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Editorial on the Research Topic 
Biomimetic Materials for Tissue Regenerations

In tissue engineering, the ultimate goal is to engineer an entire functioning organ, which requires building complex structures of different tissue types. They resemble the natural formations of organs, cells have to be correctly located relative to each other. It has been shown in cocultures that cells could show spontaneous tissue-like organization when seeded concurrently into the scaffold. The ideal scaffolds should have an interconnected porous structure, well-designed pore size, and adequate porosity not only to allow cell attachment, proliferation, and differentiation, butalso the effective bioactive agents and nutrient exchange during new tissue development. A three-dimensional scaffold is seeded with desired cell types, while an individual organ cell is a specific mechanism for the construction or regeneration of the cells. Particularly, bone organ development at the affected place eventually reduces in situ and is repaired with the newly generated bone cells.
Artificial scaffolds have been applied and used as a supporting structure for cell cultures and the domination of cell growth in repairing impaired tissues or organs. During cell regeneration, the scaffold temporarily helps in cell regeneration. It gradually biodegrades either in the healing process or after, producing a new tissue with a desired shape and properties. The challenge of tissue engineering is to mimic what happens in nature. Attempts are being made to engineer in vitro practically every tissue and organ in the body. Work is proceeding in creating tissue-engineered liver, nerve, kidney, intestine, pancreas, and even heart muscle and valves. In connective tissues, work has been ongoing worldwide for many years in the engineering of tendon, ligament, bone, and cartilage. Recently, there have many reports of success in skin, bladder, airway, and bone, where tissue-engineered constructs have been used successfully in patients. As the subject of this special issue is the collection of body organ regeneration materials and their Cell Adhesion and Migration for the development and regeneration of the tissues, in this regard biomaterials are significantly involved in the development of the repair of bone tissues. The collected articles report the use and efficacy of different materials like scaffold, composite, 3 days materials to the repair and development of osteoblast, cartilage repair, chondrocytes, and etc. Meanwhile, a review by Tang et al. discusses the recent trends in the development of bone regenerative biomaterials and the use of traditional and modern bone defect repair biomaterials for bone tissue regeneration (Tang et al.).
Zhu et al. presented the potential of biomimetic intrinsically disordered proteins as bone graft materials (Zhu et al.). Two biomimetic peptides (P2 and P6) are incorporated into the SmartBonePepR composite to increase the bioactivity of the bone regeneration ability. The SmartBonePepR composite proved multimodal biological effects as good viability, proliferation rate on human MSC cells in-vitro cell analysis, and gene expression analysis. Diwu et al. reported a perfect mimic of human bone material such as selenium substituted Hydroxyapatite (HAP-Se) covered by lactic acid (LA)—Polyethylene glycol (PEG)—Aspartic acid (AS) composite with the loading of vincristine sulfate (VCR) drug (HAP-Se/LA-PEG-AS/VCR) was fabricated for twin purposes of bone regenerations (Wang et al.). The HAP-Se/LA-PEG-AS/VCR composite was coated on a titanium implant through electrophoretic deposition (EPD). The porous nature of the composite has expressed the more exceptional biocompatibility in bone cells and toxicity with the cancer cells of prepared composites. The outcome of the investigation proposed the biomaterial suitable for implantation and helps accelerate bone regeneration on osteoporosis and osteosarcoma affected hard tissue.
Cartilaginous defect repair is difficult because of the avascular nature and limited regeneration of the ability of cartilage in situ (Diwu et al.). Autogenous cartilage transplantation, allogenic cartilage transplantation, and artificial substitutes are therapeutic options. An acellular matrix (AM) as a natural biomaterial is gaining increasing attention in tissue engineering applications. An acellular cartilaginous matrix (ACM) and acellular dermal matrix (ADM) are two kinds of the most widely used AMs in cartilage tissue engineering. However, there is still debate over which of these AMs achieves optimal cartilage regeneration, especially in large immunocompetent animals. Wang et al. fabricated porous ADM and ACM scaffolds by a freeze-drying method and confirmed that ADM had a larger pore size than ACM (Ci et al.). By recolonizing with goat auricular chondrocytes and in vitro culture, ADM scaffolds exhibited a higher cell adhesion rate, more homogeneous chondrocyte distribution, and neocartilage formation than ACM. Additionally, quantitative polymerase chain reaction (qPCR) indicated that expression of cartilage-related genes, including ACAN, COLIIA1, and SOX9, was significantly higher in the ADM group than the ACM group. In summary, the ADM is appropriate for cartilage regeneration, which can be used for cartilage regeneration in large immunocompetent animals.
Ci et al. reported cartilage sheet was prepared into engineered Cartilage gel (ECG) and combined with DBM to explore the feasibility of regenerating 3D cartilage with controlled shape and mechanical strength (She et al.). The authors introduced the new concept for cartilage regenerations by analogous steel reinforced composite packed ECG and DBM materials. A Biomimetic Biphasic Scaffold Consisting of Decellularized Cartilage and Decalcified Bone Matrixes for Osteochondral Defect Repair was reported by Cao et al. and Bosch-Rué et al. This study developed a biomimsubchondraletic biphasic scaffold for OCD repair via an iterative layered lyophilization technique that controlled the composition, substrate stiffness, and pore size in each phase of the scaffold. The biphasic scaffold consisted of a superficial decellularized cartilage matrix (DCM) and underlying decalcified bone matrix (DBM) materials used for osteochondral tissue regenerations. The results demonstrate that the biomimetic biphasic scaffold has a good osteochondral repair effect.
The recent advances in bone regenerations by 3D printed biomimetic scaffold materials are a rapid development of tissue engineering technology, and have provided new methods for tracheal replacement (Cao et al.). A biomimetic scaffold with a separated-ring structure—a polycaprolactone (PCL) scaffold with a ring-hollow alternating structure—was three-dimensionally printed as a framework. The collagen sponge was embedded in the hollows amid the PCL rings by pouring, followed by lyophilization. The experimental results showed substantial deposition of tracheal cartilage and formation of a biomimetic trachea mimicking the native trachea both structurally and mechanically. The investigation highlights the advantage of a biomimetic trachea with a separated-ring structure that mimics the native trachea both structurally and mechanically and demonstrates its promise in repairing long-segment tracheal defects.
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Bone defect is a noteworthy health problem and is the second most transplanted tissue after blood. Numerous bone grafts are designed and applied in clinics. Limitations, however, from different aspects still exist, including limited supply, mechanical strength, and bioactivity. In this study, two biomimetic peptides (P2 and P6) are incorporated into a composite bioactive xeno hybrid bone graft named SmartBonePep®, with the aim to increase the bioactivity of the bone graft. The results, which include cytotoxicity, proliferation rate, confocal microscopy, gene expression, and protein qualification, successfully prove that the SmartBonePep® has multi-modal biological effects on human mesenchymal stem cells from bone marrow. The effective physical entrapment of P6 into a composite xeno-hybrid bone graft, withstanding manufacturing processes including exposure to strong organic solvents and ethylene oxide sterilization, increases the osteogenic potential of the stem cells as well as cell attachment and proliferation. P2 and P6 both show a strong biological potential and may be future candidates for enhancing the clinical performance of bone grafts.

