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Objective: Electrospun nanofibers exhibit potential as scaffolds for articular cartilage tissue regeneration. This study aimed to fabricate electrospun polycaprolactone (PCL)/silk fibroin (SF) composite nanofiber scaffolds and to explore performance of the scaffolds for articular chondrocyte regeneration.
Methods: By altering material composition and preparation methods, three types of nanofiber scaffolds were effectively fabricated, including randomly oriented PCL (RPCL) nanofiber scaffold, randomly oriented PCL/SF (RPCL/SF) nanofiber scaffold, and aligned PCL/SF (APCL/SF) nanofiber scaffold. Physiochemical analyses were performed to determine mechanical properties and surface hydrophilicity of the nanofiber scaffolds. In vitro studies were conducted to investigate performance of the scaffolds on articular chondrocyte proliferation, gene expression and glycosaminoglycan secretion. Cytoskeleton staining was used to observe the arrangement of chondrocytes along the direction of the fibers and their elongation along the fiber arrangement.
Results: The physicochemical analysis demonstrated that the APCL/SF nanofiber scaffold exhibited improved mechanical properties and surface hydrophilicity compared to the RPCL and RPCL/SF nanofiber scaffolds. Furthermore, the in vitro cell culture studies confirmed that the APCL/SF nanofibers could significantly promote articular chondrocyte proliferation, type II collagen (COL-II) gene expression, and glycosaminoglycan secretion compared to the RPCL and RPCL/SF nanofiber scaffolds. Additionally, cytoskeletal staining displayed that the APCL/SF nanofiber scaffold promoted the elongation of articular chondrocytes in the direction of parallel fiber alignment.
Conclusion: The APCL/SF nanofiber scaffold exhibited promising potential as a composite scaffold for articular cartilage regeneration.
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1 INTRODUCTION
Articular cartilage lacks blood vessels, nerves, and lymphatic tissue. Once damaged, its ability to self-repair and regenerate is severely limited (Armiento et al., 2019). Therefore, the progressive degeneration of the articular cartilage is an irreversible injury, which can lead to osteoarthritis (OA) impacting the patient’s daily life (Makris et al., 2015). Current treatment options for cartilage injuries include microfracture surgery (Redondo et al., 2018), autologous chondrocyte transplantation (Na et al., 2019), and allogeneic or autologous cartilage transplantation (Gao et al., 2019; Christensen et al., 2021). While these treatments may enhance joint function and alleviate pain to a certain degree, they frequently result in chondrofibrosis. Furthermore, issues such as donor shortage, poor integration, and surgical infections severely limit their extensive application (Zhou et al., 2023). Subsequently, the complex nature of articular cartilage injuries and the limited treatment alternatives make it one of the most challenging clinical issues in orthopedics (Johnstone et al., 2013; Makris et al., 2015).
Cartilage tissue engineering, an approach that combines functional cells, suitable materials, and biochemical cues in specifically designed scaffolds, is a highly effective and promising method for treating damage to articular cartilage (Kai et al., 2011b). The bioscaffolds function as interim substitutes for the extracellular matrix (ECM), as they duplicate the advantageous properties of the natural ECM, providing a three-dimensional (3D) structure for engineered tissues. Furthermore, the bioscaffolds can serve as a structural support and provide metabolic sites for cell adhesion, proliferation, and differentiation, ultimately leading to tissue regeneration. The selection of bioscaffold materials is critical for the success of cartilage tissue engineering, and each category of materials presents unique advantages and disadvantages that must be considered.
Polycaprolactone (PCL) is commonly utilized in tissue engineering for its safety, nontoxicity, good biodegradability, mechanical properties, biocompatibility, and easy availability of raw materials. Recent studies have shown promising results in treating bone, cartilage, and flat bone defects with PCL (Malikmammadov et al., 2018; Saracino et al., 2021). Silk fibroin (SF) is a protein polymer with desirable properties, such as hydrophilicity, biodegradability, and low immunogenicity, for material formation (Xie et al., 2019). SF also possesses ligands, like arginine-glycine-aspartic acid (RGD) motifs, that facilitate cell adhesion, migration, and proliferation (Min et al., 2004; Li et al., 2011). As a natural material, SF has significant potential for use in skin, nerve, bone, and cartilage tissue engineering (Li et al., 2015; Farokhi et al., 2018). However, PCL and SF both have limitations as scaffold materials in tissue engineering. The inherent hydrophobicity and lack of cell affinity in PCL, caused by the absence of recognition sites for cell adhesion, limit its application in biomedical fields with PCL nanofiber scaffolds (Lee et al., 2011; Liao et al., 2012; Yang et al., 2023). Pure SF electrospun yarn has poor mechanical properties and ductility, which hinders its use in tissue engineering (Ki et al., 2009).
