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Fabrication of Silk-Hyaluronan Composite as a Potential Scaffold for Tissue Repair
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Interest is rapidly growing in the design and preparation of bioactive scaffolds, mimicking the biochemical composition and physical microstructure for tissue repair. In this study, a biomimetic biomaterial with nanofibrous architecture composed of silk fibroin and hyaluronic acid (HA) was prepared. Silk fibroin nanofiber was firstly assembled in water and then used as the nanostructural cue; after blending with hyaluronan (silk:HA = 10:1) and the process of freeze-drying, the resulting composite scaffolds exhibited a desirable 3D porous structure and specific nanofiber features. These scaffolds were very porous with the porosity up to 99%. The mean compressive modulus of silk-HA scaffolds with HA MW of 0.6, 1.6, and 2.6 × 106 Da was about 28.3, 30.2, and 29.8 kPa, respectively, all these values were much higher than that of pure silk scaffold (27.5 kPa). This scaffold showed good biocompatibility with bone marrow mesenchymal stem cells, and it enhanced the cellular proliferation significantly when compared with the plain silk fibroin. Collectively, the silk-hyaluronan composite scaffold with a nanofibrous structure and good biocompatibility was successfully prepared, which deserved further exploration as a biomimetic platform for mesenchymal stem cell-based therapy for tissue repair.
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INTRODUCTION

The combination of biomaterials and grafted cells with or without signalizing molecules has been regarded as a promising strategy for tissue repair, with the goal to provide structural and functional substitutes (Li et al., 2005; Ma et al., 2018; Qi et al., 2018). For successful repair, the scaffold should be elegantly designed to meet the requirements of damaged tissue (Raghunath et al., 2007). The characterization of the native extracellular matrix (ECM) in tissue, such as cartilage, is a network with multi-fibrillar collagens embedded in glycosaminoglycan (Zhang et al., 2011); the fibrous protein structure in ECM (50–500 nm) is about 1–2 orders of magnitude smaller than the cells, which is critical for cellular function (Woo et al., 2003). Thus, the scaffolds play a key role in the creation of the microenvironment for cell growth and tissue repair in vitro and in vivo (Dashnyam et al., 2014; Mahapatra et al., 2016). Thus, to mimic the ECM structure, the scaffolds with protein and glycosaminoglycan bi-components and nanofibrous structures are desired, aiming to control the adhesion, proliferation, migration, and differentiation of endogenous and exogenous progenitors/stem cells and then to moderate the tissue repair and reorganization in vivo (Chen and Ma, 2004; Ma, 2004; Toloue et al., 2019).

Because of the remarkable mechanical property, good biocompatibility, and biodegradability, silk is a very promising and encouraging material for the fabrication of tissue engineering scaffolds (Melke et al., 2016; Bhattacharjee et al., 2017). Over the past decades, silk has been processed into various formulations (such as film, nanofiber, hydrogel, fiber, yarn, and sponge) which have the potential to support the adhesion, proliferation, and differentiation of cells in vitro and to promote tissue regeneration in vivo (Wang et al., 2006; Rockwood et al., 2011). During the design of biomaterial from silk fibroin for tissue repair, 3D porous scaffold is the more promising material form as it provides the necessary 3-dimensional space for cell proliferation and new matrix formation (Wang et al., 2005); importantly, the particular requirements of composite scaffolds with respect to microporosity and nanostructure, as well as physical and biochemical properties, should be well considered. Silk has been processed into nanofibers to mimic the structure of collagen in the cartilage (Liu et al., 2016). Recently, we reported a method to prepare silk nanofiber by controlling the assembly process of silk fibroin and finally obtained the scaffold with an improved 3D porous structure and nanoscale topography (Zhang et al., 2018). Nevertheless, the pure silk lacks bioactive components to interact with the cell receptors for the activation of the tissue repair process (Garcia-Fuentes et al., 2009).

Hyaluronic acid (HA) is a natural biomaterial, and it has been developed for the application in the repair of ligament, adipose, bone, and cartilage (Abbruzzese et al., 2017). HA scaffold with bone marrow aspirate concentrate has been used to treat articular cartilage injury, displaying positive long-term clinical outcomes (Gobbi and Whyte, 2019). In spite of the promising results, pure HA scaffold has disadvantages such as the repaid degradation and the inadequate mechanical property (Yu et al., 2020).

During the process of fabricating functional silk scaffold, blending with high-molecular weight biocompatible polymers can be used to change the pore structure, porosity, microstructure, and mechanical properties; these important characteristics play a significant role in regulating the biology of grafted and resident cells (Jin et al., 2005; Lu et al., 2011). Silk has been blended with HA to mimic the ECM composition of cartilage (Jaipaew et al., 2016; Raia et al., 2017; Yan et al., 2018). The biological properties of HA are closely related to the molecular weight, and the high molecular weight HA displays superior biological and physical benefits. The superior biological properties are likely due to the high molecular weight of HA in animals; for example, in human synovial fluid, the molecular weight is 2,000–10,000 kDa (Ghosh and Guidolin, 2002). It has been found that chondrocyte number and matrix synthesis on gelatin sponge increased in the presence of high molecular weight HA (Goodstone et al., 2004). Our previous study demonstrated that HA interacted with silk in aqueous solution, resulting in the excellent porous structure of the composite scaffold, and the porous structure was dependent on the molecular weight of HA (Fan et al., 2014). The prepared composite has the ECM composition, but the nanofibrous structure is absent which is extremely essential in the mammal tissues (Ding et al., 2017).