Keywords: bone scaffold, bone graft, bone regeneration biomimetic, bioactive proteins, intrinsically disordered, mesenchymal stem cells, xenograft


INTRODUCTION

Trauma, surgical resection, infections, degeneration, and a myriad of external and internal factors can alone or in combination lead to critical-size bone defects. Such defects are severe public health issues and take impact on public healthcare and on the quality of life of the patients involved (Wang and Yeung, 2017). In fact, disorder of musculoskeletal system is a familiar reason of long-term discomfort. Although skeletal tissues have certain capacity of self-healing, it remains limited in critical-size defects where callus formation is unable to bridge and stabilize the compromised bone. This situation often results in non-union fractures, the formation of pseudarthroses or skeletal deformation (Winkler et al., 2018). In order to avoid such complications an implant and/or a graft is often used in a surgical procedure to stabilize the bone and induce new bone formation in situ. Bone grafts and bone graft substitutes play an important role in terms of mechanically supporting the defect, attracting cells, guiding bone ingrowth, and inducing bone regeneration (Reczyńska et al., 2015; Ionita et al., 2016; Winkler et al., 2018). Even though a wide range of synthetic biomaterials with diverse characteristics are available for clinical use today, e.g., titanium alloys or calcium phosphates (Campana et al., 2014; Cama et al., 2017; Sukul et al., 2020)Cama et al., 2017Campana et al., 2014Sukul et al., 2020, there are still important limitations in their biological aptness (Rahmati et al., 2020). This includes poor or non-predictable biodegradation rates (Rumpel et al., 2006), or lack of osteogenic capacity (Esposito et al., 1999; Sakka and Coulthard, 2011). Therefore, natural bone grafts are still of great interest. Autologous bone grafts were the first grafts used to repair bone defects and have shown great success (Giannoudis et al., 2005). This type of technique does, however, requires additional surgery, e.g., osteotomy on the iliac, causes extra pain and is linked to donor site morbidity, which represents an additional risk especially for the older population. More importantly, autologous bone sources are limited, and the quality of the autograft is in some cases not high enough (Haugen et al., 2019). Allogeneic bone graft, bone from different and often dead human donors, is another option for bone repair. This material allows the treatment of larger defects, the only manufacturing limitations being amount, type, and qualities. Nevertheless, the number of potential donors is becoming increasingly limited and ethical concerns are rising. Moreover, allogeneic transplants and grafts also involve potential risks such as triggering immunogenic reactions or transferring contagious diseases (Sohn and Oh, 2019). An appropriate bone substitutes ought to resemble the naturally bone, xenografts, i.e., bone tissue from another species, are also considered to be a viable option, and to be on a par with allografts and synthetics (Athanasiou et al., 2010; Schmitt et al., 2015). Amongst commonly used xenografts, bovine cancellous bone grafts are regarded the most similar to human bone (Poumarat and Squire, 1993; Fletcher et al., 2018). Albeit sharing the risk profile with allografts, they are more widely used because they are cheap, easily available in large amounts, and are standardized. Their safety and efficacy in skeletal reconstructive surgery since the 1950s has also been demonstrated (Planell et al., 2009).

Most xenografts are produced by defatting, decellularizing, and deproteinizing cancellous bone, which are necessary processes for the elimination of antigenicity, the mineralized bone matrix alone being the substance in clinical use (Meloni et al., 2017). Thus, the toughness of xenograft is lowered compared to natural bone even though the strength can be mostly retained (Cornu, 2012). Moreover, due to the process of sterilization and storage allografts and xenografts have significantly decreased osteogenic and osteoinductive function compared to living autografts (Pape et al., 2010). A new concept using a xeno-hybrid graft substitute has been introduced to reduce this discrepancy between xenografts and natural bone. This medical device, named SmartBone® and certified for clinical use, is manufactured by adding a biocompatible polymer coating and gelatine-derived collagen fragments to the deproteinized bovine bone matrix, in order to create a biomaterial that has similar characteristics to natural bone (Pertici et al., 2014; D’Alessandro et al., 2017; Cingolani et al., 2018; Ferracini et al., 2019). The polymer used poly(L-lactide-co-ε-caprolactone) (PCL-LA) increases the toughness of the graft, while the collagen fragments present the integrin binding motif, RGD, on the polymeric coating with the specific role to further improve the biological performance of the biomaterial (Rossi et al., 2015; Roato et al., 2018).

Bioactive macromolecules such as growth factors or cell attachment motifs, have been suggested to be favorable for improved bone regeneration in critical-size bone defects. The RGD motif is widely used to promote initial mesenchymal cell attachment onto scaffolding materials via integrin receptors (Kapp et al., 2017; Chahal et al., 2020). However, cell attachment in itself is not enough for optimized bone repair, while the following proliferation and differentiation process of the attached cells needs further stimulation from the surrounding microenvironment to enable proper bone repair. Growth factors and other biomolecules can be utilized to accelerate bone healing when incorporated into a bone graft substitute (Lv et al., 2015; Lin et al., 2019). Several biomolecules have obtained FDA approval for such use including BMPs (bone morphogenetic proteins), bFGF (basic fibroblast growth factor), and VEGF (vascular endothelial growth factor) (Janicki and Schmidmaier, 2011; Wang and Yeung, 2017). The regulation of bone healing by a growth factor is, however, a very complex and highly orchestrated process that need to be closely controlled at several stages to avoid deleterious treatment outcomes. Thus, there is intense controversy regarding the clinical use of growth factors such as BMPs, and hence a pressing need to find safer and more effective bone stimulating strategies for bone tissue engineering that better biomimics the natural healing process (Epstein, 2013; Oryan et al., 2014).

This study aims to investigate the potential of biomimetic peptides, belonging to a group of proteins called “intrinsically disordered proteins” (IDPs), which are highly diverse in their effects and yet adaptable and specific, in their action. These molecules have no strict internal structure and can therefore adapt to several binding configurations due to their one-to-many and many-to-one signaling capacities (Wright and Dyson, 2015). These two biomimetic peptides P2 and P6 were fused into the polymeric coating of the SmartBone® matrix, simultaneously with the RGD motif during the graft production process, in an effort to further increase the bio-efficacy of this promising xeno-hybrid bone graft substitute. The peptide sequence P6 is identical to part of the amelogenin (AMEL) sequence (Zhang et al., 2010; Wald et al., 2011). Amelogenin naturally occurs in tooth enamel and plays a major role in matrix biomineralization (Fang et al., 2011; Ruan and Moradian-Oldak, 2015). P2 biomimetic nature is based on the common characteristics of proline-rich regions in hard tissue extracellular matrix proteins (Rubert et al., 2011; Villa et al., 2016). Another main advantageous of these biomimetic peptides is that they can withstand organic solvents and thus is more versatile when incorporation into new hybrid biomaterials than growth factors (e.g., BMPs).

Since bone marrow derived human mesenchymal stem cells (hMSCs) are the most abundant progenitor cell-type present at the site of bone injury and are the major facilitators of bone regeneration, we tested the biocompatibility and bio-efficacy of these novel composite bone grafts in hMSCs cultures, both growth culture medium and differentiation medium with osteogenic supplements being used. The effects of bone graft with added biomimetic proteins P2 and P6 on hMSCs were assessed by cytotoxicity assays, proliferation assays, real-time PCR, multiplex proteomics, immunofluorescence staining, and confocal microscopy.



