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To regenerate bone tissues, we investigated the osteogenic differentiation of induced-pluripotent-stem-cell-derived mesenchymal stem cells (iPSC-MSCs) and bone regeneration capacities using N-acetyl cysteine (NAC)-loaded biomimetic nanofibers of hydroxyapatite/silk fibroin (HAp/SF). The addition of HAp and NAC decreased the diameters of the electrospun fibers and enhanced the mechanical properties of the silk scaffold. The release kinetic curve indicated that NAC was released from NAC/HAp/SF nanofibers in a biphasic pattern, with an initial burst release stage and a later sustained release stage. This pattern of release of NAC encapsulated on the NAC/HAp/SF scaffolds prolonged the release of high concentrations of NAC, thereby largely affecting the osteogenic differentiation of iPSC-MSCs and bone regeneration. Thus, a new silk electrospun scaffold was developed. HAp was used as a separate nanocarrier for recharging the NAC concentration, which demonstrated the promising potential for the use of NAC/HAp/SF for bone tissue engineering.
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INTRODUCTION
The combination of a pure bone tissue engineering scaffold and seed cells can repair damaged bone tissue to a certain extent. However, it cannot provide close and effective information connection with surrounding natural organs and tissues to accelerate healing of bone tissue damage. The functional bionics of bone tissue engineering scaffolds are based on this signal factor, one of the three elements of bone tissue engineering (Collignon et al., 2017). Bone tissue can produce growth factors during repair (including bone morphogenetic protein-2 (Groeneveld and Burger, 2000), insulin-like growth factor (Koch et al., 2005), basic fibroblast growth factor (Du et al., 2012), transforming growth factor-β (Hong et al., 2000), and vascular endothelial growth factor (Mayr-Wohlfart et al., 2002)). Multiple growth factors coordinately control the behavior of bone cells and accelerate the secretion of extracellular matrix in osteoblasts. Bone tissue engineering can also induce osteoblast proliferation and promote bone regeneration after separation and purification of these growth factors.
The most frequently used functional bionics in bone tissue engineering is to select the growth factor that participates in bone repair as a biological activity factor to prepare the bone scaffold and to accelerate bone repair by regulating the rate of release of the growth factor. Functional bionics is also referred to as a third generation of bioactive composite material and biological hybrid material, a compound material, combined with the biological activity of cytokines. It can actively stimulate and induce the self-repair and regeneration of the injured tissue. Thus, damaged tissue and organs can eventually be replaced by healthy tissues or organs (Boccaccini and Blaker, 2005). Growth factors cannot be widely used in clinics because of the difficulties in extraction, high price, susceptibility to inactivation, short half-life, and immunogenicity to body tissue (James et al., 2016). Small-molecule drugs have good efficacies and stable pesticide effects. They do not easily become inactive during the preparation of scaffolds and have low molecular weights, high solubilities, and diverse structures and functions. They can also be designed and improved according to the requirements and easily produced in large quantities. They attracted considerable attention because of their known molecular structure, low cost, and simple commercialization (Banaszynski et al., 2006; Ontoria et al., 2009). Accordingly, the use of small-molecule drugs with good properties, instead of growth factors, has become a trend in bone tissue engineering (Xu et al., 2008).
N-acetyl cysteine (NAC), a water-soluble and membrane-permeable small molecule, has various bio-functionalities, including antioxidant activity, ability to improve cytocompatibility, and osteogenic differentiation (Oikawa et al., 1999; Yamada et al., 2013; Zhu et al., 2015). NAC loaded on a collagen sponge scaffold promotes bone regeneration in vitro and in vivo (Yamada et al., 2013). However, NAC is simply absorbed onto this scaffold, which may result in a burst of release of NAC thereby imposing limitations in biological and clinical applications. Therefore, the enhancement of bone regeneration relies on the effective incorporation and viable release of bioactive molecules in a controlled manner over a comparatively long period of bone regeneration. Recently, an NAC-loaded polylactic-co-glycolic acid electrospun system with mesoporous silica nanoparticle nanocarriers was developed for the promotion of osteogenesis of rBMSCs in vitro (Zhu et al., 2019). Although these systems can achieve controlled delivery of NACs in vitro, in the clinical settings of bone tissue repair and regeneration, scaffolds as bio-mimetics of the natural bone composition of hydroxyapatite (HAp) and collagen nanofibers are required (Sell et al., 2007). Thus, the fabrication of composite nanofibers consisting of HAp is a rational strategy. HAp-incorporated silk fibroin (HAp/SF) has been considered one of the most attractive biomaterial scaffolding systems for bone tissue engineering (Farokhi et al., 2018).