It appears that only composite scaffolds can fulfill the ideal comprehensive properties that cannot be achieved by a single material. In recent decades, significant strides have been made in researching composite cartilaginous scaffolds comprising natural and synthetic polymer materials due to their machinability and mechanical properties (Torricelli et al., 2014; Silva et al., 2020; Zhao et al., 2020). However, its physiological structure and biomechanical properties differ greatly from those of natural cartilage, the biocompatibility, in vivo stability, fatigue resistance and flexibility of the material still restrict its research, development, and application (Zelinka et al., 2022). Critchley et al. (Critchley et al., 2020) designed bi-phasic 3D printed scaffolds for the treatment of osteochondral defects. The scaffolds contained MSCs-containing hydrogels as the ‘osseous phase’ below, while a self-assembled MSC-chondrocyte layer acted as the ‘chondral phase’ on top. This example highlights the design of 3D printed cell-seeded scaffolds for osteochondral regeneration. However, the 3D-printed matrix scaffolds encounter significant problems. For instance, the resolution limitations of 3D printing hinder the construction of scaffolds’ nanostructure. Additionally, various 3D-printed scaffolds’ mechanical properties do not measure up to those of host tissues (Xue et al., 2023). Compared to 3D printing and other traditional methods, electrospinning technique is a more effective and advantageous method to control the final unique structures and properties of scaffolds (Jun et al., 2018). Electrospun films provide several advantages, such as high surface area-to-volume ratio, porosity, and easy modification (Casanova et al., 2018). Additionally, they can mimic the fibrous arrangement present in the natural ECM of cartilage tissue, fuse closely with cells, and provide nutritional support (Zhou et al., 2018). Thus, the produced nanofiber film may exhibit good mechanical properties and biocompatibility, fulfilling requirements of composite materials for cartilage tissue engineering (Chen et al., 2017; Cheng et al., 2017). Notably, the electrospinning technique allows the fabrication of nanofiber scaffolds with random and aligned orientations (Li et al., 2015), which significantly affects the orientation and function of cell adhesion (Kai et al., 2011b).
To address the limitations of using either PCL or SF alone, it was proposed to electrospin PCL and SF in a certain ratio. This enables both materials to integrate the desired properties of PCL and SF into electrospun films. While previous studies have utilized PCL and SF as bioscaffold materials for engineering skin, bone, nerve, ligament, and tendon artificial implants (Li et al., 2015; Steffi et al., 2018; Saremi et al., 2021), they have ignored the effect of material surface topography on cell growth, proliferation, and morphology, especially in chondrocytes. Further exploration is necessary to determine the potential of PCL composite SF nanofiber scaffolds in cartilage tissue engineering, with a particular focus on the effect of nanofiber orientation on chondrocyte growth, proliferation, and morphology.
Based on the promising potential for cartilage regeneration using PCL and SF, our study will fabricate novel composite scaffolds doped with PCL and SF by electrospinning technique and treated with nanofibrous orientation modification. The surface topographies and hydrophilicity, mechanical properties and biocompatibility of the scaffolds will be determined to compare the different material composition and nanofiber orientation for articular chondrocyte regeneration.
2 MATERIALS AND METHODS
2.1 Materials preparation
2.1.1 Extraction of silk fibroin (SF)
Bombyx mori (Northwest Sericulture Base, China) cocoons were degummed and processed to obtain SF according to the method described in a previous study (Rockwood et al., 2011). The mulberry cocoons were boiled in a 0.02 mol/L Na2CO3 solution for 30 min. Stirring with a glass rod continuously facilitated degumming. After, they were washed three times with water and dried overnight in a 37°C thermostat. The degummed and dried silk was then dissolved in a 9.3 mol/L lithium bromide (LiBr) solution at 60°C for 4 h. The completely dissolved silk solution was then centrifuged at high speed to remove impurities, filtered, and dialyzed at room temperature for 3 days. Deionized water was changed every 6 h. This solution was frozen overnight in a −20°C refrigerator and then freeze-dried for 2 days to obtain spongy silk protein.