MATERIALS AND METHODS


Bone Graft Preparations

The xeno-hybrid bone graft SmartBone® (SBN) was manufactured by I.B.I. SA (Mezzovico-Vira, Switzerland). It consists of a bovine bone-derived mineral matrix which is improved by reinforcement with the co-polymer coating poly(L-lactide-co-ε-caprolactone) (PLCL) and the addition of RGD-exposing collagen fragments from animal-derived gelatine (D’Alessandro et al., 2017). During standard manufacturing process of SBN, the biomimetic peptides P2 and P6 (Zhu et al., 2020) were embedded into the polymer coating of SBN, producing SmartBonePep® (SBP) with a nominal concentration capable to provide a release rate equivalent to 1 μg/cm3/d over a 2 weeks time (Figures 1A–F) (Perale et al., 2019). These two bone grafts were called SBP2 and SBP6, respectively (Zhu et al., 2020). A third group which combine both P2 and P6 added was also added (SBP2+P6). The release profiles, cytotoxicity, SEM, and mechanical strength of both SBN and SBP has been described by Perale et al. (2019) and thus not repeated here. The sequences of the biomimetic synthetic peptides P2 and P6 (designed by Corticalis AS, Oslo, Norway and supplied by Pepmic Co., Ltd., Jiangsu, China) are available are previously described (Ramis et al., 2012). Both peptides were prepared as stock solutions at 4 mM in 0.1% acetic acid and stored at −20°C.
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FIGURE 1. Graphical overview of experimental work. Dissolved and physical entrapment of P2 and P6 in a polymer matrix (PCL-LA) and mesenchymal stem cells seeded onto the bone graft. The peptides are presented as red sphere and are being released off the bone graft as the PCL-LA swells.




Cell Culturing, Expansion, and Seeding

Commercially available hMSCs (Lonza, Germany) were employed for cell experiments. Cells were cultured in mesenchymal stem cell growth medium (MSCGM, Lonza, Germany) as recommended by the cell provider, in a standard cell culturing environment of 37°C humidified atmosphere with 5% CO2. Two types of medium were used in the experiments: (1) growth medium and (2) differentiation medium. The osteogenic differentiation medium was made by the enrichment of basal medium with 10 mM β-glycerophosphate (50020, Sigma Aldrich) and 100 μM ascorbate-2-phosphate (A8960, Sigma Aldrich). For the cell expansion, the growth medium was used and changed every 3 days, and cells between passage 5 and 7 were used for experiments. If not specified, differentiation medium was used for experiments. A suspension of 8 × 104 cells, volume of 200 μl, was microseeded on the surface of three different samples per group (circular shaped, diameter: 12 mm, height: 3 mm) in a 24-well plate and redone three times (three replicates). After 30 min incubation for cell attachment and penetration inside the graft matrix by media and cells soaking (Roato et al., 2018), full volume of the culturing medium was then gently added. The medium was changed on day 2, 5, and 7 of each week and cells were cultured until day 28 at 37°C and 5% CO2.



Cytotoxicity

Following indications by current revisions of the ISO-10993 norm series, lactate dehydrogenase (LDH) activity in the culture media was used to evaluate the cytotoxicity of the samples (four samples, replicated three times, n = 12). All the measurements were performed according to the manufacturer’s kit instructions (Roche Diagnostics, Mannheim, Germany). After 48 h of culturing, 50 μl of the culture medium was taken out and mixed with 50 μl of the reaction mixture. The incubation was performed at room temperature for 30 min in the dark environment. LDH activity was determined in an ELISA reader by measuring the oxidation of nicotinamide adenine dinucleotide (NADH) at 490 nm in the presence of pyruvate. Results were presented relative to the control by calculating the OD value as follows. Cells cultured in the culturing plate without interference were set as the negative control, while cells in the culturing plate treated with medium containing 1% Triton X-100 were set as the positive control (100% cell death).

Cytotoxicity was calculated using the following equation (Eq. 1):
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Cell Viability/Metabolic Rate Measurement

The MTS test was used for cell viability evaluation. Samples were transferred to a new 24-well plate to avoid measuring the metabolic activity of the cells that had adhered to the tissue culture plastics. The test was run on three replicates. 120 μl of MTS substrate (CellTiter 96® AQueous MTS Reagent Powder G1111, Promega) with 600 μl of culture medium was added to each sample. Thereafter, the samples were incubated at 37°C and 5% CO2 for 2 h. During this time the yellow substrate was reduced by mitochondrial enzymes to a purple product. The product absorbance was measured using the reader InfiniteM200PRO (Tecan) at 490 nm, reference wavelength 690 nm.



Cell Proliferation Assay

The samples (n = 3) after performing MTS test were washed twice with PBS and transferred to sterile tubes with 700 μl of lysis buffer in each. The lysis buffer consists of 10 mM Tris (T1503, Sigma Aldrich), 1 mM EDTA (EDS, Sigma Aldrich) with 0.0004% Triton X-100 (T8787, Sigma Aldrich). Samples were then frozen. They were vortexed after thawing. Samples were further frozen, thawed, and vortexed, three cycles in total. Finally, 10 μl of sample, respectively dsDNA standard from the assay, was transferred to a black 96-well plate with a transparent bottom. Then 200 μl of working solution Quant-iTTM dsDNA Assay Kit (Q33120, Invitrogen) was added. A fluorescently labeled probe in the working solution emitted a signal after binding to dsDNA. The fluorescence was measured at excitation wavelength 485 nm and emission 528 nm.



Confocal Microscopy

Confocal microscopy was performed on three samples for each group at each time point on day 14th and 21st to observe cell expansion. Samples were first washed three times with PBS and then fixed with 4% paraformaldehyde for 12 min. After washed with PBS for three times, samples were stained with phalloidin labeled with Alexa-488 for 1 h and DAPI for 20 min. Original images were taken using laser scanning confocal microscopy (Leica TCS SPE Microsystems Wetzlar GmbH, Wetzlar, Germany) and stacked images were generated in Image J.



ALP Activity Evaluation

Alkaline phosphatase (ALP) activity was measured spectrophotometrically using a p-nitrophenyl phosphate (pNPP) as a substrate for this enzyme (N7653, Sigma Aldrich). ALP activity leads to the conversion of a colorless substrate to the yellow product p-nitrophenol. The test was run in triplicates (n = 3). 300 μl of ALP substrate was added to each well. Samples were shielded from direct light and incubated for 45 min at room temperature. The entire volume of the solution was then transferred to a new well and 150 μL of 2 M NaOH was added to stop the reaction. Finally, the absorbance of 150 μl of the final solution was measured at 405 nm.



Immunofluorescence Staining

Scaffolds (n = 3) were and washed three times with PBS. Methanol was then added to fix the adhered cells. They were kept for 20 min at room temperature, then stored at −20°C. Scaffolds were washed three times in PBS before staining. After that samples were incubated at room temperature in 0.1% Triton X-100 (T8787, Sigma Aldrich) with 1% BSA (SH30574.02, HY Clone) in PBS. After 30 min was the liquid aspirated and 1% Tween20 (P9416, Sigma Aldrich) in PBS was added. Cells were incubated for 20 min at room temperature. Finally, the samples were washed three times in PBS. Primary antibody rabbit anti-osteocalcin (T4743, Peninsula Laboratories) was diluted in PBS 1:200 and samples were incubated in it overnight at 4°C. In the next step the samples were washed with 0.05% Tween20 (P9416, Sigma Aldrich) in three cycles—after 3, 5 and 10 min of incubation in solution. The samples, after final washing with PBS once a secondary antibody Alexa Fluor 633 (A21070, Life Technologies) in dilution 1:500 in PBS was added, were incubated for 50 min at room temperature in the dark. Samples were then washed three times in PBS. Hoechst 34580 (H21486, Life Technologies) diluted 1:5000 in PBS was added to the samples for 15 min at room temperature. The samples were then washed twice in PBS and scanned under a confocal microscope (Zeiss LSM 880 Airyscan, Germany). It was taken at least four scans from each group. Hoechst 34580 was shown as blue and osteocalcin as red.



