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Abstract

:

Osteochondral defects present significant challenges for effective tissue regeneration due to the complex composition of bone and cartilage. To address this challenge, this study presents the fabrication of hierarchical scaffolds combining chitosan/β-tricalcium phosphate (β-TCP) to simulate a bone-like layer, interconnected with a silk fibroin layer to mimic cartilage, thus replicating the cartilage-like layer to mimic the native osteochondral tissue architecture. The scaffolds were produced by freeze-drying and then crosslinking with genipin. They have a crosslinking degree of up to 24%, which promotes a structural rearrangement and improved connection between the different layers. Micro-CT analysis demonstrated that the structures have distinct porosity values on their top layer (up to 84%), interface (up to 65%), and bottom layer (up to 77%) and are dependent on the concentration of β-tricalcium phosphate used. Both layers were confirmed to be clearly defined by the distribution of the components throughout the constructs, showing adequate mechanical properties for biomedical use. The scaffolds exhibited lower weight loss (up to 7%, 15 days) after enzymatic degradation due to the combined effects of genipin crosslinking and β-TCP incorporation. In vitro studies showed that the constructs supported ATDC5 chondrocyte-like cells and MC3T3 osteoblast-like cells in duo culture conditions, providing a suitable environment for cell adhesion and proliferation for up to 14 days. Overall, the physicochemical properties and biological results of the developed chitosan/β-tricalcium phosphate/silk fibroin bilayered scaffolds suggest that they may be potential candidates for osteochondral tissue strategies.
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1. Introduction


The aging population’s growing prevalence of bone problems, such as fractures, bone loss, and osteoporosis, has boosted interest in scaffold design for osteochondral tissue regeneration [1]. In this respect, many studies have proposed using bilayered osteochondral architectures to mimic the organic and inorganic phases of the cartilage/bone, leading to the composite material for improved tissue regeneration [2,3,4,5,6,7]. In addition, osteochondral regeneration strategies are based on scaffolds made of combinations of materials, growth factors (BMPs, TGF-beta, IGF-I/-II), and cells (osteoblasts, osteocytes, and osteoclasts). They have been shown to promote cartilage and subchondral bone regeneration, satisfying the osteochondral biological functional needs [8,9,10]. Natural-origin polymers such as collagen, silk fibroin (SF), and chitosan (CHT) have been employed to create bilayered scaffolds [4,5,6,11,12]. These biomacromolecules have been recognized for their biocompatibility and biodegradability. Furthermore, the existence of certain molecular domains could support cell proliferation and differentiation. In addition, marine-origin resources such as sponges, mollusks, and crustacean shells have emerged as viable and alternative sources of biomaterials and other bioactive compounds with biomedical potential [13]. For example, CHT, a natural marine polymer with a structure composed of repeating units of N-acetyl-2-amino-2-deoxy-d-glucopyranose (acetylated unit), and 2-amino-2-deoxy-glucopyranose (deacetylated unit), which are linked by β-(1→4)-glycosidic bonds. CHT has film-forming ability, suitable biocompatibility, and biodegradability under physiological conditions [12,14,15,16]. Beyond that, the CHT structure allows chemical and mechanical modifications to obtain novel functions and applications because it has in its chemical composition many amino (-NH2) and hydroxyl (-OH) groups, and this facilitates the binding of other chemical compounds for structural modification to improve performance [17,18]. Thus, CHT can be considered for repairing cartilage and bone and for wound healing [4,14].



In addition, SF, a fibrous protein derived from Bombyx mori cocoons, has attracted attention in the biomedical field due to its availability, versatility, suitable mechanical properties, and excellent biocompatibility [14,19,20,21]. Likewise, ceramic materials, including tricalcium phosphate (β-TCP), one calcium phosphate compound, have been widely used as synthetic bone graft substitute. β-TCP has osteoconductivity, osteoinductivity, biocompatibility, and resorbability [22,23,24]. Therefore, combining the mentioned polymers with ceramic materials can reinforce the mechanical properties and bioactivity of the final architectures [15,16,17,18]. In our previous work [4], CHT/β-TCP-based porous scaffolds coated with SF were developed to enhance their biocompatibility by creating similarities between the structure and the extracellular matrix of bone tissue. A combination of CHT/β-TCP/SF has been found in the literature in different strategies, namely printable inks targeting bone tissue engineering, composite cement of beta-TCP, and CHT/SF-based nanoparticles for osteogenic differentiation promotion [25,26]. Moreover, studies on genipin, a natural crosslinking agent [14,27], on CHT/SF-based systems demonstrated to be a good pathway to tailor the degradation of the matrices, enhancing their stability in aqueous media [14,20]. The current study proposes a complex 3D bilayered structure composed of two layers, CHT/β-TCP (bone-like layer) and SF (cartilage-like layer), whereas genipin was applied to the architectures to enhance the interaction between layers and, consequently, their properties. We hypothesized that these bilayered scaffolds could attend to the challenges involved in osteochondral defects [28]. This study evaluated the bilayered scaffolds’ structural changes, morphological features, and mechanical properties. In addition, in vitro ability of the created architectures to promote adhesion and proliferation using duo-cultures of ATDC5 chondrocyte-like cells and MC3T3 osteoblasts-like cells was investigated for up to 14 days.




2. Materials and Methods


2.1. Materials


Chitosan (CHT) (300–1000 cps, 90% deacetylation degree), medium molecular weight, 1,250,000 g/mol viscosity average molecular weight, was purchased from Glentham Life Sciences Ltd. Before use, CHT was submitted to a purification process, as described previously by Signini et al. [29]. β-tricalcium phosphate (β-TCP) was synthesized using a solid-state reaction of calcium hydrogen phosphate (CaHPO4), also known as monetite, and calcium carbonate (CaCO3) [30]. The association APPACDM (Castelo Branco, Portugal) kindly supplied the cocoons of Bombyx mori. Genipin was purchased from Wako Pure Chemical Industries, Ltd. All other chemicals were reagent grade and used as received.