In this study, HAp/SF composite nanofibers were used as carriers to control the release of NAC and investigate its effect on fiber properties. The effects of HAp/SF composite nanofibers loaded with NAC on the osteogenic differentiation of induced-pluripotent-stem-cell-derived mesenchymal stem cells (iPSC-MSCs) were evaluated at the cellular, protein, and genetic levels. We created a mouse cranial bone defect model and assessed the efficacy of the NAC/HAp/SF nanofibrous scaffold for bone regeneration. This nanofibrous scaffold could maximize the osteogenic ability of iPSC-MSCs in the long term and could be used for personalized and functional bone repair and regeneration applications.
MATERIALS AND METHODS
Preparation of NAC/Hydroxyapatite/Silk Fibroin Nanofibers
HAp/SF composite fibers with 10% HAp were selected as drug carriers to prepare drug-loaded fibers with a certain amount of NAC. The blending method was used to disperse NAC evenly in the spinning solution. Drug-loaded fibers were prepared by electrospinning. A solution was prepared by dissolving the required weight of NAC in 10 μl of water and adding it to the spinning solution, followed by stirring, and mixing. 0.4 g of HAp was added to a stirring bottle containing 2 ml of methane acid. The HAp particles were evenly dispersed by ultrasonication for 30 min 0.4 g of SF and 0.0082 g of polyethylene oxide (PEO) were then added to the solution and stirred and dissolved. After stirring for 1 h, 10 μL of an aqueous solution containing NAC (0.78 mg) was added, and the NAC/HAp/SF solution was then prepared by magnetic stirring for 5 h at room temperature. The electrospinning was carried out at a spinning voltage of 7–8 kV, an injection rate of 0.4 ml/h, a receiving distance of 15 cm, at room temperature, and an ambient humidity of 30–40%.
Characterization of N-Acetyl Cysteine/Hydroxyapatite/Silk Fibroin Nanofibers
Morphology of Nanofibers
Morphologies of the different NAC/HAp/SF drug-loaded fiber membranes were observed by scanning electron microscopy (SEM, ZEISS Gemini SEM 300, Germany) and transmission electron microscopy (TEM, Talos F200X, FEI, United States). After a double-sided conductive adhesive was attached to the SEM sample stage, the different electrospun fiber membranes (after evaporation of the solvent) were cut into appropriate sizes and attached to the conductive adhesive. The sample was then sprayed with gold for 40 s under vacuum. Finally, the surface morphology of the electrospun fiber membrane was observed using SEM at an accelerating voltage of 10 kV and imaged as needed. The diameter of the fiber was measured using the ImageJ software (at least 50 times per sample).
Hydrophilic Performance Test
The contact angles of the different drug-loaded fiber membranes were measured using a contact-angle tester (JCY-1, Shanghai Fangrui Instrument Co., Ltd.). 0.3 μL of deionized water was dropped on the sample. The morphologies of the water droplets on the fiber membrane at different times were imaged. The angle between the water droplet and fiber membrane was measured to obtain the contact angle.
Test of Drug Release
Ultraviolet spectrophotometry (Thermo Scientific Evolution 300, United States) was used to analyze drug release. Scaffold samples (20 mg, alcohol gas treated for 1 h) were immersed in 2 ml of distilled deionized water. The samples were then mixed with a 4-chloro-7-nitrobenzofurazan (0.006 wt%) chromogenic agent in a ratio of 1:18. After 30 min of reaction, the NAC concentrations were calculated based on the absorbance at 423 nm.
