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Abstract

:

The development and evaluation of scaffolds play a crucial role in the engineering of hyaline cartilage tissue. This work aims to evaluate the performance of silk fibroin hydrogels fabricated from the cocoons of the Colombian hybrid in the in vitro regeneration of hyaline cartilage. The scaffolds were physicochemically characterized, and their performance was evaluated in a cellular model. The results showed that the scaffolds were rich in random coils and β-sheets in their structure and susceptible to various serine proteases with different degradation profiles. Furthermore, they showed a significant increase in ACAN, COL10A1, and COL2A1 expression compared to pellet culture alone and allowed GAG deposition. The soluble portion of the scaffold did not affect chondrogenesis. Furthermore, they promoted the increase in COL1A2, showing a slight tendency to differentiate towards fibrous cartilage. The results also showed that Colombian silk could be used as a source of biomedical devices, paving the way for sericulture to become a more diverse economic activity in emerging countries.
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1. Introduction


Hyaline cartilage is a tissue located at the end of bones and serves as an adequate soft surface for joint movement [1]. Cartilage is an avascular and aneural tissue composed primarily of water, extracellular matrix, and chondrocytes. The last cells are responsible for its synthesis, maintenance, and renewal [2].



The main disease associated with hyaline cartilage damage is osteoarthritis. Knee and hip osteoarthritis is one of the most important causes of chronic disability and pain worldwide and is responsible for substantial financial costs in health care [3]. This is because hyaline cartilage is a tissue with low autoregenerative capacity, and factors such as age and lifestyle affect the outcome [4].



Among the strategies used to recover lost or damaged tissue, those based on tissue engineering, which uses mesenchymal stem cells and scaffolds, stand out for their results. However, even with the latest advances, there are currently no effective treatments available to most people. Therefore, searching for cells and scaffolds for cartilage damage treatment is still ongoing [5].



There are different types of scaffolds or biomaterials, such as films, porous structures, hydrogels, sponges, and membranes, among others [6]. These play a vital role in tissue engineering because they proportion a suitable environment for adequate cell proliferation, differentiation, and regeneration. In other words, these biomaterials act as a temporary extracellular matrix and should therefore be biodegradable and safe for adequate tissue regeneration [7].



The structural and physicochemical characteristics of the biomaterial have an impact on the quality of the graft. However, it is still challenging to develop functionally equivalent scaffolds with relevant clinical results [8]. One of the possible causes is a lack of consistency concerning critical aspects, such as the source of the design and the cell [9].



Many scaffolds are fabricated from biological compounds such as proteins, polysaccharides, or polyesters. An example is silk fibroin-based scaffolds, a fibrillar protein extracted from some arthropods, such as Bombyx mori, composed of a heavy and a light chain bound by disulfide bridges [10]. Silk fibroin is considered an advantageous choice for tissue engineering because of its superior mechanical properties, highly organized structures, and low degradability, allowing for the correct formation of new tissue [11]. Their broad usability is additionally related to properties such as low toxicity, oxygen and nutrient permeability, and low immunogenicity. Silk fibroin offers exceptional benefits over conventional biomaterials regarding cell adhesion and growth due to a stable microenvironment attributable to the hydrogen bonds formed between repetitive amino acid sequence, its hydrophobic nature and high crystallinity [12].



Silk fibroin-based hydrogels are manufactured by subjecting fibroin solutions to vortexing, sonication, electric current, pH changes, or the addition of cross-linkers [13]. The proper characteristics of hydrogels, such as tolerance by tissues, their capacity for molecular diffusion, and their compatibility with bioactive agents, such as cells and growth factors, have led to increased interest in their application in regenerative medicine.



In the last decade, research on the use of silk fibroin for cartilage treatment has increased significantly [14,15,16]. However, even if it is a highly versatile biopolymer, only a few medical products are used in clinical routines [17]. In Latin America, this is more critical; when searching in Scopus and PubMed for search criteria (HYALINE CARTILAGE and SILK FIBROIN) focusing on Latin America, the resource is used only in one article. However, a commercial silk fibroin solution was employed [18]. In this sense, it becomes fundamental to generate products and research using prime materials from local regions, with the objective of potentializing the industrialization and the generation of value chains from agricultural practices such as sericulture.



In Colombia, commercial silk is obtained only from the Pílamo 2 hybrid silkworm cocoons. This hybrid was developed by classical genetic improvement through crosses of breeds that could adapt to the environmental and climate conditions of Colombia. Recently, our research group explored the mechanical characteristics of Colombian hybrid silk fibroin hydrogels, finding that the Young modulus and the rheological behavior satisfied the necessities of tissues with high mechanical requirements [19].



All this considered, this work aims to evaluate the performance of silk fibroin hydrogels fabricated from the cocoons of the Pílamo 2 Colombian hybrid in the regeneration of hyaline cartilage. To achieve this, the scaffolds were physicochemically characterized, and their performance was evaluated in an in vitro model.




2. Materials and Methods


2.1. Obtention of Sterile Silk Fibroin Solution


Colombian hybrid silkworm cocoons (Bombyx mori L. var. Pílamo 2) were obtained from the experimental farm “El Pílamo”, administered by the Universidad Tecnológica de Pereira, Colombia. The silk fibroin solution was prepared following the protocol described by Kaplan et al. [20]. Briefly, 5 g of silk cocoons were selected and degummed by boiling in 0.02 M Na2CO3 for 30 min. After three washes with deionized water, silk fibroin was dried at 45 °C for 8 hours in an oven. The silk fibroin was then solubilized at a concentration of 20% in 9.3 M LiBr, at 60 °C for 8 hours. The residual solution was dialyzed against deionized water for 54 h using a 6000–8000 MWCO cellulose membrane, changing the water every 6 hours. Dialysis timing was determined by measuring the conductivity in the permeate. The resulting silk fibroin solution was vapor sterilized at 121 °C for 15 min and centrifuged twice at 9000× g for 20 min. TGA analysis was used to determine the effect of sterilization on silk fibroin mass. Finally, the concentration of silk fibroin was measured by comparing the mass of the solution with the mass of silk fibroin after drying at 70 °C for 12 h.




2.2. Fabrication of Silk Fibroin Hydrogels


Silk fibroin hydrogels were manufactured by mechanical crosslinking, following the methodology established by Zuluaga-Vélez et al. [19]. Briefly, hydrogels were formed by sonication (Microson XL 2000) of 4% silk fibroin sterile solutions at 20 W for 15 s. All solutions were incubated at 37 °C for 1 hour and hydrogel formation was verified by inverting the tube [21].




