nanofibers by electrospinning for osteoblasts culture. Nanoscale Res. Lett. 2012, 7, 170. [Google Scholar] [CrossRef]

	



Stoppel, W.L.; Hu, D.J.; Domian, I.J.; Kaplan, D.L.; Black, L.D. Anisotropic silk biomaterials containing cardiac extracellular matrix for cardiac tissue engineering. Biomed. Mater. 2015, 10, 034105. [Google Scholar] [CrossRef]

	



Zhang, L.M.; Xia, J.G.; Zhao, Q.H.; Liu, L.W.; Zhang, Z.J. Functional Graphene Oxide as a Nanocarrier for Controlled Loading and Targeted Delivery of Mixed Anticancer Drugs. Small 2010, 6, 537–544. [Google Scholar] [CrossRef]

	



Chung, C.; Kim, Y.K.; Shin, D.; Ryoo, S.R.; Hong, B.H.; Min, D.H. Biomedical Applications of Graphene and Graphene Oxide. Accounts Chem. Res. 2013, 46, 2211–2224. [Google Scholar] [CrossRef]

	



Dreyer, D.R.; Park, S.; Bielawski, C.W.; Ruoff, R.S. The chemistry of graphene oxide. Chem. Soc. Rev. 2010, 39, 228–240. [Google Scholar] [CrossRef]

	



Cha, C.Y.; Shin, S.R.; Gao, X.G.; Annabi, N.; Dokmeci, M.R.; Tang, X.W.; Khademhosseini, A. Controlling Mechanical Properties of Cell-Laden Hydrogels by Covalent Incorporation of Graphene Oxide. Small 2014, 10, 514–523. [Google Scholar] [CrossRef]

	



Lee, W.C.; Lim, C.H.Y.X.; Shi, H.; Tang, L.A.L.; Wang, Y.; Lim, C.T.; Loh, K.P. Origin of Enhanced Stem Cell Growth and Differentiation on Graphene and Graphene Oxide. Acs Nano 2011, 5, 7334–7341. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.T.; Chang, H.X.; Chen, S.; Lai, C.; Khademhosseini, A.; Wu, H.K. Regulating Cellular Behavior on Few-Layer Reduced Graphene Oxide Films with Well-Controlled Reduction States. Adv. Funct. Mater. 2012, 22, 751–759. [Google Scholar] [CrossRef]

	



Park, S.; An, J.H.; Jung, I.W.; Piner, R.D.; An, S.J.; Li, X.S.; Velamakanni, A.; Ruoff, R.S. Colloidal Suspensions of Highly Reduced Graphene Oxide in a Wide Variety of Organic Solvents. Nano Lett. 2009, 9, 1593–1597. [Google Scholar] [CrossRef]

	



Kang, S.M.; Park, S.; Kim, D.; Park, S.Y.; Ruoff, R.S.; Lee, H. Simultaneous Reduction and Surface Functionalization of Graphene Oxide by Mussel-Inspired Chemistry. Adv. Funct. Mater. 2011, 21, 108–112. [Google Scholar] [CrossRef]

	



Shao, L.H.; Zhang, R.R.; Lu, J.Q.; Zhao, C.Y.; Deng, X.W.; Wu, Y. Mesoporous Silica Coated Polydopamine Functionalized Reduced Graphene Oxide for Synergistic Targeted Chemo-Photothermal Therapy. ACS Appl. Mater. Interfaces 2017, 9, 1226–1236. [Google Scholar] [CrossRef]

	



Wang, Y.X.; Ma, R.L.; Hu, K.S.; Kim, S.H.; Fang, G.Q.; Shao, Z.Z.; Tsukruk, V.V. Dramatic Enhancement of Graphene Oxide/Silk Nanocomposite Membranes: Increasing Toughness, Strength, and Young’s modulus via Annealing of Interfacial Structures. ACS Appl. Mater. Interfaces 2016, 8, 24962–24973. [Google Scholar] [CrossRef]