Hence, in this study, a green and facile process to prepare silk-HA composite scaffold with biomimetic nanoscaled structure was presented. To achieve the goal, the following steps are involved: (1) self-assembly control of silk into nanofiber; (2) blending of silk nanofiber solution with HA with different molecular weights; and (3) lyophilization to form the composite scaffold. Additionally, the biocompatibility was evaluated using bone marrow mesenchymal stem cells in vitro.



MATERIALS AND METHODS


Materials

Raw silk from B. mori was purchased from Jiangsu Silk Industrial Co., Ltd. (Nanjing, China). Na2CO3 and LiBr were from Sinopharm Chemical Reagent (Shanghai, China). HA (MW, 0.6, 1.6, and 2.6 × 106 Da) was purchased from Shandong Freda (Jinan, China). All reagents for the cell culture were purchased from Invitrogen (Basel, Switzerland).



Preparation of the Silk Solution

A silk solution was prepared as described in our previous study (Zhang et al., 2018); in brief, the procedures included degumming with Na2CO3, dissolving in LiBr solution, and dialysis using a dialysis tube. The resulting silk solution was optically clear and was centrifuged to remove aggregates. Determined by weighing, the concentration of the silk solution was approximately 6 wt.%. The fresh silk solution was then concentrated to 30 wt.% in an oven at 60°C and then diluted to 5 wt.% solution. The diluted silk solution was lyophilized to form porous scaffold for further use.



Preparation of the Silk-HA Scaffold

As described in our previous study, HA was dissolved in deionized water to form 0.5 wt.% HA solution with the MW of 0.6, 1.6, and 2.6 × 106 Da, respectively (Fan et al., 2014). The HA solutions were blended with the obtained 5 wt.% silk solution with the ratio of 1:1 at room temperature for 2 h. Finally, the mixed solution containing 2.5 wt.% silk and 0.25 wt.% HA was frozen at −20°C for about 24 h and then lyophilized for about 72 h. The lyophilized silk and silk-HA scaffolds were placed on a removable platform under which 75% ethanol was filled in a desiccator with a 25 in. Hg vacuum for 12 h to induce silk crystallization.



Swelling

Silk and silk-HA scaffolds were immersed in distilled water at 37°C for 50 h. After removing the excess water, the weight of the wet scaffold (Ww) was determined; after drying, the weight of dry scaffolds (Wd) was determined again. The swelling ratio and water uptake of scaffolds were calculated as follows:

Swelling ratio = (Ww − Wd)/Wd

Water uptake (%) = (Ww − Wd)/Ww × 100



Biodegradation

Silk and silk-HA scaffolds (dry weight approximately 50 mg) (n = 3 per group and time points) were incubated at 37°C in 50 ml PBS (pH = 7.4) for 30 days. Samples were rinsed in distilled water and lyophilized for SEM and degradation evaluation at designated time points.



Scanning Electron Microscopy (SEM) Analysis

Silk and silk-HA scaffolds were cut with a razor blade in liquid nitrogen. The cross-section was gold-sputtered and then observed with SEM (Hitachi S-4800, Tokyo, Japan).



Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of the silk-HA scaffolds were conducted using a NicoLET 5700 spectrometer (Thermo Fisher Scientific, Waltham, MA, United States) with the spectral region of 400–4,000 cm–1, and 64 scans coded with a resolution of 4 cm–1.



X-Ray Diffraction (XRD)

The crystal structure of silk scaffolds was analyzed using XRD (X’PERT-Pro MPD, PANalytical Company, Netherlands), which was operated at 30 mA tube current and 40 kV tube voltage with diffraction angles 2°–45°, and the scanning speed was 2°/min.



Mechanical Property

The compressive property of the four scaffolds in wet (10 mm in diameter and 10 mm in height) (N = 5 for each group) were measured using the Instron 3365 testing frame (Instron, Norwood, MA) with a 500 N loading cell according to the published method (Hu et al., 2019).



Isolation of Bone Marrow Mesenchymal Stem Cells

Bone marrow mesenchymal stem cells (BMSCs) were isolated from SD rats according to our previous report (Zhang et al., 2015). All procedures of the animal experiments in this study were performed in accordance with Soochow University Guidelines for the Welfare of Animals. Rat BMSCs at passage five were seeded in the silk scaffolds with the density of 1.0 × 105 cells per sample.



Cell Morphology

The cellular morphology on the scaffolds was observed by SEM. The sample was prepared according to our previous introduction (Zhang et al., 2018). Briefly, the cell-loaded scaffolds were rinsed with PBS, fixed in 4% paraformaldehyde, dehydrated with a gradient of alcohol (50, 70, 80, 90, 100, 100%), and then lyophilized. After being coated with gold, the samples were examined with SEM at the voltage of 10 kV. Several different areas of the specimens were randomly examined using a Hitachi model S-4800 scanning electron microscopy (Hitachi, Tokyo, Japan).