2.2. Production of the CHT/β-Tricalcium Phosphate Layer


CHT flakes were dissolved in a 0.2 M aqueous acetic acid solution at a 3 wt.% concentration to obtain a homogeneous solution. Then, the solution was filtered to remove impurities. Further, 10 and 20% (w/v) of β-TCP were added to the CHT solutions, and the systems were kept under stirring for 2 h. After that, the mixtures were molded and frozen at −80 °C overnight.




2.3. Production of Silk Layer


Silk protein fibroin was isolated from the cocoons of Bombyx mori following a standard extraction protocol [31]. Briefly, 5 g of cocoons were cut into small pieces and boiled in water containing 4.24 g de Na2CO3 for 1 h. The resulting fibroin filaments were extensively rinsed in boiling distilled water and air-dried at room temperature. Further, silk fibroin (SF) fibers were dissolved in 9.3 M LiBr, for 4 h at 70 °C. The SF was dialyzed in a Slide A-Lyzer cassette (Pierce, 3500 Da MWCO) against distilled water for 4 days at RT. The water was changed every 2 h. The resulting SF solution was centrifuged for 20 min at 5000 rpm, 7 °C, and stored at 4 °C. The concentration of the SF aqueous solution was determined by weighing the remaining solid after 1 mL of the SF solution had been dried.




2.4. Construction of Bilayered Structure


Bilayer scaffolds were fabricated by combining CHT/β-TCP and SF solutions prepared as described in Table 1. The CHT/β-TCP solution was homogenized using a magnetic stirrer for 2 h before being placed in silica molds measuring 2.5 × 10 mm. The molded samples were then kept at −80 °C overnight and freeze-dried at −79.5 °C and 0.08 mbar (using Telstar’s LyoQuest Plus Eco model) for three days. The SF solution was added to the previously freeze-dried structures, and they were frozen at −80 °C to form the SF layer (to mimic the cartilage layer). These frozen samples were then immersed in a solution of 20 mM genipin for 24 h at 37 °C for crosslinking reaction. Subsequently, the samples were washed and freeze-dried, and the bilayer architecture was constructed. CSG samples had one layer of CHT and the other of SF, which were also used as control materials. CBSG10 and CBSG20 had one layer of CHT with 10% and 20% β-TCP, respectively, and an additional layer of SF. These samples were prepared following the same procedure described above (as shown in Scheme 1).




2.5. Determination of Crosslinking Degree


The crosslinking degree of the scaffolds was evaluated using the trypan blue method, as previously reported [21,32]. The trypan blue method quantifies the differences in the concentration of free amines between noncrosslinked and crosslinked material [32]. Briefly, a standard curve was constructed using purified CHT with an acetylation degree of 10%, and different concentrations of trypan blue solutions (from 0.1 to 1% v/v). Then, the crosslinked and noncrosslinked samples were immersed in a known concentration of trypan solution (1% v/v) overnight. After that, the supernatant was collected, and the absorbance was measured at 630 nm using a microplate reader (Synergy HT; Bio-Tek, Santa Clara, CA, USA). The crosslinking degree was calculated using Equation (1)


  C L % =         N H   3     +   n o n   l i n k e d   s o l u t i o n   −       N H   3     +   l i n k e d   s o l u t i o n           N H   3     +   n o n - l i n k e d   s o l u t i o n      



(1)




where NH3+ nonlinked (noncrosslinked) and NH3+ linked (crosslinked) solutions are the free charge amines in noncrosslinked and crosslinked tubes, respectively.





3. Characterization of the Scaffolds


3.1. Scanning Electron Microscopy (SEM)


The samples’ morphology was evaluated by SEM using a Hitachi TM3030 countertop model, operated at 15 kV. All samples were fixed to the aluminum stubs by double-sided carbon conductive adhesive tape and gold-sputtered using a sputter coater (E6700; Quorum Technologies, East Grinstead, UK).




3.2. Micro-Computed Tomography


The scaffolds’ microstructure was evaluated using micro-computed tomography (μ-CT) SkyScan 1272 scanner (v1.1.3, Bruker, Boston, MA, USA). The X-ray source was set at 71 keV, and 140 μA and 300 projections were acquired over a rotation range of 360°. The same representative volume of interest (VOI) was analyzed for all samples. These data sets were used for morphometric analysis (CT Analyzer, v1.17.0.0, Skyscan, Belgium) and to build the three-dimensional (3D) models (CT vox, v3.3.0 r1412, Skyscan, Belgium). At least two samples per formulation were analyzed.




3.3. Optical Microscopy


Samples were analyzed at 10× and 40× magnification. The samples were analyzed in a hydrated state. The stereo microscope lamp (Schott KL 200, model Stemi 1000, Oberkochen, Germany, ZEISS) was used to photograph the scaffolds in situ.




3.4. Mechanical Tests


The mechanical properties of the developed scaffolds were carried out on cylindrical specimens with dimensions of 10 mm diameter × 2.5 mm height under compression mode using an Instron 4505 universal mechanical testing equipment. The tests were performed at room temperature using a load cell of 50 N and a crosshead speed of 1 mm/min. The elastic modulus was calculated as the stress ratio to strain or the slope of the initial linear region of stress versus strain plot, using the initial cross-sectional area in the calculations. At least five specimens were tested per condition.