In-vitro Cyto-Compatibility of the N-Acetyl Cysteine /Hydroxyapatite/Silk Fibroin Nanofibers
The rat iPSC-MSCs was induced by the rat iPS cells (Sidansai Biotechnology, Shanghai, China, China) cultured in MSCs medium and consisted of Dulbecco’s Modified Eagle’s Medium (Hyclone, United States), 1% penicillin/streptomycin (Tianjin Haoyang Biological Products Technology Co. Ltd., China), l-glutamine (Gibco, United States), and 10% fetal bovine serum (Gibco, United States). The iPSC-MSCs were cultured at 37°C in a 5% CO2 humidified incubator and the culture medium was changed every 2 days.
To prepare nanofiber scaffolds for cell culture, smooth glass sheets (diameter 15 mm) were cleaned, sterilized, and placed on an aluminum foil to collect the fibers. After electrospinning of the 2-ml solution, the prepared HAp/SF membranes were dried in a vacuum-drying chamber for at least 5 days to remove residual solvents. After the solvent was volatilized, the samples were placed in the corresponding cell-culture plate. Four-to-six samples for each structure were utilized, with blank cover slides placed into a plate as a control group. After 10 min of methanol treatment, the SF structure was transformed, methanol was removed, and sample scaffolds were irradiated by ultraviolet light for 2 days after methanol volatilization. The samples were soaked in 75% ethanol for 2 h, and then washed for 10 min with PBS (Phosphate Buffer Saline) three times. Each pore was added to the corresponding cell culture medium. The sample was soaked in an incubator overnight for preculture. The sample was prepared squarely and placed in a cell-culture plate. iPSC-MSCs were planted according to the experimental requirements.
Effect of Scaffolds on Cell Morphology
Cell spreading on fibers was observed using SEM. To prepare the samples for SEM, the following procedure was used: 1) Cell–scaffold complexes were cultured for 1 and 7 days and then removed from the culture medium and washed with PBS three times; 2) 4% glutaraldehyde was added to the complexes for a period of 2.5 h or longer to immobilize the samples; 3) after the glutaraldehyde was removed, the complexes were washed by PBS three times; 4) samples were washed for 15 min in each of six concentrations of alcohol (10, 30, 50, 70, 90, and 100%) for dehydration; 4) treatment with hexamethyldisiloxane was carried out overnight. After drying, the structures were cut into fragments, sprayed with gold, and observed using SEM.
Effects of Scaffolds on Cell Proliferation
The effects of the scaffolds on cell proliferation were evaluated by using cell counting kit-8 (CCK-8). At set times (1, 4, and 7 days), an appropriate volume of CCK-8 solution was added to the plates and incubated for 4 h. 200 μl of the culture medium was then extracted and added to a 96-well plate, without bubbles. The absorbance at 450 nm was determined using a microplate reader.
Osteogenic Differentiation of iPSC-MSCs Induced by N-Acetyl Cysteine /HAp/SF Nanofibers in vitro
Quantitative Analysis of Alkaline Phosphatase (ALP)
A BCIP/NBT color development kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used to assay ALP activity according to the manufacturer’s specifications. A quantitative analysis of ALP was performed using an ALP quantitative kit. The cell supernatant was removed and then 1% Triton X-100 (soluble in PBS) was added and incubated for 30 min to split the cells. 30 ml of the supernatant was distributed among a 96-well plate and then 50 μl of the buffer and matrix solution was added and incubated at 37°C for 15 min 150 μl of the chromogenic reagent was then added to the 96-well plate, shaken gently, and mixed evenly. The absorbance at 520 nm was determined using a microplate reader.