Cell Proliferation

To determine the cell proliferation in the scaffolds, the samples harvested at the indicated time points (from 1 to 16 days) were digested with proteinase K buffer solution for 16 h at 56°C (Zhang et al., 2018); the CCK-8 assay was then used to detect the viability and proliferation of BMSCs. Twenty microliter of CCK-8 plus 500 μl DMEM was replaced to each well for 4 h at 37°C; subsequently, the 300 μl supernatant per well was transferred to a new 96-well plate and the absorbance value was measured using a microplate reader at 450 nm.



Statistical Analysis

All experiments were carried out in triplicate, and the data were expressed as means and standard deviation (SD); the data were analyzed using the one way or two-way ANOVA followed by LSD multiple-comparison tests with the SPSS 19.0 software (IBM Corp., Armonk, NY, United States). The significance was accepted when p < 0.05.



RESULTS AND DISCUSSION


Morphology of Silk-HA Scaffolds

Silk and silk-HA porous scaffolds were prepared using 24-well plates with the freeze-drying method and then annealed with 75% ethanol. The appearance of silk-HA scaffolds is shown in Figure 1A. Overall, the silk-HA scaffolds displayed intact appearance, which was negligibly affected by 75% ethanol annealing. In our previous report (Fan et al., 2014), pure silk scaffold underwent serious morphologic changes, which was improved by adding HA with high molecular weight. In this work, the pure silk scaffold showed good ability to resist to shape deformation, likely due to the excellent porous structure within the scaffolds. As previously reported, the self-assembled nanofilament had an important role in forming good pore structure for lyophilized silk scaffold (Lu et al., 2011).
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FIGURE 1. Gross view and microstructure of the silk-HA scaffolds. (A) Gross view of the pure silk and silk-HA scaffolds before and after 75% ethanol annealing. (B) SEM images of silk-HA scaffolds before and after 75% ethanol annealing. (C) The cross-section images of macropore walls of silk-HA scaffolds. Scale bar = 200 μm.


The porous structure of silk and silk-HA scaffolds before and after 75% ethanol annealing was observed by SEM, as shown in Figure 1B. The scaffolds were fabricated from silk-HA blend solutions containing about 10% HA with the MW of 0.6 × 106, 1.6 × 106, and 2.6 × 106 Da, respectively. As expected, the nice pore structure instead of the lamellar structure was formed from pure silk solution, indicating that the silk nanofiber was able to induce the formation of a porous structure and restrain the lamellar structure. It was demonstrated that the silk scaffold derived from fresh solution usually showed separate lamellas rather than a porous structure which was not suitable for the application for tissue repair (Lv and Feng, 2006). The porous architecture was critical for the biomedical scaffold so as to allow both the cellular ingrowth and vascularization, which was essential for new tissue formation (Bonfield, 2006). The effect of HA MW on the porous structure of silk-HA scaffold could be negligible. As noted in previous reports (Lu et al., 2010, 2011), the blending of biocompatible polymer collagen and gelatin favored the formation of porous structures due to the molecular interaction between silk and polymers. Additionally, after closer examination by SEM, the nanoscaled topographies were clearly found in the pore wall (Figure 1C). The ECM-mimetic nanofibrous structure was able to improve the cell adhesion and proliferation (Liu et al., 2014). The porosity of the silk-HA scaffolds was measured by liquid displacement (Hu et al., 2019). The structure of the silk-HA scaffolds was very porous, with the porosity of 99 ± 5, 98 ± 4, and 98 ± 3% when the HA MW was 0.6 × 106, 1.6 × 106, and 2.6 × 106 Da, respectively; these values were similar to that of pure silk scaffolds (99 ± 4%). Thus, pure silk and silk-HA scaffolds with excellent porous structures and specific nanostructure could be achieved directly by lyophilizing the silk and silk-HA blending solutions.



Swelling

Compared with pure silk scaffolds, the water uptake and the swelling ratio were increased significantly with the increase of molecular weight of HA in these scaffolds (Figure 2). It is believed that as the MW increases, the resulting material after swelling will have a larger mesh size, resulting in a higher swelling ratio (Park et al., 2009). A previous study has reported that the HA 1,368 kDa film possessed a significantly higher swelling ratio than HA 1,058 and 697 kDa films (Lee et al., 2015). The swelling ratio of scaffolds reached their maximum about 60 min, and then the values were gradually decreased. The data indicated that the swelling ratio of the silk-HA scaffold could be adjusted by changing the initial HA molecular ratio.
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FIGURE 2. Change in the water uptake (A) and swelling ratio (B) of silk-HA scaffolds with time.




In vitro Degradation

In vitro degradation of silk-HA scaffolds was evaluated by incubation with PBS solution (Lu et al., 2011). The weight of silk-HA (1.6 × 106 and 2.6 × 106 Da) scaffolds decreased slowly with time in PBS solution; they lost 12% mass after 15 days and then 20% mass after 30 days (Figure 3A). The morphology change after degradation was observed by SEM, indicating that the silk-HA scaffolds degraded in the mean of pore damage and surface erosion (Figure 3B); meanwhile, the nanofibers were found on the surface of the macro-pore walls, which was in agreement with the previous reports (Lu et al., 2011; Pei et al., 2015; Zhang et al., 2018). These data indicated that the self-assembly silk nanofilament could endow the resulting silk-HA scaffolds with nanofibrous structure exposure after degradation. Hence, the silk-HA scaffolds with nanofibrous structure and biomimetic content of silk and HA were successfully fabricated.
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FIGURE 3. Degradation of silk-HA scaffolds in PBS (A) and the SEM images (B) of silk-HA scaffolds degraded in PBS solution at 37°C for 30 days. Scale bar = 2.5 μm.