2.1.2 Fabrication of nanofiber scaffolds by electrospinning
To prepare randomly oriented PCL (RPCL) nanofiber scaffolds, 2 g of PCL (Shanghai Maclean’s Reagent, China) with an average molecular weight of 80,000 Da was accurately weighed using an electronic balance and then dissolved in 10 mL of hexafluoroisopropanol (Shanghai Aladdin Biochemical Technology, China) solution to form a mixed electrospinning solution containing 20% PCL. 2 g of PCL and 0.4 g of SF were accurately weighed and then stirred in a magnetic stirrer at a ratio of 5:1 for 4 h until complete dissolution. This produced a homogeneous co-blended spinning solution for preparation of RPCL/SF and APCL/SF nanofiber scaffolds.
To prepare RPCL nanofibers, the electrostatic spinning solution was drawn into a syringe using a blunt 21G needle. The syringe was then mounted on an electrospinning machine (Yongkang Leye Technology Development Co., Beijing, China) before being pushed at a rate of 0.3 mm/min. The distance between the needle tip and the receiver (roller) was adjusted to 10 cm. Positively charged high voltage of 15 kV was applied to the syringe needle end, while negatively charged high voltage of −1 kV was applied to the receiver end. An aluminum foil-covered receiver device, rotating at a speed of 300 rpm/min, was utilized to accumulate the RPCL nanofibers. Similar procedures were followed for RPCL/SF nanofiber scaffolds. But for APCL/SF nanofibers, the receiver device rotated at a high speed of 5000 rpm and was also covered with aluminum foil. To maintain material integrity, two tubes of 10 mL electrospinning solution were sprayed on each nanofiber. After completing the electrospinning process, the electrospun film was removed and then vacuum-treated in a vacuum drying oven at 40°C for 48 h to remove hexafluoroisopropanol. The electrospun nanofiber scaffolds were then stored in a vacuum drying oven until further use.
2.2 Material characteristics
2.2.1 Scanning electron microscopy (SEM) analysis
The RPCL, RPCL/SF, and APCL/SF fibrous films that were prepared previously were cut into small, square pieces, each measuring 1 × 1 cm (n = 3). These pieces were then glued and fixed onto a 5 cm sample stage. After that, they were sprayed with gold, and the morphology of the nanofibers was observed using a SEM (E−1045, Hitachi, Japan), operating under 5 kV voltage and 10 μA current conditions. The average diameter and orientation of the nanofiber film were determined by using ImageJ software. All nanofiber orientation angles were measured relative to the defined vertical direction (0°).
2.2.2 Fourier-transform infrared spectroscopy (FTIR) analysis
RPCL and RPCL/SF nanofiber scaffolds were cut into small 1 × 1 cm squares to ensure a flat and smooth sample surface. These square samples were analyzed in the reaction chamber of an FTIR analyzer (Ettlingen, Germany). The analysis was carried out using absorption spectrometry within the range of 450 to 4,000 cm−1 at a resolution of 1 cm−1. The functional groups found in the electrospun films were identified through the absorption peaks of infrared wavelengths, offering valuable insights into the composition of the nanofiber scaffolds.
2.2.3 Mechanical testing
The mechanical properties of the three nanofiber scaffolds were analyzed using a uniaxial tensile testing machine (Wanchen Testing Machine Co., Shandong, China). Samples of each nanofiber scaffold, measuring 10 × 20 mm2 with a thickness of approximately 0.10 mm (n = 3), were prepared. Prior to testing, each sample was preloaded with 0.1 N to prevent relaxation. Then, the samples were stretched at a rate of 5 mm/min until fracture. The stress-strain curves were used to measure the tensile strength and elongation at break.