Quantitative Analysis of Collagen (COL)
Quantitative analysis of collagen was performed using a hydroxyproline testing kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) as per the manufacturer’s instructions. In summary, the cell supernatant was removed and then 1% Triton X-100 (soluble in PBS) was added and incubated for 30 min to lyse the cells. The resulting solution, after lysis, was collected and pH was adjusted to 6.0–6.8. Reagent was added according to the hydroxyproline test kit and well mixed, followed by incubation at 60 °C in water for 15 min. After cooling and centrifugation for 10 min at 3,500 rpm, absorbance at 550 nm was measured.
Detection of Osteogenesis-Related Genes
After 14 days incubation, the expressions of osteogenesis-related genes (ALP, COL, OCN (osteocalcin), and OPN (osteopontin)) in iPSC-MSCs cultured in HAp/SF, 10-NAC/HAp/SF, 20-NAC/HAp/SF nanofiber membranes, and the TCP blank control were detected by reverse transcription polymerase chain reaction (RT-PCR). All primer sequences were listed in Table 1. The procedure for RT-PCR included three principles processes: ribonucleic acid (RNA) extraction, reverse transcription deoxyribonucleic acid (DNA) synthesis, and RT-PCR gene amplification detection. RNA was rapidly extracted using a Biozol RNA extraction kit. Reverse transcription DNA synthesis was undertaken using a 20 L reactor containing 20–50 ng of RNA. RNA was reverse-transcribed to form complementary DNA (cDNA) using the FastQuant RT Kit (with gDNase). RT-PCR was performed using the SuperReal PreMix Plus (SYBR Green) kit, with the housekeeping gene (GAPDH) as a control. After 40 cycles, the relative expression of each target gene was calculated using the 2−ΔΔct method.
Bone Regeneration in vivo
Mouse Cranial Defect Model
After the in vitro osteogenesis study, we developed a mouse cranial defect model in 6-week-old male Sprague–Dawley (SD) rats (Shanghai Slac Laboratory Animal Co. Ltd., Shanghai, China) to analyze the efficacy of the nanofibrous HAp/SF scaffold in bone regeneration. Animal care and use protocols were implemented in accordance with the National Institutes of Health (NIH) Guide. The ethical committee of Yangzhou University approved the experimental procedures. Under general anesthesia, the cranium was exposed through a medial incision. The periosteum overlying the calvarial bone was completely resected. A dental bur was used to create a defect with a diameter of 3 mm per mouse. Nanofibrous SF, HAp/SF, NAC/SF, and NAC/HAp/SF scaffolds were implanted in the cranial defects, while the blank group was left untreated. Thirty mice (six in each set) were implanted. The skin was closed with a suture and the defects were analyzed 8 weeks after implantation.
Computed Tomography (CT) and Bone Mineral Density Analysis
Dual-source CT (SOMATOM Definition, Siemens) was used to detect regeneration and quantify the mineral density of the newly formed bone within the cranial defects. Under general anesthesia, the mouse was fixed and scanned over the entire length at a voxel size of 12 l m and medium resolution of 80 kVp, 110 µA with a 0.5-mm Al filter. The regeneration of bone within the defects was visually identified and the manufacturer’s evaluation software was used to separate bone from non-bone and the mineral density of the new bone-like tissue was computed and calibrated to a HAp phantom.
Statistical Analyses
All quantitative values are expressed as mean ± standard error of at least three replicate samples. An analysis of variance for all quantitative tests was carried out with the software Origin and Tukey’s honestly significant difference. Post hoc tests were used for pair-wise comparisons between groups. Statistical significance was defined by either *p < 0.05 or **p < 0.01.