Structural Analysis

The XRD patterns of silk fibroin had been determined in the previous study as follows: 9.0°, 18.5°, and 20.6° for the silk II structure, and 12.0°, 15.8°, 20.2°, 21.6°, 24.7°, 27.8°, and 31.9° for the silk I structure (Zhang et al., 2018). Figure 4A pointed out the crystal structure in the silk-HA scaffolds. The untreated scaffolds were mainly amorphous in structure, characterized by a broad amorphous halo centered around 22° (Phillips et al., 2004). The weak diffraction peak at 28.3° in the HA-contained scaffold suggested the existence of silk I which was probably induced by HA. After annealing, the structural transition to the insoluble crystal structure was achieved, characterized by the specific silk II peak at 20.2° and silk I peak at 24.5°. The FTIR characterization was conducted to further confirm the XRD results, as shown in Figures 4B,C. The pure silk scaffold before 75% ethanol annealing showed absorption peaks at 1,652, 1,537, and 1,238 cm–1, which was in accordance with the amorphous structure (Jin et al., 2005). The absorption peak at 1518 cm–1 existed in the silk-HA scaffolds, indicating the role of HA in inducing the conformation transition of silk (Chen et al., 1997). After annealing (Figure 4C), the silk-HA scaffolds had absorption peaks at 1,670, 1,626, 1,520, 1,510, and 1,264 cm–1, suggesting that their major structure was silk II (Hu et al., 2006). Thus, the FTIR and XRD results jointly confirmed that the silk-HA scaffold after annealing mainly had the water-stable crystal structure.
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FIGURE 4. XRD spectra of silk-HA scaffolds (A). (a–d) Pure silk scaffold, silk-HA scaffolds with HA MW 0.6 × 106, 1.6 × 106, and 2.6 × 106 Da before 75% ethanol annealing. (e–h) Pure silk scaffold, silk-HA scaffolds with HA MW 0.6 × 106, 1.6 × 106, and 26 × 106 Da after 75% ethanol annealing. FTIR spectra of silk-HA scaffolds before (B) and after (C) 75% ethanol annealing. (a) Pure silk scaffold. (b–d) Silk-HA scaffolds with HA MW 0.6 × 106, 1.6 × 106, and 2.6 × 106 Da before 75% ethanol annealing.




Mechanical Property

The mechanical properties of silk-HA scaffolds are illustrated in Figure 5. The compressive modulus of the silk-HA scaffolds with HA MW 0.6 × 106, 1.6 × 106, and 2.6 × 106 Da was about 28.3, 30.2, and 29.8 kPa, respectively; all these results were higher than that of pure silk scaffolds (27.5 kPa). It has been reported that the scaffold with stiffness of 25 kPa was able to promote proliferation and chondrogenic differentiation of MSCs (Zhan, 2020), suggesting that the stiffness control of the scaffold is important for cartilage tissue engineering. Thus, the prepared silk-HA scaffold with elastic modulus of 27.5–30.2 kPa probably has promising application in cartilage repair.
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FIGURE 5. Compressive modulus of the silk-hyaluronan scaffolds in wet conditions. The compressive modulus was calculated as the slope of the linear-elastic region of the stress–strain curve between 3 and 8%.




Biocompatibility of Silk-HA Scaffolds

To assess the biocompatibility, BMSCs were cultured in the silk-HA scaffolds. Figure 6 shows the proliferation and morphology of BMSCs in the silk-HA scaffolds. The proliferation behavior of BMSCs in the scaffolds was evaluated by CCK8 (Figure 6A). The results indicated that the cells grew well in the four scaffolds and the cell number in the silk-HA scaffolds was much higher than that in the pure silk after culture for 8 and 16 days (P < 0.05); additionally, the silk-HA (2.6 × 106 Da) scaffold possessed the highest absorbance value when compared with those of the other three groups (P < 0.05). As noted in Figure 6B, the BMSCs adhered and proliferated well in the scaffolds; on day 16, the increased cells formed a cell sheet and covered on the pore or pore wall of the scaffolds. The HA component has been known to promote cell migration and proliferation through receptors, such as CD44 (Garcia-Fuentes et al., 2009; Murakami et al., 2019). The silk-HA scaffold could provide a more suitable microenvironment of biomimetic composition and structure for cell proliferation (Lu et al., 2011; Ding et al., 2017). The biological effects of HA depended heavily on molecular weight (Snetkov et al., 2020). The molecular weight of HA in human synovial fluid is very high, with the range of 2,000–10,000 kDa (Ghosh and Guidolin, 2002). Previous studies have proved the biological and physical benefits of high molecular weight HA (Abe et al., 2005; Ohtsuki et al., 2018). Therefore, our data combined with previous literatures which demonstrated that the silk-HA composite scaffolds favored cell-biomaterial interactions and enhanced cell growth. Further studies are extremely necessary to address and optimize the effect of silk-HA scaffolds on the differentiation of BMSCs for repairing tissue defect in vitro and in animal studies.
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FIGURE 6. Proliferation (A) and morphology (B) of BMSCs in the pure silk and silk-HA scaffolds after culture for 16 days (*P < 0.05).