2.2.4 Contact angle test
Contact angle measurements were conducted to assess the electrospun nanofibers’ hydrophilicity/hydrophobicity. The nanofiber scaffolds were cut into 1 × 1 cm pieces (n = 5), and deionized water was dropped onto the nanofiber surface using the static drop technique. The resulting droplet’s profile image was captured using a microscope head camera (Dataphysics OCA20, Germany) from the side when 1 mL of distilled water was added to the samples, and photographs were taken after 1 s of contact. The tests were repeated five times and the results were averaged. The contact angle of the droplet’s surface was calculated using digital image processing software provided with the computer.
2.3 In vitro cell experiments
2.3.1 Isolation and culture of rabbit knee cartilage
All animal experiments were approved by the Ethics Committee of Keyu Animal Breeding Center (Beijing, China). Two-week-old New Zealand rabbits were killed by means of air injections along the ear margins. Skin preparation for knee joint exposure. The knee joint’s soft outer membrane tissue was peeled off on an ultra-clean table. Then, the synovial membrane that covers the cartilage surface was carefully removed, and the cartilage was cut into 1 mm3 pieces with surgical scissors. These articular cartilage pieces were washed three times with a phosphate-buffered saline (PBS) solution and subjected to digestion with 0.2% type II collagenase at 37°C for approximately 10 h. The entire experiment was performed under aseptic conditions. The cell culture medium was changed every other day, and third-generation cells were utilized for subsequent experimental studies.
2.3.2 Cell proliferation
The RPCL, RPCL/SF and APCL/SF nanofiber scaffolds were cut into 10 mm diameter discs and sterilized by ultraviolet light irradiation for 2 h on both sides. Following that, they were immersed in a 75% ethanol solution for 30 min and then washed three times with sterile PBS solution to remove the residual alcohol. The samples were placed in cell culture medium overnight and then inoculated with articular chondrocytes at a density of 1 × 104 cells/well. The articular chondrocytes were distributed into 48-well plates. This experiment was divided into three groups, with each group comprising four replicate wells. To culture the cells, 500 μL of DMEM/F-12 medium (Wuhan Doctoral Biological Engineering, China) supplemented with fetal bovine serum (Shanghai Dartheil Biotechnology, China) was added to each group. The cells were then incubated in a 5% CO2 incubator at 37°C for 5 days. Additionally, 50 μL of Cell Counting Kit-8 (CCK-8) (Abmole, United States) reagent was added on days 1, 3, and 5, followed by incubation for 2 h. Absorbance (ABS) values were then measured at a wavelength of 450 nm.
2.3.3 Live/dead assay
Cell viability was evaluated using the live/dead cell staining kit (Beyotime Biotechnology Co., Shanghai, China). The staining process involved double fluorescence staining for both live and dead cells in a 48-well plate following the manufacturer’s instructions. After being cultured up to day 5, the medium was removed and then washed three times with PBS. The scaffold-cell complex was immersed in a working solution containing calcein acetoxymethyl ester and propidium iodide reagents and incubated for 30 min at room temperature shielded from light. The adhesion and activity of articular chondrocytes on the different materials were observed by a fluorescent microscope.
2.3.4 Cytoskeletal staining with DAPI/F-actin
The chondrocytes were cultured for 3 days, and their attachment to the nanofiber surface was observed by actin staining. The material was washed with a PBS solution, fixed with 4% paraformaldehyde for 20 min, and then washed three times with PBS. Next, the nanofiber scaffold was treated with 0.1% Triton X-100 for 20 min and washed three times with PBS. The scaffold-cell complex was stained according to the kit instructions, and the cytoskeletal protein (F-actin) was stained with phalloidin, followed by DAPI staining solution to stain the nuclei. The observation of the staining was conducted under a fluorescent microscope.
2.3.5 Quantitative detection of DNA and sulphated GAG (sGAG) content
After chondrocyte inoculation in each scaffold group, they were cultured in vitro for 7 and 14 days. Then, the samples were digested with pre-prepared papain solution (125 mg/mL papain, 100 mM Na2HPO4, 5 mM EDTA, pH 6.4) at 60°C for 16 h. The DNA content of the samples was determined using the Qubit FlexTM instrument (Thermo Fisher Scientific, United States). The sGAG content was quantified using an sGAG assay kit (Jiubang Biotechnology, China). The sGAG and DNA contents of each scaffold group were determined, and the fibrocartilage matrix content was quantified by normalizing the DNA content.