Quantification of Gene Expression Levels

RNA was isolated on day 14 and 28 using a RNeasy Mini kit (Qiagen GmbH, Germany, catalog no. 74106) and following the manufacturer’s protocol. The total amount of nucleic acid was diluted to 366.96 ng/μl for each sample. The reaction was run using triplicates (n = 3). The mRNA was subsequently transcribed to cDNA using RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, United States, catalog no. K1632), according to the manufacturer’s protocol. Expressions of osteogenic marker genes including runt-related transcription factor 2 (RUNX2) (Hs01047973_m1), collagen type I (COL-I) (Hs00164004_m1), osteocalcin (OC) (Hs01587814_g1), and bone sialoprotein (IBSP) (Hs00913377_m1) (all TaqMan, Thermo Fisher Scientific) were measured. As the 2-ΔCp method was used, the values were normalized with eukaryotic elongation factor-1 (EEF1) (Hs00265885_g1, TaqMan, Thermo Fisher Scientific) as a housekeeping gene. The parameters of qPCR were set as follows: activation—95°C, 10 min; amplification—95°C for 10 s, 60°C for 10 s (50 cycles); termination—40°C for 1 min. The TaqMan Gene Expression Master Mix (Thermo Fisher Scientific, Waltham, MA, United States) and RT-PCR Grade Water (Thermo Fisher Scientific, Waltham, MA, United States) was added to each sample. Samples were stored in a freezer at −80°C between the isolation of RNA, cDNA synthesis, and RT-PCR. To measure the fluorescence intensity Light Cycler 480 (Roche, Basel, Switzerland) was used.



Quantification of Specific Extracellular Proteins

Medium was collected on day 2, 7, 14, 16, and 21, with four replicates for each group. Medium samples were stored in a freezer at −80°C until final use. Multianalyte profiling of protein levels in the culture medium was performed using the Luminex 200 system (Luminex, Austin, TX, United States), employing xMAP technology where Bone Metabolism Multiplex Assay was used (Human Bone Magnetic Bead Panel, MILLIPLEX, Germany). All the acquired fluorescence data was analyzed by the xPONENT 3.1 software (Luminex, Austin, TX, United States). Selected markers as osteocalcin (OCN), osteopontin (OPN), osteoprotegerin (OPG), dickkopf-related protein 1 (DKK-1), sclerostin (SOST), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) in the culture medium at different time points. All processes were performed according to the manufacturer’s protocols.



Statistical Analysis

Normality tests were first run on the datasets. Normally distributed results were expressed as means ± standard deviation (SD). One-way ANOVA and Tukey’s tests were used for multiple comparisons among groups while two-way ANOVA and Bonferroni post-tests were applied when different points in time were included. Statistical analysis was run in SPSS12 (IBM SPSS, Armonk, NY, United States). A significant difference was considered where p < 0.05, * marking a significant difference versus SBN, # as versus SBP2, and Δ as versus SBP6.




RESULTS


Cytotoxicity, Cell Viability/Metabolic Activity, and Cell Proliferation

No cytotoxicity behavior was observed in any of the groups in the growth medium or in the differentiation medium. SBP2 exhibited significantly lower toxicity in the growth environment than the other three groups (Figures 2A,B). The MTS test was used for cell viability evaluation. The cellular metabolism levels of all groups increased during the experiment. No significant difference was detected among groups. A trend of growing metabolic activity could be detected in SBP2+P6, and may portrait a synergistic on cell metabolism (Figure 2C). The amount of dsDNA was also quantified for cell proliferation evaluation. A significant decrease in dsDNA concentration was observed in all groups on day 7. A gradual increase was, however, observed on day 14 for all groups except for the group with SBP2 (Figure 2D). The percentage of stem cells was determined as a number of cells with positive expression of CD105, CD73, CD90 and with negative expression of CD45, CD34, CD14, CD19, HLA-DR. 98.44% of cells in this passage preserved the stemness phenotype (Supplementary Figure A1).
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FIGURE 2. (A,B) Cytotoxicity of SBN and SBP analyzed via lactate dehydrogenase (LDH) activity. (C) Metabolic activity of hMSCs. (D) dsDNA quantification. (E) alkaline phosphatase (ALP) activity. *p < 0.05 for when compared to SBN, #p < 0.05 for when compared to SBP2, Δp < 0.05 for when compared to SBP6 (n = 3).




Cell Expansion

Cell behavior on bone grafts was observed under confocal microscopy with phalloidin marking the cytoskeleton and DAPI marking the nucleus. It could be noticed that on day 14, a larger amount of hMSCs was present on SBP than on SBN under the growth environment. Among the SBPs, SBP2 strongly promoted cell proliferation. This was not, however, as strong for SBP6. Multilayers of cells were observed on all SBPs on day 21 (Figure 3A). For cells and bone grafts cultured in differentiation medium, generally cell expansion level was lower than those cultured in growth medium. Nevertheless, SBPs still provided greater cell proliferation effects than SBN (Figure 3B).
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FIGURE 3. Cell behavior of human mesenchymal stem cells (hMSCs) with growth medium (A) and in differentiation medium (B) stained with phalloidin (green) and DAPI (blue) observed under laser scanning confocal microscopy. Scale bar: 100 μm (n = 3).




Alkaline Phosphatase Activity

The level of ALP activity in the SBN group was the same on day 7 as it was on day 14. Increased activity was observed in SBP2 and SBP2+P6 in the second week, while contrarily in SBP6 the activity was decreased. The peak was measured on day 7 in SBP6 and significant differences compared to other groups were proved (Figure 2E).



Immunofluorescence Staining of Osteocalcin

The expression level of osteocalcin (OCN) was detected via the immunofluorescence staining method. A high level of OCN was detected in SBP6 on day 28. The expression of OCN could also be noted in P6 on day 21 and in SBP2+P6 on day 28 (Figure 4). The dept profiles shows that the cells penetrated deep into the porous materials (Figure 4). Due to the negative controls, we can exclude possible non-specific interaction of secondary antibody with the biomaterial or biomaterial autofluorescence.
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FIGURE 4. Immunohistochemical staining of OCN (red) and Hoechst 34580 staining of cell nuclei (blue) on day 21 and 28. Cell penetration to the scaffolds are presented as depth profiles at day 28 in third row and OCN negative controls at the bottom. Scale bar: 20 μm (n = 4).




Gene Expression

Expressions of osteogenic marker genes including runt-related transcription factor 2 (RUNX2), collagen type I (COL-I), osteocalcin (OCN), and bone sialoprotein (IBSP) were measured on day 14 and 28. No difference was observed for RUNX2 among all groups. The COL-I expression in SBP6 was significantly higher than in SBN on day 14. SBP6 exhibited the lowest OCN expression on day 14, while SBP6 and SBP2+P6 were significantly higher than other groups on day 28. As to IBSP, SBN and SBP2+P6 displayed higher expressions than SBP2 and SBP6 on day 14, whereas SBP2 and SBP2+P6 were higher than others on the day 28, with SBP2+P6 as the highest (Figure 5).
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FIGURE 5. Osteogenic related gene expression analyzed via qPCR. *p < 0.05 for when compared to SBN, #p < 0.05 for when compared to SBP2, Δp < 0.05 for when compared to SBP6 (n = 4).