RESULTS
Morphology and Physical Properties
Composite fibers were prepared via electrospinning. The morphologies of the different electrospun fibers were observed by SEM (Figure 1) and all fibers exhibited a good morphology. White substances appeared on the surface of the fiber because of the aggregation of Hap. The TEM images showed that HAps were encapsulated within the electrospun silk fibers and the diameter of the fibers decreased with the incorporation of NAC and NAC/HAp, which may increase the conductivity and viscosity of the SF fibers, consistent with the results of Zhu et al. (2019). Typical tensile stress-strain curves and tensile mechanical properties of composite fiber films are shown in Figure 2. The addition of HAp, NAC and NAC/HAp had a significant effect on the mechanical properties of SF fibers. The average Young’s modulus and tensile strength of SF fibers were 53.76 ± 11.67 and 2.54 ± 0.30 MPa, respectively. With the addition of HAp, tensile strength and Young’s modulus significantly increased. The incorporation of NAC reduced the Young’s modulus and the tensile strength to 36.43 ± 19.99 MPa and 0.89 ± 0.09 MPa, respectively. When NAC/HAp were added, the Young’s modulus and the tensile strength increases significantly. The rate of elongation rate decreased with the addition of HAp, NAC and NAC/HAp into SF fibers. Generally speaking, the mechanical properties of the fibers were improved by adding NAC/HAp.
[image: Figure 1]FIGURE 1 | SEM images of the pure SF, HAp/SF, NAC/SF, and NAC/HAp/SF scaffolds; the insets are corresponding TEM images.
[image: Figure 2]FIGURE 2 | Analysis of tensile properties of the composite fibrous scaffolds including typical stress-strain curves (A), tensile strength (B), modulus (C) and elongation (D). *p < 0.05, **p < 0.01, n = 5.
Hydrophilic Properties of Fibers
The hydrophilic angles of the composite fiber membranes were measured to evaluate their hydrophilic properties. Contact angles below 90° are indicative of hydrophilicity, which favors the diffusion of liquid on the materials. In contrast, contact angles exceeding 90° correspond to hydrophobicity (Trinca et al., 2017). The contact angles of NAC/HAp/SF were smaller than those of the other scaffolds (Figure 3). Thus the addition of NAC and HAps decreased the contact angle of the material surface through the synergy between NAC, which contains amine and carboxylic functional groups, and HAps, which contain hydroxyl groups.
[image: Figure 3]FIGURE 3 | Hydrophilic properties of the SF, HAp/SF, NAC/SF, and NAC/HAp/SF composite fiber membranes, n = 3.
Drug Releasing Patterns of the Fiber-Loading Drug
Figure 4 shows the cumulative release of NAC per Gram of the composite fiber scaffold. The NAC/SF group exhibited an initial burst of release; NAC then became exhausted after a period of time. In contrast, the release of NAC from the NAC/HAp/SF group exhibited a biphasic pattern, characterized by an initial burst of release followed by a long-term, gradual, and continuous release, during which high NAC concentrations were maintained sufficient to promote cell differentiation. In the first stage, the apparent fast release of NAC drugs may have occurred because some of the small NAC molecules dispersed on the surface of the fiber and the inner layer of the fiber epidermis during the electrospinning can be released quickly in the PBS buffer solution (Zheng et al., 2013). In the second stage, NAC inside the composite fiber was gradually released. This indicates that HAp exerted an adsorption effect on NAC and also a significant effect on the drug release behavior of NAC.
[image: Figure 4]FIGURE 4 | NAC release profiles of the NAC/SF and NAC/HAp/SF scaffolds during 0–720 h in a PBS solution, n = 3.
Cell Proliferation
The CCK-8 assay was used to detect the proliferation of iPSC-MSCs cultured on composite fiber membranes (Figure 5). The cell content in all groups increased with the duration of incubation, which indicates that the cells were in a good state of proliferation. During the process of cell culture, the capacity for cell proliferation of all material groups was higher than that of the coverslip group. Cell proliferation activity was significantly higher in the NAC/SF and NAC/HAp/SF groups than in the control group. This suggests that the addition of NAC and HAps positively affected cell viability.
[image: Figure 5]FIGURE 5 | Proliferation of iPSC-MSCs on different composite fibers and cover slip, n = 3.
Cell Morphology
The proliferation and spreading of iPSC-MSCs on different composite fibers were further observed by SEM (Figure 6). After 4 days of culture, the number of adherent cells in the NAC/HAp/SF group was higher than those in the other groups. After 7 days of culture, the number of cells on the fiber increased and the spread of the cells were incorporated with the fiber scaffold. From the perspective of the number of fiber cells, this trend was consistent with the CCK8 results.