	



Tang, P.F.; Han, L.; Li, P.F.; Jia, Z.R.; Wang, K.F.; Zhang, H.P.; Tan, H.; Guo, T.L.; Lu, X. Mussel-Inspired Electroactive and Antioxidative Scaffolds with Incorporation of Polydopamine-Reduced Graphene Oxide for Enhancing Skin Wound Healing. ACS Appl. Mater. Interfaces 2019, 11, 7703–7714. [Google Scholar] [CrossRef]

	



Wang, S.D.; Ma, Q.; Wang, K.; Chen, H.W. Improving Antibacterial Activity and Biocompatibility of Bioinspired Electrospinning Silk Fibroin Nanofibers Modified by Graphene Oxide. ACS Omega 2018, 3, 406–413. [Google Scholar] [CrossRef]

	



Tasnim, N.; Kumar, A.; Joddar, B. Attenuation of the in vitro neurotoxicity of 316L SS by graphene oxide surface coating. Mater. Sci. Eng. C 2017, 73, 788–797. [Google Scholar] [CrossRef]

	



Kim, J.; Choi, K.S.; Kim, Y.; Lim, K.T.; Seonwoo, H.; Park, Y.; Kim, D.H.; Choung, P.H.; Cho, C.S.; Kim, S.Y.; et al. Bioactive effects of graphene oxide cell culture substratum on structure and function of human adipose-derived stem cells. J. Biomed. Mater. Res. A 2013, 101, 3520–3530. [Google Scholar] [CrossRef]

	



Zhang, Y.; Lu, L.H.; Chen, Y.P.; Wang, J.; Chen, Y.Y.; Mao, C.B.; Yang, M.Y. Polydopamine modification of silk fibroin membranes significantly promotes their wound healing effect. Biomater. Sci. 2019, 7, 5232–5237. [Google Scholar] [CrossRef] [PubMed]

	



Potapova, I.A.; Gaudette, G.R.; Brink, P.R.; Robinson, R.B.; Rosen, M.R.; Cohen, I.S.; Doronin, S.V. Mesenchymal stem cells support migration, extracellular matrix invasion, proliferation, and survival of endothelial cells in vitro. Stem Cells 2007, 25, 1761–1768. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, S.H.; Huang, G.S.; Lin, S.Y.F.; Feng, F.; Ho, T.T.; Liao, Y.C. Enhanced Chondrogenic Differentiation Potential of Human Gingival Fibroblasts by Spheroid Formation on Chitosan Membranes. Tissue Eng. Part A 2012, 18, 67–79. [Google Scholar] [CrossRef]

	



Lee, E.J.; Park, S.J.; Kang, S.K.; Kim, G.H.; Kang, H.J.; Lee, S.W.; Leo, H.B.; Kim, H.S. Spherical Bullet Formation via E-cadherin Promotes Therapeutic Potency of Mesenchymal Stem Cells Derived From Human Umbilical Cord Blood for Myocardial Infarction. Mol. Ther. 2012, 20, 1424–1433. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, M.B.; Moncivais, K.; Caplan, A.I. Mesenchymal stem cells: Environmentally responsive therapeutics for regenerative medicine. Exp. Mol. Med. 2013, 45, e54. [Google Scholar] [CrossRef]

	



Pagliari, F.; Mandoli, C.; Forte, G.; Magnani, E.; Pagliari, S.; Nardone, G.; Licoccia, S.; Minieri, M.; Di Nardo, P.; Traversa, E. Cerium Oxide Nanoparticles Protect Cardiac Progenitor Cells from Oxidative Stress. ACS Nano 2012, 6, 3767–3775. [Google Scholar] [CrossRef]

	