Quantification of Specific Extracellular Proteins

On day 2, 7, 14, 16 and 21, medium was collected and multianalyte profiling of protein levels in the culture medium was performed including osteocalcin (OCN), osteopontin (OPN), osteoprotegerin (OPG), dickkopf-related protein 1 (DKK-1), sclerostin (SOST), IL-6, and TNF-α. Significant differences in OCN secretion could be observed in both the growth and osteogenic environment. In the growth environment, SBPs all exhibited higher levels of OCN compared to SBN on the 7th day, and this remained high on the 21st day in SBP6 and SBP2+P6. With stimulation of osteogenic medium, secretion of OCN in SBPs was kept high during all the experiment. Significant differences could be detected in all SBPs on day 7 and 14, and in SBP6 and SBP2+P6 on day 21 compared to SBN.

For OPN, significant difference was only noted on day 7 through comparing SBP6 with SBN in the growth environment. No other difference was detected. For OPG, SBP6 exhibited higher secretion on day 21 and 28 than SBN in the osteogenic environment. For DKK-1, secretion level was at the lowest in SBP6 compared to all other groups on the 21st day in growth environment. For SOST, not significant difference was found among all groups in the two different environments. As to the inflammatory markers, significant difference could only be detected on day 14 in IL-6 when comparing SBP2+P6 and SBN (Figure 6).
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FIGURE 6. The quantification results of specific extracellular protein (OPN, OPG, DKK-1, SOST, IL-6, and TNF-α). Results were shown normalized to SBN at different time points. *p < 0.05 for when compared to SBN, #p < 0.05 for when compared to SBP2, Δp < 0.05 for when compared to SBP6 (n = 4).





DISCUSSION

In this study, we utilized hMSCs to study the biocompatibility and biological functions of xeno-hybrid bone graft with entrapped biomimetic peptides. The cell behavior was investigated in both growth and osteogenic microenvironments. The biomimetic synthetic peptides (P2 and P6) belongs to a group named IDPs which has no definite three-dimensional structure under natural conditions (Kalmar et al., 2012; Wright and Dyson, 2015). These biomimetic IDPs enjoys unique benefits in combination, spatial transformation, and coordination. IDPs are involved in plenteously of biological activities and are regarded as “one too many signaling” protein. Hydroxyapatite (HAp) crystal formation, growth control, and its orientation is controlled partly of fully disordered IDPs (Wald et al., 2017). P2 and P6 has common proline-rich regions to such biomineralization controlling (amelogenin and ameloblastin) (Ramis et al., 2012). The idea behind the studied bone graft substitute was to pool a commercially bone graft (SmartBone®) with a biomimetic peptide with IDP functions. The request for a more sophisticated bone graft with advanced bioactivity and biomimetic properties is growing as orthopedic surgeons are using BGs in more challenging clinical cases than earlier (Haugen et al., 2019; Sanz et al., 2019). Although variances of biomolecule stimuli, such as recombinant growth factors have been successfully embedded in other bone graft materials for promoting osteogenic differentiation or enhancing osseointegration, these biomolecules are associated with both high costs and lack of sufficient evidences of safety and efficacy (Fu et al., 2013; James et al., 2016), which impedes long-term clinical applications. Carragee et al. found that the risk of adverse dealings associated with rhBMP-2 was 10–50 times greater than what was originally reported (Carragee et al., 2011). However, synthetic biomimetic peptides are both safer and more cost-effective (Delawi et al., 2016), and in addition, they can withstand exposure to strong organic solvents and ethylene oxide sterilization (Zhu et al., 2020). When using growth factor such as BMPs ones need to be precaution with exposure to organic solvents which limits its use for in new biomaterials.

The addition of the biomimetic P2 and P6 improved the biological characters of SBN (Roato et al., 2018). As shown in confocal images for growth medium, SBPs had a strong effect on promoting the proliferation of attached stem cells when compared with SBN, particularly SBP2, where multilayers of cells were already formed at the early stage (day 14), which was also in correspondence with the result of LDH activity, indicating that SBPs could provide an ideal microenvironment for hMSCs colonization. Mesenchymal stem cells are multipotent, active as forerunners to a several cell types such as adipocytes, osteoblasts, and chondrocytes. When the hMSCs were exposed to the osteogenic differentiation medium, the proliferation would be partly suppressed and hMSCs would differentiate into osteoblasts phenotype. However, even suppressed, large numbers of cells could still be observed on the surface of SBPs. The proliferation progress was not totally inhibited in the differentiation environment under the stimulation of IDPs.

A series of experiments was performed to study how the IDPs affected the differentiation of hMSCs on the bone grafts. ALP activity is an early marker of osteoblast differentiation. SBP6 exhibited a strong effect on ALP activity enhancement at an early point in time (day 7), suggesting that P6 might potentially be involved in this progress of the osteogenesis effect. An interesting phenomenon occurred for ALP activity where we saw a higher expression for SBP2 than the combination of both peptides (SBP2+P6). It seemed that SBP6 had higher stimulation on ALP activity on day 7, while SBP2 had higher stimulation on ALP activity on day 14. When P2 and P6 release together into the cell media, we observed a halved effects on each time points, leading to a lower ALP activity instead of synergistic effect. We therefore postulate that the P2 and P6 might have competitive effect on their receptors. Further analysis of the mRNA expression revealed that SBP6 could affect the expression of COL-I on the 14th day, and also demonstrated that OCN expression was strongly promoted on the 28th day in SBP6 and SBP2+P6, while SBP2 could also stimulate OCN expression on the earlier time point (day 14). In addition, P2 could promote IBSP expression, as proved by the results of SBP2 and SBP2+P6 on day 28. The expression of RUNX2 mRNA, which is a transcription factor at the beginning of the osteogenic signaling cascade, showed no significant differences. We assumed that OCN was the key point of the phenomenon. OCN, a bone γ-carboxyglutamic acid protein, is a secreted factor influencing matrix mineralization and global metabolism. It is a small protein that composes approximately 10% of non-collagenous protein part in bone (Gallop et al., 1980). OCN is associated with the mineralized matrix of bone and has the ability to bind calcium, showing an adsorption affinity for hydroxyapatite (McKee and Cole, 2012). Therefore, the addition of IDPs in this xeno-hybrid bone graft could facilitate extracellular matrix mineralization potentially via boosting OCN synthesis. Similarly, osteogenic peptides derived from collagen type I, BMP-7 and mainly BMP-2 enhanced OCN expression and synthesis in a dose-dependent manner (Lukasova et al., 2017). Since OCN is synthesized almost exclusively by highly differentiated osteoblasts (Price et al., 1976; Eastell and Hannon, 2007)Eastell and Hannon, 2007Price et al., 1976, these results indicated that the hMSCs on the SBPs were in the process of differentiation to osteoblasts phenotype. The effect on OCN was also seen in a previous study with these materials, when human osteoblasts from a variety of donors were seeded onto SmartBonePep® (Zhu et al., 2020).