2.3. Scanning Electron Microscopy (SEM)


Samples for SEM analysis were prepared, as reported by Wang et al. [22]. The hydrogels were frozen at −20 °C for 4 hours and then lyophilized for 24 h. After drying, the hydrogels were fractured and coated with gold using a cathode sputterer (Quorum Q3000TD).




2.4. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)


Hydrogels were analyzed on a Cary 630 spectrometer coupled to an ATR modulus (Agilent Technologies). The secondary structure was quantified following the methods proposed by Goormaghtigh [23] and Belton [24] with some modifications. Spectra were loaded into Fityk 0.9.8 software [25], and amide I bands between 1730–1600 cm−1 were selected. Using a Levenberg–Marquardt numerical method, the band was adjusted to four normal curves calculating the percentage of its contributing areas. These areas were assigned to the following secondary structures: helices and turns (1682–1645 cm−1), parallel β-sheets (1637–1613 cm−1), and antiparallel β-sheets (1637–1613 cm−1).




2.5. Degradation of Silk Fibroin Hydrogels by Serine Proteases


Proteolysis was performed as described by Brown et al. [26] with certain adjustments. The scaffolds were incubated with 500 μL of the enzymatic solutions at 37 °C for 6, 12, 18, and 24 h. After incubation, supernatants were analyzed by FPLC (Biologic Duoflow F10, Biorad) using a molecular exclusion column (AdvanceBio SEC 130 A, 2.7 μm, Agilent) eluting with 20 mM pH 7.0 sodium phosphate buffer in an isocratic flow of 0.4 mL min−1 monitoring the absorbance at 214 nm.



For the assay, we used solutions of the following enzymes: proteinase K (Sigma), protease XIV (Sigma), and serralysin (produced and purified in-house, according to Vélez-Gómez et al. [27]). The assay was normalized at 3000 U mL−1 using azocasein digestion.



For each incubation time, the chromatographic profiles were corrected by subtracting the chromatographic protease profile from the supernatant chromatographic profile, which resulted from the proteolysis of silk fibroin hydrogels. Additionally, the areas under the curve were analyzed for 24 h enzymatic digestions.




2.6. Culture of hMSCs


Mesenchymal stem cells (hMSCs) were cultured in MSCGM medium (Lonza) and incubated at 37 °C, 5% CO2. The medium was changed every 2 days. The cell surface profile was tested using the MSC Phenotyping Kit Human (Miltenyi Biotec, Auburn, CA, USA ) on a Guava EasyCyte flow cytometer (Luminex, TX, USA).




2.7. Measurement of Cell Metabolic Activity


Evaluation of cell metabolic activity was performed using the Alamar Blue assay [28] using hMSCs. Cells were seeded on a polystyrene plate (control), on silk fibroin hydrogels (2D hydrogel), and inside the hydrogel (3D hydrogel). In the case of 3D hydrogels, cells were seeded 10 min after sonicating the silk fibroin solution. For all experiments, cells were seeded at a density of 1500 cells per well, in 96-well plates. After 24, 48, and 72 h of exposure to the biomaterials, the medium was removed and replaced by 200 μL of fresh media with 10% Alamar Blue. Finally, after 4 hours of incubation at 37 °C, 150 μL of each sample was added to an opaque polystyrene plate, and fluorescence was measured at 565/590 nm (excitation/emission) in a Cary Eclipse (Varian) fluorescence spectrophotometer.




2.8. Chondrogenic Differentiation of hMSCs in Silk Fibroin Hydrogels


5 × 105 hMSCs were cultured in hMSC Human Mesenchymal Stem Cell Chondrogenic Differentiation Medium (Lonza) supplemented with TGF-β3 (Lonza) in 15 mL conical tubes. Three types of samples were evaluated in triplicate: cell pellet, cell pellet on silk fibroin hydrogels (2D), and cells encapsulated inside silk fibroin hydrogels (3D). For cell pellet culture, cells were centrifuged at 400× g for 10 min [29]. In the 2D culture, 50 μL of the sonicated silk fibroin solution was rested for 30 min before cells were deposited on top and centrifuged at 400× g for 10 min. In the case of 3D culture, cells were seeded and mixed by pipetting after 10 min of sonicating the silk fibroin solution (50 μL). The cells were cultured in a medium that was changed every two days for 28 days under standard conditions. The resulting cultures were stained with Alcian Blue. Furthermore, cells were frozen in liquid nitrogen, and their total RNA was extracted using TRIzol Reagent (Life Technologies, New York, NY, USA) to evaluate the expression levels of ACAN, COL2A1, COL10A1, SOX9, COL1A2, and the housekeeping control gene GAPDH. Total RNA was diluted in water, quantified using a NanoDrop2000, and kept at −80 °C. RT-qPCR was performed with the One-Step RT-PCR Kit and TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA, USA) using the 2−ΔΔCt method [30], taking hMSCs as a control.




2.9. Statistical Analysis


The results are shown as the mean value ± standard deviation (SD), and the experiments were carried out with at least three replicates. Statistical tests were conducted using GraphPad Prism, version 6.0 (GraphPad Software). p < 0.05 was considered significant.




2.10. Ethics Approval


The study was approved by Comité de Bioética at the Universidad Tecnológica de Pereira (Code: 04-180520, 20 May 2020). Human Mesenchymal Stem Cells (hMSCs) were obtained from Lonza Bioscience, Basel, Switzerland, Catalog: PT-2501).





3. Results and Discussion


3.1. Obtention of Colombian Silk Fibroin Solution


The silk fibroin solution was obtained from the Colombian hybrid silkworm “Pílamo 2”. Although there are different silk fibroin fiber dissolution systems, such as organic acid complex compounds, ionic liquids, cuoxam metal complex systems, inorganic acids, alkalis combined with enzymes, and organic compounds, we used lithium bromide for silk fibroin solubilization. Lithium bromide is an expensive reagent, but it is neutral and does not hydrolyze the silk fibroin peptide bonds [31], key for the correct formation of hydrogels. However, the literature does not monitor lithium bromide residues in the protein solution. Often, the analysis of possible contaminants is associated with FTIR monitoring, which does not detect simple anions and cations. As shown in Figure 1A, we demonstrated that 48 h dialysis with changes every 6 hours was enough to lower the electric conductivity of the permeate to that of deionized water. Even if it is an indirect measurement, this simple classical method allows the detection of lithium bromide with reproducible results [32,33].



Sterile silk fibroin solutions were obtained at a concentration of approximately 7% (w/v). The thermal analysis demonstrated for the solution that the silk fibroin of the Colombian hybrid is resistant to sterilization temperature (121 °C). The analysis shows that the maximum local degradation rate after sterilization did not change, and it took place at around 311 °C (Figure 1B). These values are consistent with what was previously reported in the literature [34] and allow silk fibroin biomaterials to be safely sterilized using simple methods, such as water vapor. As shown in Figure A1, the total heat flow for raw and sterile silk fibroin displayed a tiny downward signal at ∼180 °C (Tg), a typical endothermic annealing peak representing the transition of amorphous silk fibroin from hard to soft. These values are close to those reported by Kasoju et al. [35], who established that the flatness of the total heat flow curves could be attributed to the highly ordered crystalline structure of silk fibroin fibers.