Park, J.; Kim, Y.S.; Ryu, S.; Kang, W.S.; Park, S.; Han, J.; Jeong, H.C.; Hong, B.H.; Ahn, Y.; Kim, B.S. Graphene Potentiates the Myocardial Repair Efficacy of Mesenchymal Stem Cells by Stimulating the Expression of Angiogenic Growth Factors and Gap Junction Protein. Adv. Funct. Mater. 2015, 25, 2590–2600. [Google Scholar] [CrossRef]








[image: Biomolecules 13 00990 g001 550] 





Figure 1. Schematic diagram depicting the formation of P-GSF patterned films by the soft lithographic method and coated with GO nanosheets as a matrix for myocardial differentiation of AMSCs. (A) SF working solution was first prepared by dissolving regenerated SF with HFIP; (B) SF working solution was dropped onto the PDMS stamp; (C) pattern SF films were generated after air-drying followed by air plasma treatment; (D) monodispersed graphene oxide solution was coated onto P-SF films. (E) P-GSF films were formed following the solvent evaporation and peeling off of film, and human AMSCs were cultured on the P-GSF films; (F) AMSCs were induced to differentiate into cardiac myocytes (CMCs) under the function of P-GSF matrix. 
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Figure 2. Surface morphology of (A) GSF, (B) P-SF, and (C) P-GSF films visualized by SEM. 
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Figure 3. Cell adhesion morphology and adhesion-associated protein analysis of AMSCs on TCP, GSF films, P-SF films, and P-GSF films. (A) The adhesion morphology of AMSCs in different groups cultured for 1 and 4 h. (B) Adhesion-associated proteins of cells cultured on TCP, GSF films, P-SF films, and P-GSF films, visualized by immunofluorescence staining (B). 
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Figure 4. Growth morphology and proliferation of AMSCs on different films. (A) Growth morphology of AMSCs on TCP, GSF, P-SF, and P-GSF films cultured for 24 h. Left column shows fluorescence images by cytoskeleton staining, right column shows the relative scanning electron microscope images with pseudo-color treatment. (B) Cell proliferation of AMSCs in different groups cultured for 1, 3 and 5 d, determined by MTS analysis. 






Figure 4. Growth morphology and proliferation of AMSCs on different films. (A) Growth morphology of AMSCs on TCP, GSF, P-SF, and P-GSF films cultured for 24 h. Left column shows fluorescence images by cytoskeleton staining, right column shows the relative scanning electron microscope images with pseudo-color treatment. (B) Cell proliferation of AMSCs in different groups cultured for 1, 3 and 5 d, determined by MTS analysis.



[image: Biomolecules 13 00990 g004]







[image: Biomolecules 13 00990 g005 550] 





Figure 5. Assessment of cardiomyogenic differentiation of AMSCs on TCP, GSF, P-SF, and P-GSF films. (A) Relative levels of mRNAs for connexin 43, cTnT, and GATA4 of AMSCs cultured on different films for 28 d. Immunofluorescence images of (B) connexin 43 and (C) cTnT proteins in human AMSCs seeded in different groups for 28 d. Connexin 43 and cTnT were stained by Alexa Fluor 594-labeled antibody (red). Cell cytoskeletons were stained with phalloidin (green). * p < 0.05, ** p < 0.01, data are presented as mean ± SD, n = 3. 
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Table 1. Primer Sequences Used for Reverse Transcription Polymerase Chain Reaction Gene Expression Analysis.
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Genes

	
5′-3′

	
Primers






	
GAPDH

	
forward

	
TGACGCTGGGGCTGGCATTG




	
reverse

	
GGCTGGTGGTCCAGGGGTCT




	
cTnT

	
forward

	
GGCAGCGGAAGAGGATGCTGAA




	
reverse

	
GAGGCACCAAGTTGGGCATGAACGAC




	
Connexin 43

	
forward

	
ACT GGC GAC AGA AAC AAT TCT TC




	
reverse

	
TTC TGC ACT GTA ATT AGC CCA GTT




	
GATA-4

	
forward

	
TCCCTCTTCCCTCCTCAAAT




	
reverse

	
TCAGCGTGTAAAGGCATCTG
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