3.5. Fourier-Transform Infrared Spectroscopy


The infrared spectra of the structures were obtained with a Shimadzu-IR Prestige 21 spectrometer in the spectral region of 400–4000 cm−1, with a resolution 4 cm−1 for a number of 32 scans. The samples used for the FTIR analysis were freeze-dried and powdered, mixed with KBr, and processed into pellets. The quantification of the secondary structure was based on the analysis of the amide I and amide II regions (1700–1450 cm−1) [33,34]. Collected spectra were linear baseline corrected, normalized, and deconvoluted by fitting with a Lorentzian function using PeakFit software 11.0 (Systat Software Inc., CA, USA). The average percentage for the secondary structures, mainly β–sheet, random-coil/α-helix, and β–turns, were calculated by integrating the area of each deconvoluted peak curve, normalizing the obtained value to the total area of the amide I and amide II regions [34].




3.6. Bioactivity Assay


The bioactivity of the scaffolds was evaluated by immersing them in a simulated body fluid solution (SBF), at 37 °C, prepared according to Kokubo [35], for up to 7 days. The concentrations of phosphorus and calcium in the SBF solution were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) (JY2000-2, Jobin Yvon, Horiba). The solutions were filtered with a 0.22 μm filter and diluted (1:10) in 5% nitric acid (HNO3). A minimum of three samples was used per condition and time point.




3.7. Swelling Test


Dry-weighted samples were immersed in different pH solutions (5.7 and 7.4) at 37 °C during predetermined time points to determine the swelling degree. The swelling ratio was measured by comparing the change in the weight of samples before and after immersion. The following formula calculated the percentage of swelling ratio:


  S w e l l i n g   r a t i o   %   =   W w − W i   × 100 %  



(2)




where Ww is the weight of the swollen samples and Wi is the initial weight of the samples.




3.8. In Vitro Enzymatic Degradation


The samples’ enzymatic degradation was evaluated for 7 days using a lysozyme solution (13.0 mg/L) in PBS. Bilayered scaffolds (2.5 × 10 mm) were immersed in the lysozyme solution. All systems were kept at 37 °C, and the enzyme solution was replaced every 48 h with the freshly prepared solution to maintain the enzyme activity. Samples were collected at different time points, washed gently with distilled water, dried at 37 °C, and weighed. Percentage weight loss at respective time points was calculated as follows:


  W e i g h t   l o s s   r a t i o =    m i  −  m d    m i   × 100 %  



(3)




where mi is the initial dry weight of the sample, and md is the dry weight of the degraded sample at each time point. Three samples per group were used for each time point.




3.9. Cell Assays


3.9.1. Cell Seeding


Before the cell culture experiments, the scaffolds were sterilized in an ethylene oxide atmosphere. The MC3T3 preosteoblast cell line (ATCC CRL-2593) and the ATDC5 chondrocyte-like cells (mouse 129 teratocarcinoma AT805 derived, ECACC, Salisbury, UK) were used for direct contact assays. The cells were expanded in Minimum Essential Medium (α-MEM) (Sigma) supplemented with 10% (v/v) fetal bovine serum (FBS, Sigma, Darmstadt, Germany) and 1% penicillin-streptomycin (Gibco, MA, USA) for the MC3T3 cell line, and Dulbecco’s Modified Eagle Medium- Low glucose (DMEM) (Sigma) supplemented with 10% (v/v) FBS, Sigma 1% penicillin-streptomycin, for the ATDC5 cell line. During the experiments, the cells were maintained at 37 °C in a humified CO2 (5%) atmosphere.



The MC3T3 and ATDC5 cells (cell passage P32 and P15, respectively) were seeded onto scaffolds (2.5 × 10 mm) at a density of 100,000 cells/cm3. The cells were kept in a duo culture system. The MC3T3 cells were seeded in the CHT/β-TCP scaffolds layer, and the ATDC5 cells were seeded after 24 h in the SF layer (Scheme 2). A culture medium of 1:1 of α-MEM supplemented with 10% (v/v) FBS, 1% penicillin-streptomycin, and DMEM supplemented with 10% (v/v) FBS 1% penicillin-streptomycin was used in the duo cultures. The cells were maintained at 37 °C in a humidified CO2 (5%) atmosphere. The culture medium was replaced twice per week. At the end of each culture time point, the samples were collected, rinsed with PBS, and evaluated in terms of cellular behavior by live–dead, cytotoxicity, MTS ([3-(4,5-dimethylthiazol-2-yl)-5-(3-carbozymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]) test, DNA quantification, alkaline phosphatase (ALP) activity, and cell morphology. All experiments were made in triplicate.




3.9.2. Cytotoxicity


To assess the eventual cytotoxicity of the developed matrices, extracts were prepared as previously described by Gomes et al. [36], and placed in contact with the MC3T3 cells (cell passage P32) following the protocols described in ISO/EN 10,993 [37]. The cells were kept at 37 °C in a humidified 5% CO2 atmosphere and further seeded at a concentration of 10,000 cells/cm3 in 96-well plates. After 24 h of culture, the media containing the scaffold extracts was added to the cells. Also, a positive control (+) that is related to the number of live cells, the MC3T3 cell line, was used at the bottom of the plate.




3.9.3. Cell Viability


Cell viability was quantified using the MTS assay and the CellTiter 96® AQueous One Solution Cell Proliferation Assay Kit (Promega, Fitchburg, WI, USA). The assay was performed by leaving the MTS media (5:1 of medium and MTS assay) in contact with the samples for 3 h. After, the supernatant was collected, and a volume of 100 µL was transferred into a 96-well cell culture plate. Colorimetric measurement of the samples was performed on a microplate reader (Synergy HT; Bio-Tek, VT, USA) at 490 nm. Also, MC3T3 and ATDC5 were used as the control cells of the lines at the bottom of the plate.