CONCLUSION

In this study, a friendly process for the preparation of silk-HA composite scaffolds with a nanofibrous structure for tissue repair was provided. A silk molecule was first assembled into silk nanofibers which endowed the resulting scaffolds with an ECM-mimetic structure. The mean porosity of these silk-HA scaffolds was up to 99%, and compressive modulus was about 29 kPa. These silk-HA scaffolds were biodegradable (up to 20% degradation rate in PBS); possessed good pore structure, suitable compositions, and biomimetic nanofibrous structure; and enhanced BMSC growth and proliferation. The biocompatibility, biodegradability, and specific nano-to-micro structure made these silk-HA composite materials as promising scaffolds for tissue repair (such as cartilage) which need further investigation.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary materials, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the Soochow University.



AUTHOR CONTRIBUTIONS

L-MY contributed to the experimental design, data interpretation, and manuscript writing. TL, Y-LM, and FZ performed the experiments, collected the data, and wrote the manuscript. Y-CH and Z-HF provided financial support, data analysis and interpretation, and manuscript writing. All the authors approved the final manuscript to be submitted.



FUNDING

This research was financially supported by Suzhou Planning Project of Science and Technology (SYS201732, SYS2018052, and SYS2019005), the Gusu Health Talents Program (2020054), Nature Science Foundation of Jiangsu Province (BK20191168), the Pre-Research Project of the Second Affiliated Hospital of Soochow University (SDFEYBS1801), and the Research Project of Shenzhen Municipal Health Commission (SZXJ2017061).



REFERENCES

Abbruzzese, F., Basoli, F., Costantini, M., Giannitelli, S. M., Gori, M., Mozetic, P., et al. (2017). Hyaluronan: an overview. J. Biol. Regul. Homeost. Agents 31, 9–22.

Abe, M., Takahashi, M., and Nagano, A. (2005). The effect of hyaluronic acid with different molecular weights on collagen crosslink synthesis in cultured chondrocytes embedded in collagen gels. J. Biomed. Mater. Res. A 75, 494–499. doi: 10.1002/jbm.a.30452

Bhattacharjee, P., Kundu, B., Naskar, D., Kim, H. W., Maiti, T. K., Bhattacharya, D., et al. (2017). Silk scaffolds in bone tissue engineering: an overview. Acta Biomater. 63, 1–17. doi: 10.1016/j.actbio.2017.09.027

Bonfield, W. (2006). Designing porous scaffolds for tissue engineering. Philos. Trans. R. Soc. A 364, 227–232. doi: 10.1098/rsta.2005.1692

Chen, V. J., and Ma, P. X. (2004). Nano-fibrous poly(L-lactic acid) scaffolds with interconnected spherical macropores. Biomaterials 25, 2065–2073. doi: 10.1016/j.biomaterials.2003.08.058

Chen, X., Li, W. J., and Yu, T. Y. (1997). Conformation transition of silk fibroin induced by blending chitosan. J. Polym. Sci. Pol. Phys. 35, 2293–2296.

Dashnyam, K., Perez, R. A., Singh, R. K., Lee, E. J., and Kim, H. W. (2014). Hybrid magnetic scaffolds of gelatin-siloxane incorporated with magnetite nanoparticles effective for bone tissue engineering. RSC Adv. 4, 40841–40851. doi: 10.1039/c4ra06621a

Ding, Z. Z., Ma, J., He, W., Ge, Z. L., Lu, Q., and Kaplan, D. L. (2017). Simulation of ECM with silk and chitosan nanocomposite materials. J. Mater. Chem. B 5, 4789–4796. doi: 10.1039/c7tb00486a

Fan, Z. H., Zhang, F., Liu, T., and Zuo, B. Q. (2014). Effect of hyaluronan molecular weight on structure and biocompatibility of silk fibroin/hyaluronan scaffolds. Int. J. Biol. Macromol. 65, 516–523. doi: 10.1016/j.ijbiomac.2014.01.058

Garcia-Fuentes, M., Meinel, A. J., Hilbe, M., Meinel, L., and Merkle, H. P. (2009). Silk fibroin/hyaluronan scaffolds for human mesenchymal stem cell culture in tissue engineering. Biomaterials 30, 5068–5076. doi: 10.1016/j.biomaterials.2009.06.008

Ghosh, P., and Guidolin, D. (2002). Potential mechanism of action of intra-articular hyaluronan therapy in osteoarthritis: are the effects molecular weight dependent? Semin. Arthritis Rheum. 32, 10–37. doi: 10.1053/sarh.2002.33720