Luminex methods allowed for further analyze the osteogenesis markers on the protein level. DKK-1 and SOST are involved in the down regulating of osteogenesis. No difference was found among groups in two different culturing environments for these two markers, demonstrating that there was no suppressing effect for SBN nor SBPs. For the inflammatory markers, only on the 14th day we could notice that SBP2+P6 secreted a higher amount of IL-6 than SBN. This indicated that the combination of these two peptides might have slightly up-regulated inflammation effects. OPN and OPG are important regulatory factors for osteogenesis. However, few differences were noticed in this study. Nevertheless, hMSCs on SBP6 still secreted a higher amount of OPG when exposed to the differentiation environment. What was exciting was the results of OCN secretion quantification: SBPs intensively enhanced the production of OCN at each point in time compared with SBN when hMSCs were cultured in differentiation medium. This effect could still, although reduced, be detected when the differentiation environment was switched to the growth environment. These results demonstrated that SBPs, especially with P6 entrapped, could promote OCN secretion in hMSCs even without the stimulation from the osteogenic medium. SBP6 therefore has an osteogenic effect on hMSCs mainly by facilitating the OCN expression. Finally, the immunofluorescence results again provided confirmation of this effect, a high amount of OCN being noticed on the cells attached to SBP6. A limitation of our study was the bone graft was only exposed to in vitro conditions. In a clinical setting, the cell attached to the bone grafts can act slightly different due to various stimuli including blood and lymph flow which we are not able to mimic in static cultivation. However, in vitro experiments are crucial first step in any new material development.

Above all, the entrapped biomimetic peptide modified the biological functions of SmartBone®, promoting the proliferation and osteogenesis process of hMSCs. Specifically, SBP6 promoted osteogenesis partially via upregulating OCN, and SBP2 tended to facilitate cell proliferation.



CONCLUSION

Two biomimetic peptides, P2 and P6, when in corporate into a degradable bone graft, demonstrated to possess multi-modal biological regulations on hMSCs. The biomimetic peptides improved the bone formation capacities bioactive of mesenchymal stem cells and these peptide withstood the bone graft manufacturing processes including exposure to strong organic solvents and ethylene oxide sterilization. P6 increased stem cell attachment and proliferation when compared to P2 and controls (bone graft without biomimetic peptides). The studied biomimetic peptides may be a future candidate for enhancing the clinical performance of bone graft.
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An acellular matrix (AM) as a kind of natural biomaterial is gaining increasing attention in tissue engineering applications. An acellular cartilaginous matrix (ACM) and acellular dermal matrix (ADM) are two kinds of the most widely used AMs in cartilage tissue engineering. However, there is still debate over which of these AMs achieves optimal cartilage regeneration, especially in immunocompetent large animals. In the current study, we fabricated porous ADM and ACM scaffolds by a freeze-drying method and confirmed that ADM had a larger pore size than ACM. By recolonization with goat auricular chondrocytes and in vitro culture, ADM scaffolds exhibited a higher cell adhesion rate, more homogeneous chondrocyte distribution, and neocartilage formation compared with ACM. Additionally, quantitative polymerase chain reaction (qPCR) indicated that expression of cartilage-related genes, including ACAN, COLIIA1, and SOX9, was significantly higher in the ADM group than the ACM group. Furthermore, after subcutaneous implantation in a goat, histological evaluation showed that ADM achieved more stable and matured cartilage compared with ACM, which was confirmed by quantitative data including the wet weight, volume, and contents of DNA, GAG, total collagen, and collagen II. Additionally, immunological assessment suggested that ADM evoked a low immune response compared with ACM as evidenced by qPCR and immunohistochemical analyses of CD3 and CD68, and TUNEL. Collectively, our results indicate that ADM is a more suitable AM for cartilage regeneration, which can be used for cartilage regeneration in immunocompetent large animals.

Keywords: acellular cartilaginous matrix, acellular dermal matrix, tissue engineering, cartilage regeneration, immune responses


INTRODUCTION

Cartilaginous defect repair is difficult because of the avascular nature and limited regeneration ability of cartilage in situ (Gomoll et al., 2010; Montgomery et al., 2014; Orth et al., 2020). Autogenous cartilage transplantation, allogenic cartilage transplantation, and artificial substitutes are therapeutic options. However, they have many shortcomings such as source limitations, immune rejection, transmission of exogenous diseases, foreign body reactions, and infection. In recent years, the development of cartilage tissue engineering has provided a new modality (Liu et al., 2020). Nevertheless, there is still a great challenge to generate mature and stable neocartilages in subcutaneous sites, such as the ear, nose, and eyelid, in immunocompetent individuals.

Biomaterial scaffolds play an important role in cartilage tissue engineering (Przekora, 2019; Lapomarda et al., 2020). They not only provide support to maintain the original shape, but also guide the regeneration of damaged cartilaginous tissue. Synthetic polymers (e.g., PLGA, PLA, and PGA) are often used as biomaterial scaffolds to generate cartilaginous tissue. However, because of the serious inflammatory response in immunocompetent animals, they are not ideal for cartilage regeneration and translation to clinical application (Rotter et al., 2005; Ceonzo et al., 2006; Asawa et al., 2012). Therefore, natural scaffolds such as an acellular matrix (AM) are gaining increasing attention for cartilage regeneration, because they provide an ideal extracellular matrix (ECM) and signals that facilitate cell attachment, migration, proliferation, and differentiation (Yang et al., 2008; Lammi et al., 2018).

AM is a kind of natural biomaterial with advantages including good histocompatibility, a satisfactory cellular adhesion rate, and suitable degradability to match the neo-tissue growth. An acellular cartilaginous matrix (ACM) and acellular dermal matrix (ADM) are two of the most widely used AMs in cartilage tissue engineering. ACM provides a proper microenvironment for chondrocyte growth and cartilage formation in theory because they retain most of the native cartilage-specific ECM structures and functional proteins (Choi et al., 2010; Schwarz et al., 2012, 2015; Kiyotake et al., 2016; Goldberg-Bockhorn et al., 2018; Zhang et al., 2018). Recently, accumulating studies have demonstrated that ADM is also able to generate cartilage tissue and has advantages over ACM, such as more sources and lower costs (Sherris and Oriel, 2011; Ma et al., 2013; Qi et al., 2014; Ye et al., 2016, 2018). However, few studies have been focused on which kind of AM material is more suitable for cartilage tissue engineering and no breakthroughs have been achieved in cartilage tissue engineering using AMs from a xenogeneic source in immunocompetent large animals. Consequently, it is of great importance to find a more appropriate AM as a scaffold material by comparing ACM and ADM that are suitable for cartilage regeneration in immunocompetent large animals.

In the current study, ACM and ADM were seeded with chondrocytes, cultured in vitro, and then subcutaneously implanted in vivo to investigate differences in cartilage regeneration by ACM and ADM as well as the outcomes of ACM and ADM from a xenogeneic source in subcutaneous sites of immunocompetent large animals. Such elucidation would provide insights to clarify the abilities of the two different AM materials to generate cartilage and thus provide a practical method for clinical translation of xenogeneic AM materials.