3.9.4. Live–Dead Assay


Calcein acetoxymethyl ester (Calcein AM) was used to stain live cells, and Propidium Iodide (PI) (Molecular Probes®; Life Technologies, Carlsbad, CA, USA) was used to stain dead cells on scaffolds after cell culture. Calcein AM/PI (1:2) stain was added to 1 mL of DMEM, and each sample was immersed in 100 µL/mL of this solution for 20 min at 37 °C under a 5% CO2 atmosphere. The samples were observed in a transmitted and reflected light microscope with apotome 2 (Axio Imager Z1 m; Zeiss, Jena, Germany), showing viable cells as green and nonviable cells as red. The laser was set at 488 nm and 543 nm for Calcein AM and PI, respectively. The obtained images were analyzed using the software Zen (Zen 3.2 blue edition) and a Z-stack function.




3.9.5. Cell Proliferation


The cell proliferation was quantified using a Quant-iTTM PicoGreen assay kit (Molecular Probes), according to the manufacturer’s instructions. Briefly, after 1, 3, 7, and 14 days of culture, the medium was aspirated, and the scaffolds were washed with 500 µL of PBS. Subsequently, 1000 µL of ultra-pure water was added to each sample, followed by freezing at −80 °C until analyzed. For the analysis, the samples were sonicated for 30 min each. Then, 100 µL of the supernatant was added to a 96-well flat-bottom plate. Next, PicoGreen reagent (100 µL) was added to the wells containing either the standard or sample, and the fluorescence of the samples was measured with a microplate reader (Synergy HT; Bio-Tek, Santa Clara, CA, USA), at excitation/emission wavelengths of 485/538 nm. The DNA concentration was calculated using a standard curve (range 0–2 µg/mL) relating the amount of dsDNA to the fluorescence intensity.




3.9.6. ALP Activity


The samples used for the DNA quantification assay were used to determine the ALP activity. The ALP assay mixture containing 0.1 M 2-amino-2-methyl-1-propanol (Sigma), 1 mM MgCl2, and 8 mM p-nitrophenyl phosphate disodium was added to the samples. Following 10 min of incubation at 37 °C, the reaction was stopped with 0.1 N NaOH. The resulting solution’s absorbance was measured photometrically at 405 nm using a microplate reader (Synergy HT; Bio-Tek, Santa Clara, CA, USA).




3.9.7. Cell Morphology


Following the cell culture, the samples were fixed by immersion in 2.5% (v/v) formalin solution for 1 h at 4 °C. The fixed constructs were further dehydrated by immersion in a series of aqueous ethanol solutions, gradually increasing ethanol concentration from 20% to 100% v/v. The constructs were sputter-coated with gold and observed under SEM.





3.10. Statistical Analysis


Standard deviations are expressed in a representative of three similar experiments carried out in triplicate. Statistical analysis was performed with data from cell culture, using a one-way analysis of variance (ANOVA) by the Bonferroni test. A p-value < 0.05 was considered statistically significant by the Graph-Pad Instant (GraphPad Software, San Diego, CA, USA) statistics program. Moreover, the statistical analysis was performed for the mechanical tests by applying a Shapiro–Wilk normality test to confirm if the samples followed a normal distribution. When the assumption was violated, nonparametric tests were used for multiple comparisons (Kruskall–Wallis test). Statistical significance was accepted at p < 0.05.





4. Results and Discussion


Typically, for osteochondral regeneration, a 3D porous structure is prepared by the freeze-drying and salt-leaching techniques [3,7]. Our strategy involved the development of 3D architectures composed of two distinct layers, namely CHT/β-TCP and SF. CHT from marine origin was chosen due to its intrinsic properties, such as nontoxicity, biodegradability, easy handling, and the possibility to interact with different molecules and materials [12,14,16,17], while β-TCP would enhance the osteoconductive features and bioactivity of the structures. Ultimately, SF, a natural protein [14,19,21], would act as an additional layer to enhance physicochemical and biological features in the bilayered structure. Moreover, to build up the CHT/β-TCP/SF bilayered structure, it was necessary to study the ratio used by each component to produce the developed scaffolds, which was optimized in preliminary tests. Finally, the combination of CHT (3% w/v), β-TCP (10 and 20%), and SF (4% w/v) was used, followed by genipin crosslinking to enhance the bonding between the layers. Table 1 shows the identification and composition of the formulations produced, being CSG—chitosan 3% (w/v) and silk fibroin 4.2% (w/v); CBSG10—chitosan 3% (w/v), β-TCP 10% (w/v), and silk fibroin 4.2% (w/v); and CBSG20—chitosan 3% (w/v), β-TCP 20% (w/v), and silk fibroin 4.2% (w/v), respectively.



From optical microscopy analysis of the CSG, CBSG10, and CBSG20 matrices (Figure 1), it was possible to identify the layers, namely SF (light gray) and CHT/β-TCP (blue/green) (Figure 1a). Additionally, the SEM micrographs (Figure 1b,c) confirmed the presence of different layers in the architectures. Moreover, the effect of genipin crosslinking on the structures was evidenced by a dark blue-green coloration on the CSG sample and a light blue-green on the CBSG10 and CBSG20 samples (Figure 1a). Similar behavior was observed in other studies [14,38,39,40], whereas the coloration was related to the oxygen radical-induced polymerization of genipin and its reaction with amino groups/amino acids. Genipin crosslinking reacts preferentially with amine groups present in CHT, creating chemical crosslinkages in the CHT, but it can also react with some SF amino acids [21,40,41]. Therefore, we hypothesized that the genipin reaction took place initially in the CHT/β-TCP layer and, to a lesser extent, in the extended SF layer, promoting a rearrangement of the whole structure that could affect the β-sheet formation in SF. Further, the crosslinking degree of the scaffolds was determined, and the values found were 10%, 24%, and 21% for the CSG, CBSG10, and CBSG20 scaffolds, respectively.