2.3.6 Gene expression analysis
The RNA isolation and complementary DNA (cDNA) synthesis procedures were carried out in accordance with the kit instructions. Trizol (Tiangen Biotech, China) was employed to isolate RNA from chondrocytes, followed by scaffold disruption to collect the cell suspension. Total RNA was then converted to cDNA with a reverse transcription kit (Accurate Biotechnology, China). cDNA was extracted from chondrocytes using a real-time quantitative PCR detector (Applied Biosystems QuantStudio™ 7 Flex, United States) and a qPCR kit (Accurate Biotechnology, China). The qPCR conditions were as follows: 95°C for 3 min, followed by 40 cycles at 95°C for 10 s and 60°C for 30 s. Relative gene expression was calculated using the qPCR assay following the 2−ΔΔCT method (Schmittgen and Livak, 2008). Glyceraldehyde 3-phosphate dehydrogenase was used as an internal reference gene to analyze gene expression of collagen type II (COL-II), collagen type I (COL-I), aggregated protein (ACAN), and SOX-9 (Guo et al., 2021).
2.4 Statistical analysis
One-way analysis of variance (ANOVA) was employed to compare multiple groups, followed by LSD test as a post hoc comparison. The quantitative data was presented as mean ± standard deviation (n = 3–5), with p-values < 0.05 were considered significant.
3 RESULTS AND DISCUSSION
3.1 The physicochemical characteristics of the nanofiber scaffolds
3.1.1 Morphological characteristics
The SEM analysis of RPCL, RPCL/SF, and APCL/SF samples was performed, and Figure 1A shows that no bead formation occurred in any of the three nanofiber films, and the fiber diameters were uniform. The RPCL and RPCL/SF scaffolds both featured randomly oriented nanofibers on their surfaces, whereas the APCL/SF scaffold exhibited a consistent unidirectional arrangement of nanofibers. Additionally, the SEM images revealed that all the three scaffolds exhibited a porous structure similar to that of natural cartilage ECM, which is necessary for the transport of nutrients and metabolic waste (Lowery et al., 2010; Li et al., 2016).
[image: Figure 1]FIGURE 1 | (A) Scanning electron microscopy (SEM) analysis for RPCL, RPCL/SF, and APCL/SF nanofiber scaffolds. (B) Nanofiber orientation. (C) Nanofiber diameter distribution.
The orientation alignment of the nanofibers is shown in Figure 1B. The accompanying histogram depicts the alignment of nanofiber orientation in RPCL, RPCL/SF, and APCL/SF nanofiber scaffolds in relation to the vertical 0° line. The alignment of APCL/SF (8.6°) was significantly superior than RPCL (33.2°) and RPCL/SF (29.1°). The diameter of the nanofibers was displayed in Figure 1C. The diameter of RPCL nanofibers was around 552.4 ± 189.8 nm, with RPCL/SF measuring about 423.6 ± 199.4 nm and APCL/SF at approximately 361.9 ± 151.3 nm. No significant differences were detected in the average fiber diameter among the nanofiber films. The presence of SF in the solution may have led to a decrease in the nanofibers’ average diameter, presumably resulting from the electrical conductivity of the blends increasing with SF content (Wang et al., 2021).
3.1.2 Material composition
FTIR analysis confirmed the presence of the PCL and SF composite (Figure 2A). The FTIR spectra of RPCL nanofibers showed distinctive peaks in the C-H stretching vibration range at 2947 cm−1 and 2867 cm−1, as well as in the -C=O carbonyl ester stretching vibration range at 1722 cm−1, indicating the presence of the PCL component (Li et al., 2011). Furthermore, the peaks at 1180 cm−1 and 1171 cm−1 suggest asymmetric C-O-C stretching and symmetric C-O-C stretching in PCL chains, respectively. The RPCL/SF nanofibers display noteworthy absorption peaks at 1655 cm−1 (amide I band) and 1542 cm−1 (amide II band), indicating the presence of SF in the form of random nematic clusters (Chen et al., 2017). The absorption peak at 1231 cm−1 (amide III band) is attributed to SF, which constitutes a complex band of C-N and N-H vibrational combinations, and coincides with the C-O-C asymmetric stretching band in PCL. Amide I and amide II constitute the primary bands of the SF structure (Roy et al., 2018).