3.2. Characterization of Colombian Silk Fibroin Hydrogels


Hydrogels were successfully formed through mechanical cross-linking. SEM showed that all hydrogels formed a network of interconnected pores without large aggregates (Figure 2A). In some cases, sonication induced a heterogeneous dispersion of the biomaterial, which may lead to the leaching of silk fibroin and influence the biological response [36].



ATR-FTIR analysis showed that the silk fibroin solution and hydrogels possessed the characteristic amide bands, i.e., amide I (1630–1650 cm−1), amide II (1520–1540 cm−1) and amide III (1200–1350 cm−1), which are associated with the lengthening of the C=O, C-H, and C-N bonds, the bending of the N−H bonds, and to side chain vibrations, respectively (Figure 2B) [37,38]. During gelation, the amide I band changed from 1650 to 1625 cm−1, resulting in a change in the way polypeptide chains are packed due to a sol–gel transition, in which hydrophobic interactions between chains form stacking β-sheet structures, while the proportion of less ordered structures decreases, as previously demonstrated [38,39].



A deconvolution of the amide I band was performed to determine the secondary structure of silk fibroin in solution and in hydrogels. Results analysis (Figure 2C) showed that the secondary structure of the silk fibroin in solution behaves similarly to a recently reported regenerated silk fibroin, in which β-sheet and random coil structures are predominant [40]. Silk fibroin from Colombian silkworm Bombyx mori L. in hydrogels is dominated by random coils (46–54%), which is consistent with the previously reported low crystallinity of silk fibroin in hydrogels.



β-sheets were the second most abundant secondary structure in hydrogels, induced by sonication and the interactions between domains rich in the small amino acid residues Ala and Gly [41]. It would be expected that β-sheet content would impact mechanical performance, but authors such as Kambe et al. found a nonsignificant positive correlation with the compressive module [42]. Additionally, other authors determined that β-sheet content can be an important factor in the physical properties of hydrogels only when it is uniformly distributed and small. This is achievable when using cross-linking agents, such as horseradish peroxidase (HRP)/H2O2 [43].



The formation of hydrogels in the present work was achieved through a sol–gel transition by sonication. As previously reported by Kaplan et al. [38,44], this transition is driven by inter- and intramolecular interactions that include hydrogen bonds and hydrophobic interactions occurring mainly through the exposed motif -Gly-Ala-Gly-Ala-Gly-Ser-. Gelation is also enhanced when cysteine residues react with hydrogen and hydroxyl radicals generated when the protein undergoes mechanical scission and forms disulfide bonds.




3.3. Biodegradation of Colombian Silk Fibroin Hydrogels


In Figure 3A, the absence of signal associated with the peptide bond (A214) in the chromatographic profile of the supernatant leached by the hydrogel without proteases showed that the silk fibroin hydrogels were stable for 24 h. This demonstrates that the mechanical cross-linking process was adequate, confirming the results of the physicochemical characterization. In the presence of proteases (Figure 3B–D), the biodegradation of silk fibroin hydrogels only slightly increased with time. This may be related to the stability of silk fibroin hydrogels and possibly to enzyme autoproteolysis [45].



The three enzymes did not appear to have distinct targets and resulted in similar degradation patterns in terms of molecular weight, possibly related to the highly repetitive sequence of silk fibroin, rich in (Gly-Ala-Gly-Ala-Gly-Ser)n and (Gly-Ala-Gly-Ala-Gly-Tyr)n motifs [41].



Figure 3E shows that Colombian silk fibroin hydrogels are significantly susceptible to proteinase K and protease XIV degradation. This agrees with Brown et al., who established that this susceptibility is caused by the secondary structure of the protein in the biomaterial [26]. In contrast, silk fibroin hydrogels were not highly susceptible to serralysin degradation, opening opportunities for controlled degradation of the biomaterial or the generation of biomaterials with desirable biological properties since serralysin has been shown to possess anti-inflammatory, fibrinolytic, mucolytic, and antimicrobial activities [46].



To the best of our knowledge, this is the first time that size exclusion chromatography has been used to analyze the enzymatic degradation of silk fibroin hydrogels. This technique has been used regularly to study the thermal degradation of silk fibroin [47] and to determine the molecular weights of solutions based on silk fibroin [48]. Unlike SDS-PAGE, size exclusion chromatography allows fractions with different molecular weights to be collected in their native state, which could be used in future biological activity assays with hydrolyzed silk fibroin peptides, similar to what has been constructed with silk sericin [49].



The evaluation of the biodegradability of a biomaterial is a keystone process directly related to its biocompatibility, mechanical stability, and capacity for de novo tissue formation and tissue regeneration. Silk fibroin biomaterials have been observed to degrade slowly, both in vivo and in vitro [50], even in an adjustable fashion [51], allowing correct cell differentiation and the formation of an extracellular matrix before the graft structure collapses.




3.4. Cell Metabolic Activity in Colombian Silk Fibroin Hydrogels


Mesenchymal cells showed an adequate phenotype according to the minimal criteria established by the International Society for Cellular Therapy. They presented fibroblast-type morphology, were adherent, showed molecular markers CD73, CD90, and CD105 on their surface, and did not possess other transmembranal proteins such as CD45, CD34, CD14 (CD11b), CD19 (o CD79a) or HLA–DR (Figure A2).



Figure 4 shows the Alamar Blue results from silk fibroin hydrogels. It was clear that there were no significant differences between the two dispositions of cells in the biomaterials at low exposure periods, which is related to a good process of cell encapsulation. However, after longer expositions, the cell growth rate was higher in the bi-dimensional culture. There was no maim in the fluorescence as time passed, which indicates either a low or nonexistent cytotoxicity in bi- and tridimensional hMSC cultures.



Other researchers have reported successful encapsulation of mesenchymal stem cells in 4% silk fibroin hydrogels 10 min after sonication [52]. They reported a slight decrease in resazurin levels in the first days of culture but observed significant cell proliferation after the fifth day. This could be related to contact-induced growth inhibition, as the high density of the polymeric network makes processes such as cell migration and nutrient diffusion more challenging [53].



Although desired, the proliferation of hMSCs does not guarantee the success of the construct. Cell proliferation and differentiation are inversely related [54], implying that cells continue to divide before fully differentiating to chondrocytes, through transcription factors and regulators such as cyclin-dependent kinase 1 (Cdk1) [55].