[image: Figure 6]FIGURE 6 | Morphological observation of iPSC-MSCs planted on different composite fibers for 4 and 7 days, n = 3.
Expression of Osteoblast-Related Genes in Cells
To evaluate the capacity for osteogenic differentiation of iPSC-MSCs on different nanofiber scaffolds, the marker genes of osteogenic differentiation (ALP, COL, OCN, and OPN) were detected by RT-PCR. After 14 days of culture, cells in the corresponding culture plate were collected and RNA was extracted for detection. The SF group was used as a control group in this experiment. The expression of ALP in the NAC/HAp/SF fibers increased significantly after 14 days (Figure 7). This may be explained by the fact that as the fibers promote the osteogenic differentiation of iPSC-MSCs and the cell differentiation process is in the middle and late stages, the content of the early expression product of ALP gradually decreases. With the addition of HAp and NAC, the expression levels of COL and OCN were significantly increased (p < 0.01). According to the gene expression level of OPN, the addition of HAp increased the level of OPN after 14 days of cell culture, while the addition of NAC did not affect the expression of OPN. The addition of NAC increased not only the level of expression of ALP, but also those of COL and OCN, the marker genes in the middle and late stages of osteogenesis but had no significant effect on the expression of OPN. However, compared to the control group, HAp and NAC complemented each other and promoted the expression of ALP, COL, OCN, and OPN genes, thus promoting the osteogenic differentiation of iPSC-MSCs.
[image: Figure 7]FIGURE 7 | Expressions of bone-related genes in iPSC-MSCs on different nanofibers for 14 days, n = 3.
Expression of ALP in Cells
iPSC-MSCs were planted on different composite fibers. After 14 days of culture, ALP staining and quantitative analysis of ALP secreted by cells, including the total amount of ALP and amount of ALP secreted by a single iPSC-MSC, were undertaken. The results are shown in Figure 8. The addition of HAp resulted in an increase in the expression of ALP in iPSC-MSCs. The addition of NAC also promoted the expression of ALP in iPSC-MSCs, which indicated that it significantly enhanced the osteogenic differentiation of iPSC-MSCs.
[image: Figure 8]FIGURE 8 | ALP staining. (A) and quantitative detection of ALP. (B) after iPSC-MSC culture on different composite fibers for 14 days, n = 3.
Expression of COL in Cells
iPSC-MSCs were seeded on composite fibers. After 14 days of culture, collagen was quantitatively examined using a testing kit (Figure 9). The detection results were similar to the results of cellular ALP expression. that is, the loading of NAC promoted not only the expression of total cell COL, but also the expression of COL in a single cell. The total COL expression of all cells and expression of COL in single cells on NAC/HAp/SF fibers were significantly higher than those in the other groups. This indicates that the NAC/HAp/SF composite nanofibers had the highest ability to promote collagen production. Thus, the loading of NAC can effectively improve the osteogenic differentiation performance of the fibers.
[image: Figure 9]FIGURE 9 | Quantitative results of COL after 14 days of culture of iPSC-MSCs on different nanofibers, n = 3.
In-vivo Bone Regeneration
To verify the capability of the biomimetic scaffold of NAC/HAp/SF to regenerate bone in vivo, SF, HAp/SF, NAC/SF, and NAC/HAp/SF scaffolds were transplanted into calvarial defects in SD rats. After 8 weeks of implantation, CT images demonstrated that the whole defect was almost fully repaired by the formation of bone-like tissues in the NAC/HAp/SF group (Figure 10). Moreover, the bone mineral density was significantly increased (p < 0.01), peaking at 2.51, 1.18, 1.15, and 1.14 times those of the blank SF, HAp/SF, NAC/SF, and NAC/HAp/SF groups, respectively (Figure 10F). Notably, the NAC/HAp/SF scaffold without cells exhibited the highest capacity for repair (Figures 10A–D) and highest bone mineral density compared to the other groups (Figure 10F). The bone mineral density was higher in the NAC/SF group than in the HAp/SF group, but not significantly. The NAC/HAp/SF led to the best outcomes in regenerating cranial bone defects in rats.