[image: Figure 2]FIGURE 2 | (A) Analysis of Fourier-transform infrared spectroscopy (FTIR) results for RPCL and RPCL/SF scaffold samples. (B) Tensile stress-strain curves for RPCL, RPCL/SF, and APCL/SF scaffold samples.
3.1.3 Mechanical properties
Figure 2B and Table 1 demonstrate the effect of modifying nanofiber alignment and blending SF on the mechanical properties of PCL. The tensile strength of RPCL nanofibers was approximately 1.028 ± 0.062 MPa, while RPCL/SF measured around 4.046 ± 0.519 MPa and APCL/SF measured approximately 7.370 ± 2.238 MPa. The RPCL nanofibers’ elongation at break was approximately 71.850 ± 0.156%, with RPCL/SF measuring about 20.300 ± 1.646% and APCL/SF at approximately 19.200 ± 2.858%. While the mechanical strength of APCL/SF was significantly higher than RPCL and RPCL/SF, RPCL’s ductility was better than the other two groups.
TABLE 1 | Comparison of tensile properties of RPCL, RPCL/SF, and APCL/SF nanofiber scaffolds (mean ± standard deviation).
[image: Table 1]Prior studies have shown that the strength of nanofiber films depends significantly on nanofiber orientation and electrostatic spinning components (Lee and Kim, 2010). PCL, being a thermoplastic polymer with good ductility, exhibits high elongation at break but relatively low mechanical strength in RPCL. SF has been demonstrated to possess excellent mechanical properties, particularly when obtained through degumming, a process that emphasizes retaining the protein structure of SF (Teh et al., 2010). As such, SF is appropriate for tissue engineering applications that necessitate high mechanical strength (Sahoo et al., 2010; Roy et al., 2018). The incorporation of SF enhanced the tensile strength of PCL, imparting adequate mechanical properties to the scaffolds to withstand shear forces within the cartilage tissue (Orash Mahmoud Salehi et al., 2020). This effect could be attributed to the ability of SF to increase the stiffness of the nanofibers and augment the structural integrity of the scaffold. However, previous studies have shown that pure SF has the lowest elongation at break and the weakest brittleness compared to pure PCL and PCL/SF, and exhibits rigid mechanical properties that do not allow it to be used alone as a synthetic cartilage scaffold (Yuan et al., 2016); therefore, pure SF scaffolds were not evaluated in this study. Additionally, the orientations of nanofiber scaffolds significantly affect the mechanical properties of electrostatically spun scaffolds. APCL/SF demonstrated nearly twice the tensile strength of RPCL/SF, as aligning the nanofibers resulted in a more uniform orientation and greater mechanical strength, with minimal impact on elongation at break. The mechanical properties of individual nanofibers and the resulting material may be affected by the random orientation of nanofiber films (Roy et al., 2018). Moreover, increasing nanofibers per unit volume enhances the mechanical strength of APCL/SF (Chen et al., 2017). Overall, the topographical features of the scaffold material greatly affect the mechanical properties of the scaffold.
3.1.4 Surface hydrophilicity
Surface hydrophilicity is a significant characteristic in biomaterials that impacts cell adhesion, proliferation, and migration. Figure 3 displays the hydrophilicity of the three groups of materials as determined by direct measurement of the water contact angle. Incorporating SF into RPCL caused the contact angle of RPCL/SF to fall from 130.5° to 90.3°. The contact angle of APCL/SF decreases to 62.5° compared to RPCL/SF when transitioning from randomly oriented to aligned oriented nanofibers. The hydrophilicity improves as the angle decreases (Qin et al., 2023). Therefore, RPCL held the worst surface hydrophilicity among the three groups, while APCL/SF had the best.
[image: Figure 3]FIGURE 3 | Images of water contact angles (A) and the corresponding histogram (B) of RPCL, RPCL/SF, and APCL/SF scaffold samples. Comparison between the two groups, ***p < 0.001.
We hypothesize this improvement occurred due to the introduction of SF, which contains several hydrophilic groups, making RPCL/SF less hydrophilic than RPCL. This modification enhances cell adhesion to the material. Previous studies indicate that surface roughness creates a barrier effect, which impacts droplet expansion and increases the surface contact angle (Chung et al., 2007). The surface roughness of RPCL/SF restricts droplet spreading, while the smoother surface of APCL/SF aids droplet elongation, leading to a considerable decrease in contact angle (Kai et al., 2011a). In general, the scaffold material’s topographical features have a great influence on the hydrophilicity of the scaffold.