3.5. Chondrogenesis in Colombian Silk Fibroin Hydrogels


Chondrogenic genes were clearly expressed after 28 days of culture, demonstrating successful cell differentiation (Figure 5). Our results also showed that pellet culture is an adequate standard for chondrogenesis, avoiding animal models in the preliminary proof of biomaterials. This type of culture mimics the structure, composition, density of ECM, and cell distribution of native hyaline cartilage [56]. The analysis of gene expression showed that cells adapted to silk fibroin hydrogels, evidenced by a significant increase in ACAN and COL2A1 compared to the pellet culture alone. These two genes are directly related to the microarchitecture of the ECM of hyaline cartilage, which is fundamental for the tissue’s mechanical and biological properties of the tissue. COL2A1 expression is related to the synthesis of type II collagen fibrils that characterize ECM and limit chondrocyte hypertrophy [57]. ACAN expression is implicated in the production of aggrecan, a fundamental proteoglycan in the water catchment, essential for the distribution of mechanical charge on the surface of the joint [58].



COL10A1 was highly overexpressed in hMSCs differentiated inside silk fibroin hydrogels, which has been previously reported for other types of scaffolds [59]. Although COL10A1 is generally associated with hypertrophic cartilage, it is also a critical component of endochondral bone formation during skeletal development and the regeneration of osteochondral lesions [60].



SOX9 was overexpressed in all samples compared to hMSCs cultured in a nonchondrogenic medium. This gene is a master regulator of chondrogenesis, regulating the differentiation of hMSCs into chondrocytes and promoting cell proliferation. Its expression is related to the regeneration of hyaline cartilage [61].



The soluble portion of the silk fibroin hydrogels did not affect chondrogenesis. This suggests that the biomaterial degrades safely without producing chondrogenesis inhibitors. Some authors have described that degradation could even increase the content of type II collagen and improve nutrient diffusion [62].



An unexpected result was that silk fibroin hydrogels promoted differentiation to fibrous cartilage (increased COL1A2). This finding could negatively affect hyaline cartilage regeneration because this would result in mechanically inferior fibrocartilage [63]. This suggests that Colombian silk fibroin hydrogels could be helpful in the regeneration of other tissues, such as the intervertebral disc, a tissue rich in proteoglycans and types I, II, III, and X collagens [64]. This tissue has already been treated with biomaterials based on this protein, confirming its versatility [65].



A limitation of our study is the absence of information concerning the abundance of chondrogenic proteins using immunofluorescence or Western blotting techniques. However, several studies support the fact that differentially expressed mRNAs directly correlate with their protein product, although there might be a slight delay [66,67]. In the case of hyaline cartilage, proteomic and transcriptomic analysis confirm a strong enough tissue-specific mRNA-protein correlation to monitor the progression of osteoarthritis [68] or the regeneration process [69].



Alcian Blue staining can be observed in Figure 6. The images show that sulfated glycosaminoglycans were deposited close to the cells, represented by a light blue color. This indicates adequate cell differentiation and is associated with correct water collection that can mechanically stabilize the graft, through the distribution of mechanical loads [70].



Pellet cultures (Figure 6A,B) show an adequate cell distribution, with a region composed of round chondrocyte-like cells, with lacunae and isogenic cell groups, supporting the results of RT-qPCR. Figure 6B shows that neither the soluble moiety of the hydrogel nor the cell–hydrogel interaction affected the production of GAGs. It is important to note that a homogeneous distribution of cells was not achieved in the encapsulation process (Figure 6C). This generates discontinuous distributions of extracellular matrix in the construct, as mentioned in Section 3.2.



Glycosaminoglycan production was highly evident in the pericellular space, with low diffusion of molecules through the material, which could be related to hydrogel porosity [71]. These results agree with those of Vunjak-Novakovic et al. [72], who demonstrated that recently synthesized glycosaminoglycans are located in silk fibroin microfibers.



Chondrogenic differentiation assays agree with the results of other authors that constructed 4% hydrogels from other sources of silk fibroin [73,74,75]. This demonstrates the high potential of silk fibroin hydrogels obtained from the Colombian hybrid Pílamo 2 for human hyaline cartilage regeneration. It creates an opportunity to develop affordable medical devices in emerging countries such as Colombia.





4. Conclusions


Silk fibroin hydrogels from the Colombian hybrid can be fabricated under sterile and stable conditions, which is fundamental for standardization approaches for biomedical device production. Furthermore, they were shown to be rich in random coils and β-sheets in their structure and susceptible to various serine proteases with different degradation profiles.



The results demonstrated the high potential of Colombian hybrid Pílamo 2 silk fibroin hydrogels for the engineering of hyaline cartilage tissue. However, it is necessary to evaluate the in vivo formation of fibrocartilage and biomaterial performance when there is articular damage. The results also showed that Colombian silk could be used as a source of biomedical devices, which paves the way for sericulture to become a more diverse economic activity in emerging countries.
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Figure A1. Heat flow curves of raw and sterile Colombian silk fibroin. 
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Figure A2. Phenotypification of hMSCs. (A) Dot plot of Forward Scatter vs. Side Scatter of ungated data shows hMSCs in region R1. Flow cytometry histogram showing expression of (B) CD34, CD45, CD14, CD19, and anti-HLA-DR; (C) CD73; (D) CD90; (E) CD105. Each histogram (red) was overlaid with the corresponding isotype control (yellow) to identify positively stained cells (B–E). 






Figure A2. Phenotypification of hMSCs. (A) Dot plot of Forward Scatter vs. Side Scatter of ungated data shows hMSCs in region R1. Flow cytometry histogram showing expression of (B) CD34, CD45, CD14, CD19, and anti-HLA-DR; (C) CD73; (D) CD90; (E) CD105. Each histogram (red) was overlaid with the corresponding isotype control (yellow) to identify positively stained cells (B–E).