4.1. Morphological Features


The distribution of the different components throughout the bilayered scaffolds and the quantitative analysis of their 3D morphometric parameters (thickness, pore size distribution, and porosity) were assessed by micro-CT (Figure 2 and Table 2). In Figure 2A, we can observe the composition of the scaffolds on the different layers, namely CHT (bottom-blue), β-TCP (red), and SF (top-green). The micro-CT analysis evidenced that the CSG scaffolds presented a well-designed interface structure, and the layers SF and CHT were also well defined (Figure 2A). In the scaffolds with β-TCP, CBSG10, and CBSG20, the SF layer seems to be spread along with the CHT layer (Figure 2A), whereas β-TCP was only found in the CHT layer as expected (Figure 2A). Unfortunately, the dimensions of the structures used in this study, including in the mechanical tests, are less than 10 mm, making it not possible to fix the structure in the machine grips and perform the test to determine the binding strength. Figure 2 shows that SF could impregnate the CHT layer in the presence of β-TCP.



Moreover, the CSG scaffolds made with CHT and SF have a microstructure with similar values between the two layers, namely 73.71 ± 11.22 µm in the top layer, 65.22 ± 5.44 µm in the interface, and 77.37 ± 1.15 µm in the bottom layer (Table 2). Also, the thickness and porosity of the CSG scaffolds showed similar values (Table 2). However, we observed a different pattern in the scaffolds with β-TCP, namely CBSG10 and CBSG20 (Table 1). Herein, the pore size in the scaffolds’ interface and CHT layer diminished compared to the CSG scaffolds. This is possibly due to the SF infiltration on the CHT/β-TCP layer (Figure 2A). Likewise, the scaffold thickness and porosity were lower in the interface and CHT layer (Figure 2A). The morphological features, mainly porosity and pore size, in both bilayered scaffolds, CBSG10 and CBSG20, showed significant differences. In the CBSG10 scaffolds, the porosity of the SF layer was 71.21 ± 9.77%, whereas in the CBSG20 scaffolds, the porosity was 54.42 ± 0.68%, respectively. These findings indicated a decrease in porosity at the interface on these scaffolds. The porosity of the CBSG10 and CBSG20 scaffolds was 31.55 ± 0.64% and 31.20 ± 1.06%. In the bottom CHT/β-TCP layer, the porosity of the CBSG10 and CBSG20 scaffolds was also reduced compared to the CSG scaffolds (Table 2).



The results indicate that in the top layer, there is no significant difference (p < 0.05). At the interface of the scaffolds CSG and CBSG10, CSG, and CBSG20, there are significant differences (p < 0.05) in all aspects (thickness, pore size, and porosity). In the results of the bottom layer for porosity, significant differences were found (p < 0.05) in all scaffolds, whereas for the aspects of thickness and pore size significant differences were only found between CSG and CBSG10, CSG, and CBSG20 (Table 1). Our results suggest that increasing the concentration of β-TCP on the CHT layer reduced the scaffold’s porosity, and the SF impregnation along the CHT/β-TCP could help with that effect, as confirmed by the micro-CT results (Table 2). However, the freeze-drying technique has been shown to be relevant for processing hierarchical porous structures [42,43], where the ice crystals’ formation during freeze-drying could also influence the materials’ porosity.




4.2. Mechanical Properties


The mechanical properties of the CHT/β-TCP bilayered scaffolds were assessed by uniaxial compression tests, and the results are provided in Table 3 and the stress–strain curves are available in the Supplementary Information, Figure S1. The elastic modulus obtained under the compression load for the scaffold CSG was 3.0 ± 1.5 MPa, whereas, in the CBSG10 and CBSG20 scaffolds, the elastic modulus was 3.3 ± 1.5 MPa and 1.1 ± 0.7 MPa, respectively. It was also determined that the compressive yield strength indicates the maximum stress that can be developed in the scaffold material without causing plastic deformation. The values are in the range of KPa, being the highest values of 160.5 ± 51.5 KPa, obtained for the CBSG10 bilayered scaffold. No significant statistical differences (p > 0.05) were observed between the three scaffolds due to the samples’ high standard deviation. Considering the mean values and higher concentration of β-TCP in the scaffold, a decrease in stiffness was observed. This decrease for higher concentrations of β-TCP might be attributed to the differences in the affinity between the constituents, which supports the observed decrease in stiffness in the mechanical properties. This finding agrees with the previously discussed results for the crosslinking degree and micro-CT analysis, showing that CBSG10 can be the most promising bilayered scaffold among our formulations targeting osteochondral strategy. According to the literature [44], CHT-based scaffolds had weak mechanical properties, restricting their application in bone TE. Therefore, adding bioactive ceramics or other polymers to CHT has been used to overcome those drawbacks. In our strategy, β-TCP was incorporated into CHT in different concentrations, which, together with the SF layer, allowed the building of bilayered scaffolds with modulated mechanical properties. The mechanical properties also suggest that the scaffolds may have acceptable mechanical properties for in vivo applications as a bone void filler. We highlight that the compressive properties of the scaffolds are slightly lower than that of cancellous bone. However, the literature indicates that it is unknown what minimum strength is required for in vivo success of the scaffold, because the surrounding bone may provide protective support, and as the scaffold continues to deteriorate, the new bone will enter it and repair it [45]. It is also relevant to keep in mind that the obtained values are for dry samples and that the aqueous environment will have some effect on the mechanical properties during the implantation.




4.3. Structural Features


We assessed the conformation changes of the developed scaffolds by FTIR (Figure 3). We observed SF, CHT, and β-TCP characteristics in all scaffolds in the FTIR spectra. The scaffolds CSG, CBSG10, and CBSG20 exhibited a strong N-H peak (3260 cm−1), characteristic of CHT N-H stretching vibration (Figure 3A). In addition, there are vibrational modes in the range of 1650–1647 cm−1 corresponding to the amide I region, indicating α-helix/random coil conformations, and peaks also appeared in the 1620–1630 cm−1 range, as well as in the amide II region with a range of 1510–1530 cm−1, indicative of antiparallel β-sheet structures [46]. Furthermore, the scaffolds CBSG10 and CBSG20 exhibit peaks with a strong vibrational mode in the 540–605 cm−1 range, indicative of the presence of PO4−2 groups [47], while in the CSG scaffolds, we cannot observe these peaks (Figure 3A).