Gobbi, A., and Whyte, G. P. (2019). Long-term clinical outcomes of one-stage cartilage repair in the knee with hyaluronic acid-based scaffold embedded with mesenchymal stem cells sourced from bone marrow aspirate concentrate. Am. J. Sports Med. 47, 1621–1628. doi: 10.1177/0363546519845362

Goodstone, N. J., Cartwright, A., and Ashton, B. (2004). Effects of high molecular weight hyaluronan on chondrocytes cultured within a resorbable gelatin sponge. Tissue Eng. 10, 621–631. doi: 10.1089/107632704323061979

Hu, X., Kaplan, D., and Cebe, P. (2006). Determining beta-sheet crystallinity in fibrous proteins by thermal analysis and infrared spectroscopy. Macromolecules 39, 6161–6170. doi: 10.1021/ma0610109

Hu, Y., Zhang, F., Zhong, W., Liu, Y., He, Q., Yang, M., et al. (2019). Transplantation of neural scaffolds consisting of dermal fibroblast-reprogrammed neurons and 3D silk fibrous materials promotes the repair of spinal cord injury. J. Mater. Chem. B 7, 7525–7539. doi: 10.1039/c9tb01929d

Jaipaew, J., Wangkulangkul, P., Meesane, J., Raungrut, P., and Puttawibul, P. (2016). Mimicked cartilage scaffolds of silk fibroin/hyaluronic acid with stern cells for osteoarthritis surgery: morphological, mechanical, and physical clues. Mater. Sci. Eng. C Mater. 64, 173–182. doi: 10.1016/j.msec.2016.03.063

Jin, H. J., Park, J., Karageorgiou, V., Kim, U. J., Valluzzi, R., and Kaplan, D. L. (2005). Water-stable silk films with reduced beta-sheet content. Adv. Funct. Mater. 15, 1241–1247. doi: 10.1002/adfm.200400405

Lee, D. Y., Cheon, C., Son, S., Kim, Y. Z., Kim, J. T., Jang, J. W., et al. (2015). Influence of molecular weight on swelling and elastic modulus of hyaluronic acid dermal fillers. Polym. Korea 39, 976–980. doi: 10.7317/pk.2015.39.6.976

Li, W. J., Tuli, R., Okafor, C., Derfoul, A., Danielson, K. G., Hall, D. J., et al. (2005). Three-dimensional nanofibrous scaffold for cartilage tissue engineering using human mesenchymal stem cells. Biomaterials 26, 599–609. doi: 10.1016/j.biomaterials.2004.03.005

Liu, G. F., Zhang, D., and Feng, C. L. (2014). Control of three-dimensional cell adhesion by the chirality of nanofibers in hydrogels. Angew. Chem. Int. Edit. 53, 7789–7793. doi: 10.1002/anie.201403249

Liu, W. W., Li, Z. Q., Zheng, L., Zhang, X. Y., Liu, P., Yang, T., et al. (2016). Electrospun fibrous silk fibroin/poly(L-lactic acid) scaffold for cartilage tissue engineering. Tissue Eng. Regen. Med. 13, 516–526. doi: 10.1007/s13770-016-9099-9

Lu, Q., Zhang, X. H., Hu, X., and Kaplan, D. L. (2010). Green process to prepare silk fibroin/gelatin biomaterial scaffolds. Macromol. Biosci. 10, 289–298. doi: 10.1002/mabi.200900258

Lu, Q. A., Wang, X. L., Lu, S. Z., Li, M. Z., Kaplan, D. L., and Zhu, H. S. (2011). Nanofibrous architecture of silk fibroin scaffolds prepared with a mild self-assembly process. Biomaterials 32, 1059–1067. doi: 10.1016/j.biomaterials.2010.09.072

Lv, Q., and Feng, Q. L. (2006). Preparation of 3-D regenerated fibroin scaffolds with freeze drying method and freeze drying/foaming technique. J. Mater. Sci. Mater. Med. 17, 1349–1356. doi: 10.1007/s10856-006-0610-z

Ma, D. K., Wang, Y. S., and Dai, W. J. (2018). Silk fibroin-based biomaterials for musculoskeletal tissue engineering. Mat. Sci. Eng. C Mater. 89, 456–469. doi: 10.1016/j.msec.2018.04.062

Ma, P. X. (2004). Scaffolds for tissue fabrication. Mater. Today 7, 30–40. doi: 10.1016/S1369-7021(04)00233-0

Mahapatra, C., Singh, R. K., Kim, J. J., Patel, K. D., Perez, R. A., Jang, J. H., et al. (2016). Osteopromoting reservoir of stem cells: bioactive mesoporous nanocarrier/collagen gel through slow-releasing FGF18 and the activated BMP signaling. ACS Appl. Mater. Inter. 8, 27573–27584. doi: 10.1021/acsami.6b09769

Melke, J., Midha, S., Ghosh, S., Ito, K., and Hofmann, S. (2016). Silk fibroin as biomaterial for bone tissue engineering. Acta Biomater. 31, 1–16. doi: 10.1016/j.actbio.2015.09.005

Murakami, T., Otsuki, S., Okamoto, Y., Nakagawa, K., Wakama, H., Okuno, N., et al. (2019). Hyaluronic acid promotes proliferation and migration of human meniscus cells via a CD44-dependent mechanism. Connect. Tissue Res. 60, 117–127. doi: 10.1080/03008207.2018.1465053