3.2 The regeneration capacity of the nanofiber scaffolds for articular chondrocytes
Figure 4A displays the CCK-8 assay outcomes for optical density (OD) at different time points (days 1, 3, and 5) to compare cell proliferation in each material group. The relative cell count differences between the APCL/SF and RPCL groups were statistically significant on days 1, 3, and 5. The enhanced hydrophilic nature of the material may be linked to the proliferation of mesenchymal stem cells (MSCs), osteoblasts, and chondrocytes (Lampin et al., 1997; Zhang et al., 2009). The inclusion of SF may introduce bio-functional groups like -NH2- and -COOH, which could facilitate cell recognition and scaffolding, leading to increased cell proliferation (Faucheux et al., 2004). The number of cells within the APCL/SF group was consistently greater than the RPCL/SF group on days 1, 3, and 5, with a significant statistical difference. This may be related to the surface morphology of the material, as aligned oriented fibrous scaffolds may be able to promote cell proliferation more than randomly oriented fibrous scaffolds. The hydrophilic nature of the material surface promotes cell adhesion and may explain why the APCL/SF group exhibits greater cell proliferation than the RPCL and RPCL/SF groups. Taken together, the surface topography and chemical composition of biological scaffolds may influence cell growth.
[image: Figure 4]FIGURE 4 | (A) The effect of RPCL, RPCL/SF, and APCL/SF nanofiber scaffolds on chondrocyte proliferation on days 1, 3 and 5. The DNA contents (B) and sGAG/DNA ratios (C) in RPCL, RPCL/SF, and APCL/SF groups on days 7 and 14. Comparison between the two groups, *p < 0.05, **p < 0.01, and ***p < 0.001.
Cell viability was evaluated on randomly oriented and aligned scaffolds using a live/dead staining assay. Figure 5A demonstrates the chondrocyte adhesion onto RPCL, RPCL/SF, and APCL/SF nanofiber scaffolds on day 3. Live cells (stained green) inoculated onto the RPCL and RPCL/SF scaffolds were randomly aligned and irregularly shaped. In contrast, live cells (stained green) inoculated with the APCL/SF scaffold were aligned in the same direction as the nanofibers and exhibited a shuttle-like morphology. A small number of dead cells (stained red) were present in all three scaffolds, with a significant increase in cell density due to proliferation. On day 3, the number of dead cells was higher in the RPCL group as compared to the RPCL/SF and APCL/SF groups based on cell density observations. This finding is consistent with the results of the cell proliferation assay.
[image: Figure 5]FIGURE 5 | Results of live/dead staining (A) and DAPI/F-actin staining (B) of articular chondrocytes in RPCL, RPCL/SF, and APCL/SF groups on day 3.
Chondrocyte growth and morphology on RPCL, RPCL/SF, and APCL/SF nanofiber scaffolds were examined through DAPI/F-actin staining. Figure 5B shows that a disordered actin cytoskeleton was observed on the surfaces of RPCL and RPCL/SF scaffolds on day 3.Cells cultured on the randomly oriented scaffolds showed polygonal structures with numerous filamentous pseudopods. Conversely, the actin cytoskeleton in APCL/SF was aligned parallel to the nanofiber axis, and the cells exhibited an elongated, shuttle-like shape along the direction of nanofiber alignment. When cells were topologically aligned along the direction of the nanofibers, nanofiber alignment had a significant impact on cell proliferation, orientation, and an increase in cartilage matrix content (Zhang et al., 2012). The DAPI/F-actin staining results demonstrated that the orientation of the material nanofibers influenced the directional growth of cells. The positive effects of aligned nanofibers on cell elongation and proliferation. Specifically, the APCL/SF scaffold enhanced chondrocyte proliferation and facilitated their stretch migration, demonstrating superiority to the RPCL and RPCL/SF constructs.