The spectral deconvolution of amide I and II was assessed to determine alterations to the β-sheet conformation on SF (Figure 3B). The β-sheet content in the scaffolds was 10.3% for CSG, 19.1% for CBSG10, and 15.5% for CBSG20 scaffolds, whereas the α-helix/random coil conformations was 16.7% for CSG, 12.1% for CBSG10, and 21.1% CBSG20 scaffolds (Figure 3B). Results show that the increasing β-TCP concentration significantly diminishes the formation of the β-sheet on the CBSG20 scaffold compared to the CBSG10 scaffold (Figure 3B), inferring that β-TCP greatly influenced SF β-sheet conformation [48]. The higher percentage of β-sheet conformations associated with a higher crosslinking degree (24%) in the CBSG10 scaffolds suggests that this scaffold can have better structural stability and water insolubility. In addition, it demonstrates that the SF’s core self-assembling maintained the formation of β-sheet crystals in the scaffolds. Therefore, the chemical characterization evidenced the good interaction between the components of the different layers, SF, CHT, and β-TCP, mainly in the CBSG10.




4.4. Bioactivity Behavior


The present study aims to engineer a bilayered scaffold, enabling an interface that binds cartilage to the bone through the osteochondral interface. By doping the bilayer scaffold with β-TCP, we attempt to induce the biomineralization of the scaffold [49,50]. The Ca/P layer formation on the surface of the scaffolds was evaluated for up to 7 days by immersing in simulated body fluid (SBF) and further characterized by SEM, ICP, and FTIR (Figure 4).



In SEM micrographs (Figure 4A), it is possible to observe the formation of a new apatite layer on the surface of all scaffolds. We further determined the concentration of Ca and P in the SBF after 1, 3, and 7 days of incubation (Figure 4B). After one day, a higher Ca concentration was found in the solutions for CBSG10 scaffolds, while the Ca content for CSG and CBSG20 scaffolds were lower. After days 3 and 7 of immersion, Ca content in the SBF solution diminished in the CBSG10 scaffolds and the other scaffolds tested, suggesting that the scaffolds have absorbed Ca. There are significant differences (p < 0.05) between the CSG and CBSG10 samples in the Ca concentration. Regarding P content in the SBF solution, P uptake from the SBF solution was lower in the CBSG10 scaffolds than in the other formulations after 1-day immersion (Figure 4C). The same trend was observed after 3 and 7 days of immersion (Figure 4C). Our results demonstrate a decrease in the ion concentrations in the SBF solutions after 7 days for all scaffolds. The data in the concentration of P do not show statistically significant differences. In this study, the decrease in Ca and P ions in the solution and SEM analysis indicated that the apatite crystals in the structure follow the same trend as observed in previous studies [4]. In addition, apatite formation on the scaffold’s surface can promote cell proliferation and differentiation, triggering osteogenic cell growth [51]. We observed no changes in the peaks of the phosphates ions, carriers of Ca and P ions, after the bioactivity test in the FTIR spectra (Figure 4D). Regarding SF, FTIR analysis of the amine I region in the range of 1650–1647 cm−1 indicates variations to the α-helix/random coil conformations of SF, suggesting that the addition of β-TCP did not affect SF. The observed peaks in the 540–605 cm−1, region indicate the presence of PO4−2 groups [52] and PO4−3, bending vibrations appear at 604 cm−1, as expected for β-TCP. The results indicate that the apatite layer in the CBSG10 and CBSG20 scaffolds resulted in a higher Ca/P ratio when compared to the control scaffolds.




4.5. Swelling and In Vitro Enzymatic Degradation


4.5.1. Swelling


The ability of a scaffold to uptake and preserve water within its structure is an important feature when developing suitable tissue engineering constructs, especially for cartilage and osteochondral regeneration. We tested the water uptake ability of the scaffolds at pH 5.7 and neutral pH. The swelling degree of the CSG scaffolds increased in the acidic pH and showed the same trend in pH 7.4 (Figure 5A,B). The high swelling degree at low pH occurs due to the protonation of the free amino groups present in CHT [14,53]. The protonation increases the solubility of the polymeric segments and could cause polymer chain repulsion since it interacts with water molecules, allowing more water to penetrate into the scaffold architecture. In the CBSG10 scaffolds, the swelling profile slightly increases over time at pH 7.4 and 5.7 (Figure 5A,B). We hypothesized that in CBSG10, some free amino groups could still influence this behavior, while in CBSG20, the inorganic content is much higher, resulting in a lower swelling percentage.



Moreover, the swelling degree of the CBSG10 and CBSG20 for both pHs showed a strong reduction compared to noncrosslinked material (CSG scaffolds), which could be related to the inorganic phase (β-TCP). Similar behavior on the swelling was observed in systems containing β-TCP and CHT derivatives in a gelatin matrix where the increase of the ceramic phase restricted the water adsorption [50]. As reported in previous studies [14,54], crosslinking may also modulate water uptake since it can create stable matrices. The introduced crosslinks created stable structures that inhibit the swelling of the hydrophilic polymer chains. In addition, the micro-CT results demonstrated that CBSG10 and CBSG20 scaffolds have lower porosity than CSG scaffolds (Figure 2 and Table 1), which can also contribute to the lower water uptake of the scaffolds.