MATERIALS AND METHODS


Preparation of ACM and ADM Scaffolds

ACM and ADM provided by JiangSu Unitrump Biomedical Technology Co., Ltd. (Nantong, Jiangsu) were derived from hyaline cartilage of hip joint and pig dermis, respectively. Both of cartilage and dermis tissues were carefully stripped of overlying soft tissue and the potential viruses were inactivated by ultraviolet irradiation. Then, a decellularization solution comprised of 2 mg/mL trypsin was combined with 4 mg/mL sodium dodecyl sulfate was used to remove the cells and cellular antigens in cartilage and dermis tissues. Thereafter, both the cartilage and dermis tissues were homogenized by high speed homogenizer. The ADM homogenate was crosslinked using 0.2% glutaraldehyde at PH 4.0–5.5, and followed with repeated lyophilization and rinse to achieve an ADM porous scaffold. In addition, the ACM suspension was mixed with ADM homogenate at a 7:3 ratio by weight and was crosslinked using 0.2% glutaraldehyde at PH 4.0–5.5, and followed with repeated lyophilization and rinse to achieve an ACM porous scaffold.

The microstructures of ACM and ADM scaffolds were examined by scanning electron microscopy (SEM; Philips XL-30, Amsterdam, Netherlands). The pore size was evaluated in SEM images by ImageJ software.



In vitro Experiments


Isolation and Culture of Chondrocytes

This study was approved by the Weifang Medical University Ethics Committee. Three 8-month-old goats provided by Shanghai Jiagan Breeding Factory were used in this study. After intravenous anesthesia with 5% sodium pentobarbital (0.5 mL/kg), cartilage of 3 × 3 cm in size was harvested from an ear and transferred to a 50 mL centrifuge tube filled with 0.25% chloramphenicol. After removing the superfluous fibrous tissue and perichondrium, the cartilage tissue was dissected into 1 mm3 piece, washed in phosphate-buffered saline (PBS), and digested with 0.3% collagenase NB4 (Worthington biochemical Crop., Freehold, New Jersey, United States) for 8 h at 37°C. Then, the isolated cells were collected and cultured in Dulbecco’s modified Eagle’s medium (Gibco BRL, Grand Island, New York, United States) containing 10% fetal bovine serum (Gibco BRL) and 1% Antibiotic-Antimycotic (Gibco BRL) [32]. Cells were passaged at >80% confluence. Passage 3 cells were used for experiments.



Preparation of Chondrocyte-Scaffold Constructs

A 5 mL suspension of chondrocytes at 1 × 108 cells/mL was seeded in each scaffold, followed by 4 h of incubation at 37°C with 5% CO2 in 6-well plates. The constructs were then gently transferred to new 6-well plates. After 24 h of culture, the cell-scaffold constructs were gently rinsed with PBS to remove dead cells. The rinsing solution and cells remaining in the culture dish were collected and counted as N. The cell adhesion rate on the scaffolds was calculated by the following formula: (total cell number–N)/total cell number × 100%.

Cell-scaffold constructs were rinsed with PBS and fixed overnight at 4°C in 0.05% glutaraldehyde. After dehydration through a graded series of ethanol solutions, samples were critical point dried and examined by SEM to directly observe the attachment and distribution of chondrocytes and assess ECM synthesis on the scaffolds.

To determine cell viabilities in ACM and ADM scaffolds, chondrocytes were seeded at 25 × 106/mL in ACM and ADM scaffolds. After 1, 4, and 7 days of culture, viability of the seeded cells was evaluated using the Live and Dead Cell Viability Assay (Invitrogen, United States), following the manufacturer’s instructions, under a confocal microscope (Nikon, Japan).

After 8 weeks of culture, samples were harvested for gross, histological, quantitative polymerase chain reaction (qPCR), and quantitative analyses.



In vivo Experiments

Chondrocyte-scaffold constructs in ACM and ADM groups were implanted subcutaneously around the abdominal costal region of the goats. Samples were harvested at 1, 4, and 12 weeks post-implantation for gross, histological, immunohistochemical, quantitative, and qPCR evaluations.



Histological and Immunohistochemical Analyses

Samples were fixed in 4% paraformaldehyde and embedded in paraffin for sectioning at 5 μm thicknesses and then mounted on glass slides. Sections were stained with hematoxylin and eosin (HE) and Safranin-O (SO).

For immunohistochemical analysis, terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) to detect apoptotic cells was performed using a TUNEL kit (Roche, Indianapolis, IN, United States) in accordance with the manufacturer’s instructions. A rabbit anti-human monoclonal antibody against collagen II (COL II) was used with a horseradish peroxidase (HRP)-conjugated anti-rabbit antibody (1:400 in PBS, Santa Cruz) as the secondary antibody. CD3 was detected using a rabbit anti-human CD3 monoclonal antibody (1:100 in PBS, Santa Cruz Biotechnology, Santa Cruz, CA, United States). CD68 was detected using a rabbit anti-human CD68 monoclonal antibody (1:1,000 in PBS, Santa Cruz Biotechnology). Color development was conducted with diaminobenzidine tetrahydrochloride (Santa Cruz Biotechnology).



Quantitative Determination

Neocartilage samples from the various groups were weighed with an electronic balance. In addition, the neocartilage sample was immersed in 5 mL absolute ethanol and the change in volume was determined as the volume of the neocartilage sample. The contents of cartilage-specific matrices in engineered tissues were analyzed quantitatively.

Total glycosaminoglycan (GAG) content was analyzed by spectrophotometric microdetermination with dimethylmethylene blue. Briefly, total GAG was precipitated by guanidinium chloride solution (0.98 mol/L). After dissolving the GAG precipitate, the OD values were determined at 595 nm. A standard curve was established using chondroitin-4-sulfate, and total GAG was determined from the OD value correlating to the corresponding GAG amount in the standard curve.

The total collagen content was quantified by a hydroxyproline assay. Samples were prepared by alkaline hydrolysis and free hydroxyproline hydrolysates were assayed. Samples were prepared by alkaline hydrolysis, and free hydroxyproline hydrolyzates were assayed according to previously described methods (Reddy and Enwemeka, 1996). The hydroxyproline content was finally converted to total collagen content according to the mass ratio of 7.25 for collagen to hydroxyproline. The amount of collagen II was measured by an ELISA. DNA content was determined using a total DNA quantification assay (PicoGreen dsDNA assay, Invitrogen, United States).



Quantitative Polymerase Chain Reaction (qPCR)

Expression of cartilage-related genes (ACAN, COL2A1, and SOX9) and inflammation-related genes (CD3 and CD68) was analyzed by qPCR. Total RNA was extracted with TRIzol reagent (Invitrogen), and reverse transcribed using Moloney murine leukemia virus Reverse Transcriptase (Invitrogen). qPCR was performed using a Fast Synergy Brands Green Master Kit and Light Cycler 480 system (Roche) in accordance with the manufacturer’s instructions. The results were analyzed using the comparative threshold cycle method and normalized to endogenous reference gene GAPDH. Results are reported as relative values to the mean gene expression of control ACM constructs cultured for 1 week in vitro or ACM constructs cultured for 1 week in vivo. All primer sequences are given in Table 1.


TABLE 1. Primer sequences of related genes.

[image: Table 1]


Statistical Analysis

Differences in quantitative data were analyzed using SPSS 23. A p-value of less than 0.05 was considered statistically significant.