Ohtsuki, T., Asano, K., Inagaki, J., Shinaoka, A., Kumagishi-Shinaoka, K., Cilek, M. Z., et al. (2018). High molecular weight hyaluronan protects cartilage from degradation by inhibiting aggrecanase expression. J. Orthop. Res. 36, 3247–3255. doi: 10.1002/jor.24126

Park, H., Guo, X., Temenoff, J. S., Tabata, Y., Caplan, A. I., Kasper, F. K., et al. (2009). Effect of swelling ratio of injectable hydrogel composites on chondrogenic differentiation of encapsulated rabbit marrow mesenchymal stem cells in vitro. Biomacromolecules 10, 541–546. doi: 10.1021/bm801197m

Pei, Y. Z., Liu, X., Liu, S. S., Lu, Q., Liu, J., Kaplan, D. L., et al. (2015). A mild process to design silk scaffolds with reduced beta-sheet structure and various topographies at the nanometer scale. Acta. Biomater. 13, 168–176. doi: 10.1016/j.actbio.2014.11.016

Phillips, D. M., Drummy, L. F., Conrady, D. G., Fox, D. M., Naik, R. R., Stone, M. O., et al. (2004). Dissolution and regeneration of Bombyx mori silk fibroin using ionic liquids. J. Am. Chem. Soc. 126, 14350–14351. doi: 10.1021/ja046079f

Qi, C., Liu, J., Jin, Y., Xu, L. M., Wang, G. B., Wang, Z., et al. (2018). Photo-crosslinkable, injectable sericin hydrogel as 3D biomimetic extracellular matrix for minimally invasive repairing cartilage. Biomaterials 163, 89–104. doi: 10.1016/j.biomaterials.2018.02.016

Raghunath, J., Rollo, J., Sales, K. M., Butler, P. E., and Seifalian, A. M. (2007). Biomaterials and scaffold design: key to tissue-engineering cartilage. Biotechnol. Appl. Biochem. 46(Pt 2), 73–84. doi: 10.1042/Ba20060134

Raia, N. R., Partlow, B. P., McGill, M., Kimmerling, E. P., Ghezzi, C. E., and Kaplan, D. L. (2017). Enzymatically crosslinked silk-hyaluronic acid hydrogels. Biomaterials 131, 58–67. doi: 10.1016/j.biomaterials.2017.03.046

Rockwood, D. N., Preda, R. C., Yucel, T., Wang, X. Q., Lovett, M. L., and Kaplan, D. L. (2011). Materials fabrication from Bombyx mori silk fibroin. Nat. Protoc. 6, 1612–1631. doi: 10.1038/nprot.2011.379

Snetkov, P., Zakharova, K., Morozkina, S., Olekhnovich, R., and Uspenskaya, M. (2020). Hyaluronic acid: the influence of molecular weight on structural, physical, physico-chemical, and degradable properties of biopolymer. Polym. Basel 12:1800. doi: 10.3390/polym12081800

Toloue, E. B., Karbasi, S., Salehi, H., and Rafienia, M. (2019). Evaluation of mechanical properties and cell viability of poly (3-Hydroxybutyrate)-Chitosan/Al2O3 nanocomposite scaffold for cartilage tissue engineering. J. Med. Signals Sens. 9, 111–116. doi: 10.4103/jmss.JMSS_56_18

Wang, Y. Z., Kim, H. J., Vunjak-Novakovic, G., and Kaplan, D. L. (2006). Stem cell-based tissue engineering with silk biomaterials. Biomaterials 27, 6064–6082. doi: 10.1016/j.biomaterials.2006.07.008

Wang, Y. Z., Kim, U. J., Blasioli, D. J., Kim, H. J., and Kaplan, D. L. (2005). In vitro cartilage tissue engineering with 3D porous aqueous-derived silk scaffolds and mesenchymal stem cells. Biomaterials 26, 7082–7094. doi: 10.1016/j.biomaterials.2005.05.022

Woo, K. M., Chen, V. J., and Ma, P. X. (2003). Nano-fibrous scaffolding architecture selectively enhances protein adsorption contributing to cell attachment. J. Biomed. Mater. Res. A 67, 531–537. doi: 10.1002/jbm.a.10098

Yan, S. Q., Wang, Q. S., Tariq, Z., You, R. C., Li, X. F., Li, M. Z., et al. (2018). Facile preparation of bioactive silk fibroin/hyaluronic acid hydrogels. Int. J. Biol. Macromol. 118, 775–782. doi: 10.1016/j.ijbiomac.2018.06.138

Yu, C. X., Gao, H. C., Li, Q. T., and Cao, X. D. (2020). Injectable dual cross-linked adhesive hyaluronic acid multifunctional hydrogel scaffolds for potential applications in cartilage repair. Polym. Chem. 11, 3169–3178. doi: 10.1039/d0py00371a

Zhan, X. (2020). Effect of matrix stiffness and adhesion ligand density on chondrogenic differentiation of mesenchymal stem cells. J. Biomed. Mater. Res. A 108, 675–683. doi: 10.1002/jbm.a.36847