[image: Figure 10]FIGURE 10 | CT examination of the whole calvarias (A–E) and bone mineral density of the defects (F) 8 weeks after implantation in vivo (A) blank, (B) SF, (C) HAp/SF, (D) NAC/SF, and (E) NAC/HAp/SF groups. *p < 0.05, **p < 0.01, n = 3.
DISCUSSION
Massive bone defects, defined as critical-size bone defects, can cause delayed union and non-union, and even limb dysfunction. There are several origins of massive bone defects, including trauma, bone tumor resection, and revision arthroplasty (Yamada et al., 2013; Yang et al., 2014).
Numerous small molecules regulate the differentiation and proliferation of various cells (Xu et al., 2008). NAC is a water-soluble compound with a low molecular weight. It has antioxidant properties and enhances cytocompatibility (Zafarullah et al., 2003; Watanabe et al., 2018). NAC loaded on a collagenous sponge scaffold can promote bone regeneration by accelerating osteogenesis (Yamada et al., 2013).
SF is a natural biopolymer and promising drug carrier owing to its high biocompatibility, tailorable biodegradability, and low bacterial attachment. SF-based scaffolds have been considered potential carriers for drug delivery (Farokhi et al., 2016; Farokhi et al., 2019; Farokhi et al., 2020). HAp is widely and clinically used to generate bone tissue because of its high-efficiency osteogenesis (He et al., 2012). Scaffolds have an important role in bone tissue generation, particularly electrospun scaffolds, which have good characteristics for applications in drug delivery and bone repair (Xue et al., 2017; Ko et al., 2018).
In this study, we developed an HAp/SF scaffold through electrospinning and NAC was loaded onto the HAP/SF scaffold. We analyzed the optimal amount of NAC in the preparation of fibers and evaluated its physical properties, including the morphology, mechanical properties, and hydrophilic properties. The release of NAC in the NAC/HAp/SF compound scaffold exhibited a biphasic pattern characterized by an initial burst in release followed by a long-term, gradual, and continuous release stage to promote cell differentiation due to high NAC concentrations. In addition, HAp was beneficial to the sustained release of the drug.
The cell compatibility of the NAC/HAp/SF composite fibers was then evaluated. All drug-loaded fibers were beneficial for cell adhesion, spreading, and proliferation. We detected osteogenic differentiation of iPSC-MSCs. At the protein level (ALP and COL) or gene level (ALP, COL, OCN, and OPN), the addition of NAC significantly promoted osteogenic differentiation of iPSC-MSCs. NAC and HAp complemented each other and cooperated to promote the expression of ALP, COL, OCN, and OPN genes. The NAC/HAp/SF fiber scaffolds exhibited good biocompatibility and safety and induced osteogenic differentiation of iPSC-MSCs.
To further investigate the capacity for osteogenesis of the NAC/HAp/SF scaffold, we implemented cranial bone defects in rats. After 8 weeks, CT imaging confirmed the capacity of the NAC/HAp/SF scaffolds to repair cranial bone defects. The electrospun nanofibrous NAC/HAp/SF scaffold, with an excellent osteo-induction effect, may be ideal for the regulation of osteogenic differentiation of iPSC-MSCs for patient-specific repair and regeneration of bone tissue in the future.
CONCLUSION
In this study, we formed NAC/HAp/SF scaffolds by electrospinning and analyzed the release of NAC and their ability to promote cell proliferation and osteogenesis. In addition, we detected osteogenesis in NAC/HAp/SF scaffolds in rats. Although satisfactory results were obtained, shortcomings remain. For example, the period of repair of 8 weeks in the rat body is short. Furthermore, the exact mechanism of the effect of the NAC/HAp/SF scaffolds on bone generation is unclear. An extended period of observation and evaluation of the exact mechanism of osteogenesis of the NAC/HAp/SF scaffolds should be performed in further studies.
TABLE 1 | Primer sequences of bone-related genes.
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