4.5.2. In Vitro Enzymatic Degradation


We assessed the scaffolds’ in vitro biodegradation behavior in the presence of an enzyme (lysozyme). Enzymatic degradation of medically graded polymers is used to determine which degradation products are once in vivo and if they are toxic to cells. In particular, lysozyme, an enzyme found in the human body [40,55], is applied in chitosan-based scaffolds to modulate its materials characteristics since in vivo lysozyme hydrolyzes the CHT linkages, and the final product of degradation, glucosamine, is nontoxic to cells [56]. Furthermore, to our knowledge, as for SF, there are no reported studies indicating that lysozyme affects SF. After 24 h, the scaffolds started to degrade with weight loss values of 9% (CSG scaffolds), 4% (CSBG10 scaffolds), and 0.6% (CSBG20 scaffolds) (Figure 5C). However, the weight loss reached values up to 16% (CSG scaffolds), 7% (CBSG10 scaffolds), and 5% (CBSG20 scaffolds) (Figure 5C) after 15 days. These results may occur due to the enhancement of the structure’s stability promoted by genipin crosslinking, as evidenced in other studies [40,57]. Qasim et al. suggested that the stability of genipin crosslinked CHT composite scaffolds could be enhanced by the density of the scaffold into a tighter structure that prevented degradation by lysozyme [40]. Beyond that, the β-TCP could act as a protective agent in the structure, as observed in other studies [58], which collaborates with the slower degradation rate. The literature states that an osteochondral scaffold must degrade at a rate equivalent to tissue repair [59]. Therefore, the developed scaffolds’ slow rate of degradation could contribute to fulfilling the requirements for osteochondral regeneration strategies.





4.6. Biological Behavior


The cytotoxicity tests performed on scaffolds showed that the structures tested in the presence of MC3T3 osteoblast-like cells do not exhibit toxicity and show that the population of these cells increases over the test period (Figure 6). Also, the data do not show statistically significant differences. This outcome was anticipated due to the intrinsic features of the natural biomacromolecules (CHT, SF) and inorganic components (β-TCP) used to create the bilayered scaffolds. In addition, they have been known for their low toxicity and biocompatibility [4,19,28]. Furthermore, our primary focus was to access the potential of the developed architectures for osteochondral regeneration; therefore, as a proof of concept, we evaluated the biological performance of the scaffolds using MC3T3 osteoblast-like cells and ATDC5 chondrocyte-like cells in duo-culture conditions, and respective characterization. For that purpose, we seeded MC3T3 cells on the CHT/β-TCP layer, and 24 h after, ATDC5 chondrocyte cells were seeded in the SF layer. The cell viability and proliferation on the scaffolds showed significant statistical differences (p < 0.05) when compared to the cell cultures in tissue culture plastic (TCP) (Figure 7a,b). The cells were able to adhere and proliferate in the CSGB10 scaffolds compared to the cellular proliferation in CSG scaffolds (Figure 7b). The CBSG20 scaffolds exhibit a similar pattern (Figure 7). Moreover, cell proliferation shows significant differences after 7 and 14 days. These outcomes could be attributed to the cells’ ability to adapt to the shape and the subsequent stimulation of DNA proliferation.



The increase in cell proliferation is positively influenced by the presence of calcium phosphate, which, as previously seen, promoted osteoblasts proliferation [60]. Also, ceramic particles are expected to increase the surface’s roughness and area, leading to the proliferation and adhesion of these cells [60]. Moreover, it is anticipated that the biological performance of the matrices would improve since SF has ability to enhance attachment, proliferation, and differentiation of chondrocytes, among other types of cells [14,28,61]. These results support our hypothesis that the developed bilayered scaffolds’ structural, mechanical, and biological features provide an adequate niche to support ATDC5 and MC3T3 cell adherence and proliferation. Our results also align with previously reported studies with similar materials, such as SF, CHT, and hyaluronic acid, further supporting our findings [14,62]. Cell proliferation and calcium salt deposition could determine how fast bone and osteochondral tissue regenerate. This will establish the functionality of the tissue with the scaffold [63]. Alkaline phosphatase plays an important role in forming bone and is also used as a marker of the formation of these two tissues [64]. ALP is quantified up to 600 µM along the 14 days of culture with ATDC5 and MC3T3 cells. ALP data showed significant differences between 1 and 3 days of culture on the CBSG10 scaffolds and the controls (MC3T3 and ATDC5 cells) (Figure 7c). In the control conditions, the significant increase in ALP activity may be due to the presence of β-TCP. Moreover, we also evaluated cellular viability in each scaffold layer (Figure 8). We observed a higher number of live cells (green) compared to dead cells (red) throughout the layers of the scaffold. Also, the number of cells is higher in CSG scaffolds in the bone layer, whereas in the cartilage layer, it is higher in CBSG20, which agrees with DNA quantification (Figure 7b).



Although the expression of specific markers of osteogenic and osteochondral differentiation was not explored in the present study, the osteogenic potential of CHT and SF materials has been reported before. Previous studies have already reported on the potential of CHT, β-TCP, and SF for bone and cartilage regeneration [4,65,66]. For example, CHT is a natural, biocompatible, and biodegradable material that when combined with b-TCP can be used in bone tissue engineering [4]. Likewise, Amann et al. [66] also reported on the osteogenic differentiation and potential of CHT/collagen and calcium phosphate. Also, SF’s potential for Tissue Engineering approaches has been reported in previous studies. For instance, Pina et al. [65] successfully demonstrated the potential of bilayered scaffolds made with SF to stimulate chondrogenic and osteogenic cells in differentiation. Nevertheless, we are currently looking at more detailed studies to assess both osteogenic and chondrogenic gene expression of these new composite scaffolds and also their potential in Tissue Engineering applications.