Zhang, F., You, X., Dou, H., Liu, Z., Zuo, B., and Zhang, X. (2015). Facile fabrication of robust silk nanofibril films via direct dissolution of silk in CaCl2-formic acid solution. ACS Appl. Mater. Interfaces 7, 3352–3361. doi: 10.1021/am508319h

Zhang, K. H., Yu, Q. Z., and Mo, X. M. (2011). Fabrication and intermolecular interactions of silk fibroin/hydroxybutyl chitosan blended nanofibers. Int. J. Mol. Sci. 12, 2187–2199. doi: 10.3390/ijms12042187

Zhang, Z. S., Ding, Z. Z., Huang, J. W., Qin, J. Z., Shen, Y. X., Zhang, F., et al. (2018). Green process to prepare water-insoluble silk scaffolds with silk I structure. Int. J. Biol. Macromol. 117, 144–151. doi: 10.1016/j.ijbiomac.2018.05.175


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Yu, Liu, Ma, Zhang, Huang and Fan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fbioe-08-578988-g002.jpg
Water uptake (%)

o
o
=)

o
o
=

300
Time (Mins)

1200

Swelling Ratio

. Pure silk

[] Silk-HA(0.6X 106 Da )
35¢ B silk-HA(1.6X 106 Da )
[ silk-HA(2.6 X 106 Da )

5 60 300 1200 3000
Time (Mins)





OPS/images/fbioe-08-578988-g003.jpg
Weight of scaffolds

90

85

30

75

Puresilk . 553 Gl ik HA(0.6X 108 Da)

—8— Pure Silk

—— Silk-HA(0.6 X 106 Da )
—t— Silk-HA(1.6X 106 Da )
—8— Silk-HA(2.6 X 106 Da )

\

10 15 20 25 X Gt N
Degradation time (Day) |






OPS/images/fbioe-08-578988-g001.jpg
.
¢ hd
- s -
L >
o % 9 o?
e
\ . :
- ” k]
AT y

E
‘ y

OkV.10.0m x100k SE (UM 15,2081

v | 84800 3,0kv 9 2ma 0.0k S

( 0° D (
/ . \ J . &/
- —
o A
P R e o e Wl
\ o ) {
< T . S pi
,\“ /\/ e 4:r,’, P ’\‘\ Vo
{ S \ ol
W 4 N
, 4 PSSR .\
3 0kv 9100 5E W orzozort Z ] 7 S30um @33(_102:-5-15059‘%/{01? """ Q) 5000
' w o >
. G -
574" A A 4
’ - ¢ /J
~ r o T
j L - N 3
- s
" | i .
) / 7; ‘\» - E \‘ Y
v | "/
N L
Add / P ¥ "‘6 e e
| ! ) g \V } ‘)/ <
e ¥
=l 4 ( & » —
=% SN N v o
> < '} -
( N ol 0.l S <800 3RV 0 6ifim X100 SE(M) 9202011 - | 8 T "S00um






OPS/images/fbioe-08-578988-g006.jpg
Silk-HA(0.6X10° Da )
~ ISikHAQ2.6X100Da)- o7

Da)

e f’wﬁ
)
2

~

Silk-HA(1.6 X l(lfi

=3 Puke silk

A,
RS

Silk-HA(1.6 X 106 Da )
B Silk-HA(2.6 X 108 Da )

‘s
a
O

=
X
©
=
z
H
=
o]
&

Bl Pure Silk

N = ® ; : .
- o o o o

< (wupety) 2oueqIOSqQY





OPS/images/fbioe-08-578988-g004.jpg
L0 G O TOOS |

30

20

Aysusju| snneey

40

10

Diffraction Angle (26)

20uBqIosqy

T T 1 1
1500 1400 1300 1200
Wavenumber/cm

T
1600

T
1700

1600 1500 1400 1300 1200

1700

aoueqlosqy

-1

Wavenumber/cm

-1





OPS/images/fbioe-08-578988-g005.jpg
Compressive modulus (kPa )

50

40

30

20

10

1111

Pure Silk Silk-HA(0.6 X 106 Da)  Silk-HA(1.6X 106 Da ) Silk-HA(2.6 X 106 Da )






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Fabrication of Silk-Hyaluronan Composite as a Potential Scaffold for Tissue Repair



		INTRODUCTION



		MATERIALS AND METHODS



		Materials



		Preparation of the Silk Solution



		Preparation of the Silk-HA Scaffold



		Swelling



		Biodegradation



		Scanning Electron Microscopy (SEM) Analysis



		Fourier Transform Infrared Spectroscopy (FTIR)



		X-Ray Diffraction (XRD)



		Mechanical Property



		Isolation of Bone Marrow Mesenchymal Stem Cells



		Cell Morphology



		Cell Proliferation



		Statistical Analysis







		RESULTS AND DISCUSSION



		Morphology of Silk-HA Scaffolds



		Swelling



		In vitro Degradation



		Structural Analysis



		Mechanical Property



		Biocompatibility of Silk-HA Scaffolds







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
, frontiers

in Bioengineering and Biotechnology

Fabrication of Silk-Hyaluronan
Composite as a Potential Scaffold
for Tissue Repair









OPS/images/logo.jpg
’ frontiers
in Bioengineering and Biotechnology