[image: Jfb 13 00297 g0a2]







References


	



Han, L.; Grodzinsky, A.J.; Ortiz, C. Nanomechanics of the Cartilage Extracellular Matrix. Annu. Rev. Mater. Res. 2011, 41, 133–168. [Google Scholar] [CrossRef] [PubMed]

	



de Windt, T.S.; Hendriks, J.A.A.; Zhao, X.; Vonk, L.A.; Creemers, L.B.; Dhert, W.J.A.; Randolph, M.A.; Saris, D.B.F. Concise Review: Unraveling Stem Cell Cocultures in Regenerative Medicine: Which Cell Interactions Steer Cartilage Regeneration and How? Stem Cells Transl. Med. 2014, 3, 723–733. [Google Scholar] [CrossRef] [PubMed]

	



Bannuru, R.R.; Osani, M.C.; Vaysbrot, E.E.; Arden, N.K.; Bennell, K.; Bierma-Zeinstra, S.M.A.; Kraus, V.B.; Lohmander, L.S.; Abbott, J.H.; Bhandari, M.; et al. OARSI guidelines for the non-surgical management of knee, hip, and polyarticular osteoarthritis. Osteoarthr. Cartil. 2019, 27, 1578–1589. [Google Scholar] [CrossRef] [PubMed]

	



Morouço, P.; Fernandes, C.; Santos-Rocha, R. Osteoarthritis, Exercise, and Tissue Engineering: A Stimulating Triad for Health Professionals. J. Aging Res. 2019, 2019, 1935806. [Google Scholar] [CrossRef] [PubMed]

	



Martín, A.R.; Patel, J.M.; Zlotnick, H.M.; Carey, J.L.; Mauck, R.L. Emerging therapies for cartilage regeneration in currently excluded ‘red knee’ populations. NPJ Regen. Med. 2019, 4, 12. [Google Scholar] [CrossRef]

	



Zuluaga-Vélez, A.; Quintero-Martinez, A.; Orozco, L.M.; Sepúlveda-Arias, J.C. Silk fibroin nanocomposites as tissue engineering scaffolds—A systematic review. Biomed. Pharmacother. 2021, 141, 111924. [Google Scholar] [CrossRef]

	



Ansari, M.; Eshghanmalek, M. Biomaterials for repair and regeneration of the cartilage tissue. Bio-Design Manuf. 2019, 2, 41–49. [Google Scholar] [CrossRef]

	



Huey, D.J.; Hu, J.C.; Athanasiou, K.A. Unlike Bone, Cartilage Regeneration Remains Elusive. Science 2012, 338, 917–921. [Google Scholar] [CrossRef]

	



Hunziker, E.B.; Lippuner, K.; Keel, M.J.B.; Shintani, N. An educational review of cartilage repair: Precepts & practice—Myths & misconceptions—Progress & prospects. Osteoarthr. Cartil. 2015, 23, 334–350. [Google Scholar] [CrossRef]

	



Kapoor, S.; Kundu, S.C. Silk protein-based hydrogels: Promising advanced materials for biomedical applications. Acta Biomater. 2016, 31, 17–32. [Google Scholar] [CrossRef]

	



Kundu, B.; Rajkhowa, R.; Kundu, S.C.; Wang, X. Silk fibroin biomaterials for tissue regenerations. Adv. Drug Deliv. Rev. 2013, 65, 457–470. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.P.; Nguyen, Q.V.; Nguyen, V.-H.; Le, T.-H.; Huynh, V.Q.N.; Vo, D.-V.N.; Trinh, Q.T.; Kim, S.Y.; Le, Q. Van Silk Fibroin-Based Biomaterials for Biomedical Applications: A Review. Polymers 2019, 11, 1933. [Google Scholar] [CrossRef] [PubMed]

	



Farokhi, M.; Aleemardani, M.; Solouk, A.; Mirzadeh, H.; Teuschl, A.H.; Redl, H. Crosslinking strategies for silk fibroin hydrogels: Promising biomedical materials. Biomed. Mater. 2021, 16, 022004. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, G.; Davoudi, Z.; Xing, X.; Yu, X.; Cheng, X.; Li, Z.; Deng, H.; Wang, Q. Advanced Silk Fibroin Biomaterials for Cartilage Regeneration. ACS Biomater. Sci. Eng. 2018, 4, 2704–2715. [Google Scholar] [CrossRef] [PubMed]

	



Farokhi, M.; Mottaghitalab, F.; Fatahi, Y.; Saeb, M.R.; Zarrintaj, P.; Kundu, S.C.; Khademhosseini, A. Silk fibroin scaffolds for common cartilage injuries: Possibilities for future clinical applications. Eur. Polym. J. 2019, 115, 251–267. [Google Scholar] [CrossRef]

	



Zhou, Z.; Cui, J.; Wu, S.; Geng, Z.; Su, J. Silk fibroin-based biomaterials for cartilage/osteochondral repair. Theranostics 2022, 12, 5103–5124. [Google Scholar] [CrossRef] [PubMed]

	



Bucciarelli, A.; Motta, A. Use of Bombyx mori silk fibroin in tissue engineering: From cocoons to medical devices, challenges, and future perspectives. Biomater. Adv. 2022, 139, 212982. [Google Scholar] [CrossRef]

	



Pérez-Silos, V.; Moncada-Saucedo, N.K.; Peña-Martínez, V.; Lara-Arias, J.; Marino-Martínez, I.A.; Camacho, A.; Romero-Díaz, V.J.; Lara Banda, M.; García-Ruiz, A.; Soto-Dominguez, A.; et al. A Cellularized Biphasic Implant Based on a Bioactive Silk Fibroin Promotes Integration and Tissue Organization during Osteochondral Defect Repair in a Porcine Model. Int. J. Mol. Sci. 2019, 20, 5145. [Google Scholar] [CrossRef]

	



Zuluaga-Vélez, A.; Cómbita-Merchán, D.F.; Buitrago-Sierra, R.; Santa, J.F.; Aguilar-Fernández, E.; Sepúlveda-Arias, J.C. Silk fibroin hydrogels from the Colombian silkworm Bombyx mori L: Evaluation of physicochemical properties. PLoS ONE 2019, 14, e0213303. [Google Scholar] [CrossRef]

	



Rockwood, D.N.; Preda, R.C.; Yücel, T.; Wang, X.; Lovett, M.L.; Kaplan, D.L. Materials fabrication from Bombyx mori silk fibroin. Nat. Protoc. 2011, 6, 1612–1631. [Google Scholar] [CrossRef]

	



Chung, Y.-M.; Simmons, K.L.; Gutowska, A.; Jeong, B. Sol−Gel Transition Temperature of PLGA- g -PEG Aqueous Solutions. Biomacromolecules 2002, 3, 511–516. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Partlow, B.; Liu, J.; Zheng, Z.; Su, B.; Wang, Y.; Kaplan, D.L. Injectable silk-polyethylene glycol hydrogels. Acta Biomater. 2015, 12, 51–61. [Google Scholar] [CrossRef] [PubMed]

	



Goormaghtigh, E.; Cabiaux, V.; Ruysschaert, J.-M. Determination of Soluble and Membrane Protein Structure by Fourier Transform Infrared Spectroscopy. In Physicochemical Methods in the Study of Biomembranes; Springer Science & Business Media: Berlin/Heidelberg, Germany, 1994; pp. 405–450. [Google Scholar]

	