5. Conclusions


In this study, we developed genipin crosslinked CHT/β-TCP/SF bilayered scaffolds, envisioning their use for tissue engineering strategies. Our findings revealed that the genipin crosslinking promoted a structural rearrangement in the scaffolds, improving the stability of the structures. One of the important features of the bilayered structures was the adequate integration between the two layers and the ability to maintain the porous structure. Furthermore, the morphological analysis suggested an infiltration of the SF layer throughout the CHT/β-TCP layer, which affected the porosity between interfaces of the structures. Moreover, the architectures showed slower degradation over 15 days in the presence of lysozyme, which could be helpful during the regeneration process. The obtained biological outcomes support that the developed CHT marine-based scaffolds have good ATDC5 and MC3T3 cell adherence and proliferation for 14 days. Overall, our findings indicated that among the tested scaffolds, the CSGB10 architecture sustained the flow of nutrients in the two layers, which is vital for cell proliferation culture, fulfilling the needs of each part of the tissue involved. Thus, CSGB10 can be a suitable candidate 3D matrix for osteochondral tissue engineering approaches.
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Scheme 1. Production of the bilayered structure. 
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Scheme 2. Cell culture studies onto developed scaffolds. 
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Figure 1. (a) Optical microscopic; (b,c) SEM micrographs of the CHT/β-TCP/SF bilayered scaffolds. Scale bars: (a) 200 µm; (b) 500 µm; (c) 100 µm. 
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Figure 2. (A) Representative images obtained from the 3D reconstructions of the developed scaffolds: (I) CSF; (II) SF; (III) CHT; (IV) β-TCP. The blue color represents the CHT, the red color represents the β-TCP, and the green color represents the SF. (B) The mean pore size distribution of the structures. The scale bar is 200 µm. 
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Figure 3. (A) Fourier-transform infrared spectroscopy (FTIR) spectra of CSG, CBSG10, and CBSG20 bilayered scaffolds. (B) Percentage of β-sheet, random coil/helix, and β-turn conformations after amide I and II spectra deconvolution of CSG, CBSG10, and CBSG20 scaffolds. 
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Figure 4. Evaluation of the apatite formation on scaffold surfaces by SEM. (A) Surface after (a) 1, (b) 3, and (c) 7 days of bioactivity tests. ICP analysis: (B) concentration of Ca; (C) concentration of P; (D) FTIR spectra of CSG, CBSG10, and CBSG20 scaffolds after 7 days of bioactivity tests. Scale bars: (a) 100 µm and 5 µm; (b) 100 µm and 5 µm; (c) 100 µm and 5 µm. * p < 0.05. 
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Figure 5. Swelling ratio after immersion in the (A) pH 7.4 solution and (B) pH 5.7 solution. (C) Weight loss of the scaffolds after immersion in a lysozyme solution. 
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Figure 6. Cytotoxicity screening for bilayered scaffolds cultured with the MC3T3 cell line up to 3 days of culture: (A) cell viability in 3 days of cultivation; (B) cell growth in 3 days of cultivation. The positive control (+) is related to the number of live cells, the MC3T3 cell line, at the bottom of the plate. * p < 0.05. 
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Figure 7. Data of biological characterization. After 1, 3, 7, and 14 days of duo culture: (a) cell viability; (b) DNA content of the duo culture on the bilayered scaffolds; (c) ALP activity assay. The positive control (+) is related to the number of live MC3T3 cell line at the bottom of the plate (a). MC3T3 and ATDC5 represent the control cells of the lines at the bottom of the plate (b,c). * p < 0.05. 
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Figure 8. Qualitative live/dead data of the CSBG10 seeded with MC3T3 and ATDC5 after 3 days of culture. 
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Table 1. Composition of the structures.
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Sample

	
Bone Layer

	
Cartilage Layer




	
%CHT (w/v)

	
% β-TCP (w/v)

	
% SF (w/v)






	
CSG

	
3

	
-

	
4.2




	
CBSG10

	
3

	
10

	
4.2




	
CBSG20

	
3

	
20

	
4.2











 





Table 2. Microstructural features of the bilayered scaffolds obtained from micro-CT. The top corresponds to the SF layer, and the bottom to the CHT layer (CSG) and CHT/β-TCP layer (CBSG10 and CBSG20), whereas the interface corresponds to the interface between the two layers.
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Samples

	
Area

	
Mean Thickness (µm)

	
Mean Pore Size (µm)

	
Porosity

(%)






	
CSG

	
Top

	
35.91 ± 4.14

	
73.71 ± 11.22

	
62.91 ± 3.52




	
Interface

	
44.58 ± 2.02

	
65.22 ± 5.44

	
62.40 ± 2.09




	
Bottom

	
42.12 ± 5.72

	
77.37 ± 1.15

	
69.83 ± 1.73




	
CBSG10

	
Top

	
42.22 ± 16.71

	
84.12 ± 23.33

	
71.21 ± 9.77




	
Interface

	
80.27 ± 3.75

	
47.10 ± 2.79

	
31.55 ± 0.64




	
Bottom

	
100.17 ± 15.24

	
35.73 ± 4.04

	
18.15 ± 7.82




	
CBSG20

	
Top

	
44.18 ± 8.79

	
58.46 ± 2.95

	
54.42 ± 0.68




	
Interface

	
57.94 ± 9.14

	
30.91 ± 3.13

	
31.20 ± 1.06




	
Bottom

	
103.86 ± 15.06

	
25.85 ± 2.32

	
8.71 ± 5.74











 





Table 3. Mechanical properties of the CSG, CBSG10, and CBSG20 bilayered scaffolds under compressive load.
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	Sample
	Elastic Modulus (MPa)
	Yield Strength (KPa)





	CSG
	3.0 ± 1.5
	118.7 ± 16.6



	CBSG10
	3.3 ± 1.5
	160.5 ± 51.5



	CBSG20
	1.1 ± 0.7
	106.1 ± 57.2
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