The ability of RPCL, RPCL/SF, and APCL/SF nanofiber scaffolds to promote chondrocytes to produce cartilage ECM was evaluated by quantifying the fibrocartilage matrix content normalized by DNA content and sGAG/DNA ratio. The outcomes of DNA contents and sGAG/DNA ratios are presented in Figures 4B, C. The DNA contents and sGAG/DNA ratios of chondrocytes on the three nanofiber scaffolds increased on day 14, compared to day 7. This suggests that the scaffolds promoted cell growth and secretion of ECM by chondrocytes over time. Notably, the DNA contents and sGAG/DNA ratios in the APCL/SF group were significantly higher than those in the RPCL/SF and RPCL groups. Previous research suggests that cellular ECM secretion and differentiation are significantly impacted by material morphology, including chemical composition, wettability, and microstructure. Specifically, the presence of suitable surface pores on fibrous scaffolds is crucial for enhanced GAG formation, and effective GAG secretion implies deposition of cartilage matrix (Jonnalagadda et al., 2015; Ko et al., 2016).
Previous studies have shown that maintaining the chondrocyte phenotype is necessary in order to assess cartilage tissue repair in vivo, as substrate-producing cells in cartilage contribute to the formation of new tissue (Zhou et al., 2017). The expression of chondrocyte marker proteins, namely, COL-II, ACAN, COL-I, and SOX-9, is depicted in Figures 6A–D for the RPCL, RPCL/SF, and APCL/SF groups on day 7. The APCL/SF and RPCL/SF groups exhibited significantly elevated expression of the SOX-9 and COL-II genes in comparison to RPCL group, and the differences were statistically significant. The ACAN gene expression was notably higher in the APCL/SF group than in the RPCL group with statistically significant differences, while no significant difference was found between the RPCL/SF and APCL/SF groups. No significant differences were observed in COL-I expression among the RPCL, RPCL/SF, and APCL/SF groups. Type II collagen is the principal structural element of articular cartilage in the ECM, and COL-II secretion increases with collagen maturation (Jacob et al., 2019). SOX-9 regulates the expression of genes encoding type II collagen and proteoglycan aggregation proteins in the ECM. The increased expression of SOX-9 in APCL/SF suggests its superior capacity to promote ECM secretion by chondrocytes (Song and Park, 2020). Importantly, the addition of SF to PCL led to a significantly greater increase in ECM secretion by RPCL/SF compared to RPCL. RPCL/SF increased COL-II gene expression more than RPCL, implying that SF facilitated chondrogenic gene expression. Col-II gene expression was notably greater in APCL/SF than in RPCL and RPCL/SF, indicating that the arrangement of nanofibers is a significant factor in stimulating Col-II secretion. Collagen synthesis may be higher in APCL/SF compared to RPCL and RPCL/SF.
[image: Figure 6]FIGURE 6 | Expression of articular chondrocyte genes was analyzed for RPCL, RPCL/SF, and APCL/SF groups on day 7. (A) COL-II expression. (B) ACAN expression. (C) COL-I expression. (D) SOX-9 expression. Comparison between the two groups, *p < 0.05, **p < 0.01, and ***p < 0.001.
Overall, the results of the in vitro experiment indicate that all of the three scaffolds effectively support the growth, proliferation and ECM secretion of articular chondrocytes. In particular, APCL/SF demonstrates better regeneration of articular chondrocytes. Consequently, the novel APCL/SF nanofiber scaffold presents a highly promising, xeno-free approach for regenerating articular cartilage. Future in vivo studies are necessary for assessing the regenerative capability of the APCL/SF nanofiber scaffold for treating articular cartilage defects in animal models.
4 CONCLUSION
This study employed the exceptional characteristics of PCL and SF to fabricate randomly oriented (RPCL and RPCL/SF) and aligned oriented (APCL/SF) nanofibrous scaffolds by electrospinning technique. The effects of RPCL, RPCL/SF, and APCL/SF on chondrocyte regeneration were confirmed through material characterization tests and in vitro cellular responses. Compared to the RPCL and RPCL/SF scaffolds, the APCL/SF scaffold demonstrated enhanced mechanical properties and hydrophilicity that promote regeneration of articular cartilage. The scaffold significantly improved chondrocyte adhesion, growth, and alignment, as well as ECM secretion, and facilitated matrix deposition. These results suggest that the surface morphology of the material has an important effect on chondrocyte regeneration and the potential of the APCL/SF nanofiber scaffold for articular cartilage tissue regeneration.
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