Belton, D.J.; Plowright, R.; Kaplan, D.L.; Perry, C.C. A robust spectroscopic method for the determination of protein conformational composition—Application to the annealing of silk. Acta Biomater. 2018, 73, 355–364. [Google Scholar] [CrossRef] [PubMed]

	



Wojdyr, M. Fityk: A general-purpose peak fitting program. J. Appl. Crystallogr. 2010, 43, 1126–1128. [Google Scholar] [CrossRef]

	



Brown, J.; Lu, C.-L.; Coburn, J.; Kaplan, D.L. Impact of silk biomaterial structure on proteolysis. Acta Biomater. 2015, 11, 212–221. [Google Scholar] [CrossRef] [PubMed]

	



Vélez-Gómez, J.M.; Melchor-Moncada, J.J.; Veloza, L.A.; Sepúlveda-Arias, J.C. Purification and characterization of a metalloprotease produced by the C8 isolate of Serratia marcescens using silkworm pupae or casein as a protein source. Int. J. Biol. Macromol. 2019, 135, 97–105. [Google Scholar] [CrossRef]

	



Zhang, L.; Li, Y.; Li, L.; Guo, B.; Ma, P.X. Non-cytotoxic conductive carboxymethyl-chitosan/aniline pentamer hydrogels. React. Funct. Polym. 2014, 82, 81–88. [Google Scholar] [CrossRef]

	



Gale, A.L.; Linardi, R.L.; McClung, G.; Mammone, R.M.; Ortved, K.F. Comparison of the Chondrogenic Differentiation Potential of Equine Synovial Membrane-Derived and Bone Marrow-Derived Mesenchymal Stem Cells. Front. Vet. Sci. 2019, 6, 178. [Google Scholar] [CrossRef]

	



Uzieliene, I.; Bagdonas, E.; Hoshi, K.; Sakamoto, T.; Hikita, A.; Tachtamisevaite, Z.; Rakauskiene, G.; Kvederas, G.; Mobasheri, A.; Bernotiene, E. Different phenotypes and chondrogenic responses of human menstrual blood and bone marrow mesenchymal stem cells to activin A and TGF-β3. Stem Cell Res. Ther. 2021, 12, 251. [Google Scholar] [CrossRef]

	



Wang, H.-Y.; Zhang, Y.-Q.; Wei, Z.-G. Dissolution and processing of silk fibroin for materials science. Crit. Rev. Biotechnol. 2021, 41, 406–424. [Google Scholar] [CrossRef]

	



Wu, X.; Gong, Y.; Xu, S.; Yan, Z.; Zhang, X.; Yang, S. Electrical Conductivity of Lithium Chloride, Lithium Bromide, and Lithium Iodide Electrolytes in Methanol, Water, and Their Binary Mixtures. J. Chem. Eng. Data 2019, 64, 4319–4329. [Google Scholar] [CrossRef]

	



Fried, I.; Segal, M. Electrical conductivity of concentrated lithium bromide aqueous solutions. J. Chem. Eng. Data 1983, 28, 127–130. [Google Scholar] [CrossRef]

	



Carissimi, G.; Lozano-Pérez, A.A.; Montalbán, M.G.; Aznar-Cervantes, S.D.; Cenis, J.L.; Víllora, G. Revealing the Influence of the Degumming Process in the Properties of Silk Fibroin Nanoparticles. Polymers 2019, 11, 2045. [Google Scholar] [CrossRef] [PubMed]

	



Kasoju, N.; Hawkins, N.; Pop-Georgievski, O.; Kubies, D.; Vollrath, F. Silk fibroin gelation via non-solvent induced phase separation. Biomater. Sci. 2016, 4, 460–473. [Google Scholar] [CrossRef]

	



Egan, G.; Phuagkhaopong, S.; Matthew, S.A.L.; Connolly, P.; Seib, F.P. Impact of silk hydrogel secondary structure on hydrogel formation, silk leaching and in vitro response. Sci. Rep. 2022, 12, 3729. [Google Scholar] [CrossRef]

	



Cao, Z.; Chen, X.; Yao, J.; Huang, L.; Shao, Z. The preparation of regenerated silk fibroin microspheres. Soft Matter 2007, 3, 910. [Google Scholar] [CrossRef]

	



Matsumoto, A.; Chen, J.; Collette, A.L.; Kim, U.-J.; Altman, G.H.; Cebe, P.; Kaplan, D.L. Mechanisms of Silk Fibroin Sol−Gel Transitions. J. Phys. Chem. B 2006, 110, 21630–21638. [Google Scholar] [CrossRef]

	



Bai, S.; Zhang, X.; Lu, Q.; Sheng, W.; Liu, L.; Dong, B.; Kaplan, D.L.; Zhu, H. Reversible Hydrogel–Solution System of Silk with High Beta-Sheet Content. Biomacromolecules 2014, 15, 3044–3051. [Google Scholar] [CrossRef]

	



Kumar, R.; Joseph, E.; Chaudhari, A.; Nisal, A.; Sharma, K.P. Viscoelastic Liquid from Regenerated Silk Fibroin in the Silk I Conformation: A Writeable and Shapeable Material. ACS Appl. Polym. Mater. 2022, 4, 4699–4708. [Google Scholar] [CrossRef]

	



Suzuki, Y.; Asakura, T. Local conformation of serine residues in a silk model peptide, (Ala–Gly–Ser–Gly–Ala–Gly)5, studied with solid-state NMR:REDOR. Polym. J. 2010, 42, 354–356. [Google Scholar] [CrossRef]

	



Kambe, Y.; Mizoguchi, Y.; Kuwahara, K.; Nakaoki, T.; Hirano, Y.; Yamaoka, T. Beta-sheet content significantly correlates with the biodegradation time of silk fibroin hydrogels showing a wide range of compressive modulus. Polym. Degrad. Stab. 2020, 179, 109240. [Google Scholar] [CrossRef]

	



Su, D.; Yao, M.; Liu, J.; Zhong, Y.; Chen, X.; Shao, Z. Enhancing Mechanical Properties of Silk Fibroin Hydrogel through Restricting the Growth of β-Sheet Domains. ACS Appl. Mater. Interfaces 2017, 9, 17489–17498. [Google Scholar] [CrossRef] [PubMed]

	



Samal, S.K.; Kaplan, D.L.; Chiellini, E. Ultrasound Sonication Effects on Silk Fibroin Protein. Macromol. Mater. Eng. 2013, 298, 1201–1208. [Google Scholar] [CrossRef]

	



de Vos, W.M.; Voorhorst, W.G.; Dijkgraaf, M.; Kluskens, L.D.; Van der Oost, J.; Siezen, R.J. Purification, characterization, and molecular modeling of pyrolysin and other extracellular thermostable serine proteases from hyperthermophilic microorganisms. In Methods in Enzymology; Academic Press: Cambridge, MA, USA, 2001; pp. 383–393. [Google Scholar]

	



Sharma, C.; Jha, N.K.; Meeran, M.F.N.; Patil, C.R.; Goyal, S.N.; Ojha, S. Serratiopeptidase, A Serine Protease Anti-Inflammatory, Fibrinolytic, and Mucolytic Drug, Can Be a Useful Adjuvant for Management in COVID-19. Front. Pharmacol. 2021, 12, 603997. [Google Scholar] [CrossRef]

	



Pawcenis, D.; Smoleń, M.; Aksamit-Koperska, M.A.; Łojewski, T.; Łojewska, J. Evaluating the impact of different exogenous factors on silk textiles deterioration with use of size exclusion chromatography. Appl. Phys. A 2016, 122, 576. [Google Scholar] [CrossRef]

	



Elliott, W.H.; Bonani, W.; Maniglio, D.; Motta, A.; Tan, W.; Migliaresi, C. Silk Hydrogels of Tunable Structure and Viscoelastic Properties Using Different Chronological Orders of Genipin and Physical Cross-Linking. ACS Appl. Mater. Interfaces 2015, 7, 12099–12108. [Google Scholar] [CrossRef]

	



Wei, Z.-Z.; Weng, Y.-J.; Zhang, Y.-Q. Enhancing the In Vitro Biological Activity of Degraded Silk Sericin and Its Analog Metabolites. Biomolecules 2022, 12, 161. [Google Scholar] [CrossRef]

	



Cao, Y.; Wang, B. Biodegradation of Silk Biomaterials. Int. J. Mol. Sci. 2009, 10, 1514–1524. [Google Scholar] [CrossRef]

	



Zhang, L.; Liu, X.; Li, G.; Wang, P.; Yang, Y. Tailoring degradation rates of silk fibroin scaffolds for tissue engineering. J. Biomed. Mater. Res. Part A 2019, 107, 104–113. [Google Scholar] [CrossRef]

	



Osama, I.; Gorenkova, N.; McKittrick, C.M.; Wongpinyochit, T.; Goudie, A.; Seib, F.P.; Carswell, H.V.O. In vitro studies on space-conforming self-assembling silk hydrogels as a mesenchymal stem cell-support matrix suitable for minimally invasive brain application. Sci. Rep. 2018, 8, 13655. [Google Scholar] [CrossRef]

	



Simona, B.R.; Hirt, L.; Demkó, L.; Zambelli, T.; Vörös, J.; Ehrbar, M.; Milleret, V. Density gradients at hydrogel interfaces for enhanced cell penetration. Biomater. Sci. 2015, 3, 586–591. [Google Scholar] [CrossRef] [PubMed]

	



Ruijtenberg, S.; van den Heuvel, S. Coordinating cell proliferation and differentiation: Antagonism between cell cycle regulators and cell type-specific gene expression. Cell Cycle 2016, 15, 196–212. [Google Scholar] [CrossRef] [PubMed]

	



Saito, M.; Mulati, M.; Talib, S.Z.A.; Kaldis, P.; Takeda, S.; Okawa, A.; Inose, H. The Indispensable Role of Cyclin-Dependent Kinase 1 in Skeletal Development. Sci. Rep. 2016, 6, 20622. [Google Scholar] [CrossRef]

	



Zhang, Z.; McCaffery, J.M.; Spencer, R.G.S.; Francomano, C.A. Hyaline cartilage engineered by chondrocytes in pellet culture: Histological, immunohistochemical and ultrastructural analysis in comparison with cartilage explants. J. Anat. 2004, 205, 229–237. [Google Scholar] [CrossRef] [PubMed]

	



Lian, C.; Wang, X.; Qiu, X.; Wu, Z.; Gao, B.; Liu, L.; Liang, G.; Zhou, H.; Yang, X.; Peng, Y.; et al. Collagen type II suppresses articular chondrocyte hypertrophy and osteoarthritis progression by promoting integrin β1−SMAD1 interaction. Bone Res. 2019, 7, 8. [Google Scholar] [CrossRef] [PubMed]

	



Alberton, P.; Dugonitsch, H.; Hartmann, B.; Li, P.; Farkas, Z.; Saller, M.; Clausen-Schaumann, H.; Aszodi, A. Aggrecan Hypomorphism Compromises Articular Cartilage Biomechanical Properties and Is Associated with Increased Incidence of Spontaneous Osteoarthritis. Int. J. Mol. Sci. 2019, 20, 1008. [Google Scholar] [CrossRef] [PubMed]

	



Watts, A.E.; Ackerman-Yost, J.C.; Nixon, A.J. A Comparison of Three-Dimensional Culture Systems to Evaluate In Vitro Chondrogenesis of Equine Bone Marrow-Derived Mesenchymal Stem Cells. Tissue Eng. Part A 2013, 19, 2275–2283. [Google Scholar] [CrossRef]

	



Bian, H.; Zhu, T.; Liang, Y.; Hei, R.; Zhang, X.; Li, X.; Chen, J.; Lu, Y.; Gu, J.; Qiao, L.; et al. Expression Profiling and Functional Analysis of Candidate Col10a1 Regulators Identified by the TRAP Program. Front. Genet. 2021, 12, 1037. [Google Scholar] [CrossRef]

	



Zhang, X.; Wu, S.; Naccarato, T.; Prakash-Damani, M.; Chou, Y.; Chu, C.-Q.; Zhu, Y. Regeneration of hyaline-like cartilage in situ with SOX9 stimulation of bone marrow-derived mesenchymal stem cells. PLoS ONE 2017, 12, e0180138. [Google Scholar] [CrossRef]

	



Ng, K.W.; Kugler, L.E.; Doty, S.B.; Ateshian, G.A.; Hung, C.T. Scaffold degradation elevates the collagen content and dynamic compressive modulus in engineered articular cartilage. Osteoarthr. Cartil. 2009, 17, 220–227. [Google Scholar] [CrossRef]

	



Armiento, A.R.; Alini, M.; Stoddart, M.J. Articular fibrocartilage—Why does hyaline cartilage fail to repair? Adv. Drug Deliv. Rev. 2019, 146, 289–305. [Google Scholar] [CrossRef] [PubMed]

	



Amelot, A.; Mazel, C. The Intervertebral Disc: Physiology and Pathology of a Brittle Joint. World Neurosurg. 2018, 120, 265–273. [Google Scholar] [CrossRef] [PubMed]

	



Costa, J.B.; Silva-Correia, J.; Ribeiro, V.P.; da Silva Morais, A.; Oliveira, J.M.; Reis, R.L. Engineering patient-specific bioprinted constructs for treatment of degenerated intervertebral disc. Mater. Today Commun. 2019, 19, 506–512. [Google Scholar] [CrossRef]

	



Koussounadis, A.; Langdon, S.P.; Um, I.H.; Harrison, D.J.; Smith, V.A. Relationship between differentially expressed mRNA and mRNA-protein correlations in a xenograft model system. Sci. Rep. 2015, 5, 10775. [Google Scholar] [CrossRef]

	



Zapalska-Sozoniuk, M.; Chrobak, L.; Kowalczyk, K.; Kankofer, M. Is it useful to use several “omics” for obtaining valuable results? Mol. Biol. Rep. 2019, 46, 3597–3606. [Google Scholar] [CrossRef]

	



Steinberg, J.; Ritchie, G.R.S.; Roumeliotis, T.I.; Jayasuriya, R.L.; Clark, M.J.; Brooks, R.A.; Binch, A.L.A.; Shah, K.M.; Coyle, R.; Pardo, M.; et al. Integrative epigenomics, transcriptomics and proteomics of patient chondrocytes reveal genes and pathways involved in osteoarthritis. Sci. Rep. 2017, 7, 8935. [Google Scholar] [CrossRef]

	



Toyoda, E.; Sato, M.; Takahashi, T.; Maehara, M.; Okada, E.; Wasai, S.; Iijima, H.; Nonaka, K.; Kawaguchi, Y.; Watanabe, M. Transcriptomic and Proteomic Analyses Reveal the Potential Mode of Action of Chondrocyte Sheets in Hyaline Cartilage Regeneration. Int. J. Mol. Sci. 2019, 21, 149. [Google Scholar] [CrossRef]

	



Shi, J.; Liang, J.; Guo, B.; Zhang, Y.; Hui, Q.; Chang, P.; Tao, K. Adipose-Derived Stem Cells Cocultured with Chondrocytes Promote the Proliferation of Chondrocytes. Stem Cells Int. 2017, 2017, 1709582. [Google Scholar] [CrossRef]

	



Demoor, M.; Ollitrault, D.; Gomez-Leduc, T.; Bouyoucef, M.; Hervieu, M.; Fabre, H.; Lafont, J.; Denoix, J.-M.; Audigié, F.; Mallein-Gerin, F.; et al. Cartilage tissue engineering: Molecular control of chondrocyte differentiation for proper cartilage matrix reconstruction. Biochim. Biophys. Acta-Gen. Subj. 2014, 1840, 2414–2440. [Google Scholar] [CrossRef]

	



Yodmuang, S.; McNamara, S.L.; Nover, A.B.; Mandal, B.B.; Agarwal, M.; Kelly, T.-A.N.; Chao, P.G.; Hung, C.; Kaplan, D.L.; Vunjak-Novakovic, G. Silk microfiber-reinforced silk hydrogel composites for functional cartilage tissue repair. Acta Biomater. 2015, 11, 27–36. [Google Scholar] [CrossRef]

	



Yuan, T.; Li, Z.; Zhang, Y.; Shen, K.; Zhang, X.; Xie, R.; Liu, F.; Fan, W. Injectable Ultrasonication-Induced Silk Fibroin Hydrogel for Cartilage Repair and Regeneration. Tissue Eng. Part A 2021, 27, 1213–1224. [Google Scholar] [CrossRef] [PubMed]

	



Ribeiro, V.P.; da Silva Morais, A.; Maia, F.R.; Canadas, R.F.; Costa, J.B.; Oliveira, A.L.; Oliveira, J.M.; Reis, R.L. Combinatory approach for developing silk fibroin scaffolds for cartilage regeneration. Acta Biomater. 2018, 72, 167–181. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Yang, B.; Li, M.; Li, J.; Wan, Y. Enhanced dual network hydrogels consisting of thiolated chitosan and silk fibroin for cartilage tissue engineering. Carbohydr. Polym. 2020, 227, 115335. [Google Scholar] [CrossRef] [PubMed]








[image: Jfb 13 00297 g001 550] 





Figure 1. Purification and thermal stability of Colombian silk fibroin. (A) Monitoring of silk fibroin solution during dialysis. (B) Thermogravimetric analysis of raw and sterile silk fibroin. 
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Figure 2. Physicochemical characterization of Colombian silk fibroin hydrogels. (A) SEM image of a Colombian silk fibroin hydrogel. The bar measures 200 μm. (B) FTIR spectra of Colombian silk fibroin in solution and hydrogel. (C) Secondary structure analysis of Colombian silk fibroin solution and hydrogel from deconvolution of FTIR spectra. The error bars indicate standard deviations of the measurements in triplicate. Data were analyzed using the ANOVA test. 






Figure 2. Physicochemical characterization of Colombian silk fibroin hydrogels. (A) SEM image of a Colombian silk fibroin hydrogel. The bar measures 200 μm. (B) FTIR spectra of Colombian silk fibroin in solution and hydrogel. (C) Secondary structure analysis of Colombian silk fibroin solution and hydrogel from deconvolution of FTIR spectra. The error bars indicate standard deviations of the measurements in triplicate. Data were analyzed using the ANOVA test.



[image: Jfb 13 00297 g002]







[image: Jfb 13 00297 g003 550] 





Figure 3. Chromatographic profiles of the supernatant after enzymatic degradation of Colombian silk fibroin hydrogels at 6, 12, 18, and 24 h, monitored at a wavelength of 214 nm: (A) Control (PBS); (B) Proteinase K; (C) Protease XV; (D) Serralysin. (E) Area under the curve for the enzymatic degradation profiles at 24 h. Error bars indicate standard deviations of triplicate measurements. Kruskal–Wallis test followed by a post hoc Dunn test. (*, p < 0.05); (**, p < 0.01). 
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Figure 4. Influence of Colombian silk fibroin hydrogels on hMSC metabolic activity after an incubation period of 24, 48 and 72 h, determined by the Alamar Blue assay. The error bars indicate the standard deviations of quadruplicate measurements. Data were analyzed using two-way ANOVA followed by a post hoc Tukey test. (n.s., nonsignificant); (*, p < 0.05); (**, p < 0.01). 
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Figure 5. Chondrogenic gene expression profiles: (A) ACAN; (B) COL2A1; (C) COL10A1; (D) SOX9. (E) COL1A2. Error bars indicate standard deviations of triplicate measurements. Kruskal–Wallis test followed by a post hoc Dunn test. (n.s., nonsignificant); (*, p < 0.05); (**, p < 0.01). 
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Figure 6. Alcian Blue stain of (A) pellet culture; (B) pellet culture on Colombian silk fibroin hydrogel; (C) cells inside Colombian silk fibroin hydrogel. The bars measure 50 μm. 
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