RESULTS


Biocompatibilities of ACM and ADM Scaffolds

A residual DNA content lower than 50 ng/mg was deemed as successful decellularization (Zhang et al., 2019). In the current study, we successfully prepared both ACM and ADM scaffolds with extremely low residual DNA content (10.34 ± 0.88 ng/mg for ACM and 24.80 ± 3.31 ng/mg for ADM) after decellularization process (Figure 1E). To evaluate the biocompatibilities of ACM and ADM scaffolds, auricular chondrocytes were seeded on ACM and ADM scaffolds. Both ACM (Figures 1A,A1) and ADM (Figures 1B,B1) scaffolds had three-dimensional porous structures with favorable interconnectivity and tremendous porosity (92.08 ± 1.54% for ACM and 92.36 ± 1.17% for ADM) (Figure 1H), whereas ADM had a higher average pore size than ACM (105.6 ± 18.9 μm for ADM and 134.2 ± 9.8 μm for ACM) (Figure 1G). Additionally, chondrocyte suspensions were quickly absorbed and evenly distributed in both ACM (Figure 1C) and ADM (Figure 1D) scaffolds, which indicated that ACM and ADM had comparable cell affinities. Notably, both ACM and ADM scaffolds maintained their original shape and size after cell seeding. Furthermore, the cell adhesion rate on ACM was lower than that on ADM (88.94 ± 2.17% for ACM and 95.58 ± 2.10% for ADM) (Figure 1F). SEM was used to evaluate ECM production by chondrocytes on ACM and ADM scaffolds during the early stage of in vitro culture. The results showed that chondrocytes exhibited a round shape within 24 h, gradually stretched, and eventually secreted ECM to cover the pores in both ACM (Figures 1C1–C3) and ADM (Figures 1D1–D3) scaffolds. Cell viability assays showed that chondrocytes grew well on both ACM and ADM scaffolds with significant proliferation over time and few dead cells were observed at any time point (Figures 2A,B). However, a higher chondrocyte amount and more homogeneous chondrocyte distribution were observed in the ADM group compared with the ACM group, which may have been due to the larger pore size and higher cell adhesion rate. Collectively, these results indicated that both ACM and ADM scaffolds had satisfactory biocompatibility for chondrocytes to attach, proliferate, and produce ECM, whereas the ADM scaffold had advantages, including in a larger pore size and higher cell adhesion rate, compared with ACM scaffolds.
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FIGURE 1. Preparation of in vitro ECs. Gross (A) and SEM (A1) images of the ACM scaffold. Gross (B) and SEM (B1) images of the ADM scaffold. Gross views immediately after chondrocytes were seeded onto ACM (C) and ADM (D). SEM images of chondrocyte-ACM constructs after in vitro culture for 1 (C1), 4 (C2), and 7 (C3) days. SEM images of chondrocyte-ADM constructs after in vitro culture for 1 (D1), 4 (D2), and 7 (D3) days. The residual DNA content before and after decellularization in ACM and ADM scaffolds (E). Pore size (G), porosity (H), and cell adhesion rate (F) of ACM and ADM scaffolds. EC, engineered cartilage. *P < 0.05.
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FIGURE 2. Cell viability of chondrocytes in ACM and ADM scaffolds. Live/dead staining of chondrocytes in ACM for 1, 4, and 7 days (A). Live/dead staining of chondrocytes in ADM for 1, 4, and 7 days (B).




In vitro Engineered Cartilages (ECs)

In the current study, in vitro ECs maintained their original contour profile during the whole in vitro culture course. Although in vitro ECs in both ACM and ADM groups exhibited no visible gross differences, histological examinations revealed more ample and homogeneous cartilage-specific ECM in the ADM group (Figures 3B1–B4) compared with the ACM group (Figures 3A1–A4). GAG and DNA contents in the ADM group were significantly higher than those in the ACM group (Figures 3C–E). qPCR revealed that expression of cartilage-related genes, including ACAN, COLIIA1, and SOX9, was significantly higher in the ADM group than in the ACM group at 4 and 8 weeks (Figures 4A–C).


[image: image]

FIGURE 3. In vitro ECs formed by chondrocytes seeded in ACM and ADM scaffolds. Gross view, HE staining, and Safranin-O staining of samples in ACM (A1–A4) and ADM (B1–B4) groups after 8 weeks of in vitro culture. Quantitative analysis of the GAG content (C), DNA content (D), and GAG/DNA ratio (E). *P < 0.05.
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FIGURE 4. QPCR analysis of in vitro ECs in ACM and ADM groups. Expression of ACAN (A), COLIIA1 (B), and SOX9 (C) genes in ACM and ADM groups after 1, 4, and 8 weeks of in vitro culture. *P < 0.05.




In vivo ECs

To explore the in vivo EC formation abilities of ACM and ADM scaffolds, the above in vitro ECs at 8 weeks were subcutaneously implanted into autologous goats. At 1, 4, and 8 weeks after implantation, EC samples from both ACM and ADM groups had gradually matured as evidenced by a reddish appearance at 1 week to an ivory white appearance at 4 and 12 weeks (Figures 5A1–F1). Notably, ACM samples had obviously shrunk during the course of subcutaneous implantation, whereas ADM samples did not shrink or even increased in size. Histology demonstrated that samples in the ACM group had tremendous inflammatory cell infiltration and severe cartilage-specific ECM absorption (Figures 5A2–A4), whereas samples in the ADM group had scarce inflammatory cell infiltration and stable cartilage-specific ECM formation (Figures 5B2–B4). As the implantation time was prolonged to 12 weeks, samples in both ACM and ADM groups exhibited increases in cartilage-specific ECM deposition and typical lacunae structures (Figures 5A2–F2), as observed by positive staining for SO (Figures 5A3–F3) and type II collagen (Figures 5A4–F4). Notably, the histology indicated that scaffolds in both ACM and ADM groups had degraded gradually over the implantation course and had almost completely degraded by 4 weeks after implantation. The quantitative data, including the wet weight, volume, and GAG, total collagen, collagen II, and DNA contents, of both ACM and ADM groups (Figure 6) showed significantly increasing trends with prolongation of the implantation time, which further confirmed that the in vivo ECs had matured during the in vivo implantation time. Notably, all of these quantitative indexes in the ADM group were significantly higher than those in the ACM group, which indicated that the ADM scaffold had advantages for engineering cartilage compared with the ACM scaffold in terms of subcutaneous implantation.
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FIGURE 5. In vivo ECs formed by chondrocytes seeded in ACM and ADM scaffolds. Gross view, HE, Safranin-O, and collagen II immunohistochemical staining of ACM (A1–A4) and ADM (B1–B4) scaffolds after in vivo implantation for 1 week. Gross view, HE, Safranin-O, and collagen II immunohistochemical staining of ACM (C1–C4) and ADM (D1–D4) scaffolds after 4 weeks of in vivo implantation. Gross view, HE, Safranin-O, and collagen II immunohistochemical staining of ACM (E1–E4) and ADM (F1–F4) scaffolds after 12 weeks of in vivo implantation.
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FIGURE 6. Quantitative analysis of ECs in ACM and ADM groups. Quantitative analysis of the wet weight (A), volume (B), GAG content (C), total collagen (D), collagen II (E), and DNA content (F) in ACM and ADM groups after 1, 4, and 12 weeks of in vivo implantation. *P < 0.05.




Immune Responses

We further performed immunological and apoptotic examinations to investigate factors that affected in vivo cartilage regeneration. After 1 week of subcutaneous implantation, samples in the ACM group showed tremendous inflammatory cell infiltration, especially around the undegradable ACM as indicated by strong positive immunohistochemical staining for CD3 and CD68 as well as TUNEL (Figures 7A1–A3). In stark contrast, scarce inflammatory cell infiltration was observed around the ADM scaffold (Figures 7B1–B3). As the implantation time was prolonged, the inflammatory reaction was significantly reduced in both ACM and ADM groups after 4 weeks of implantation (Figures 7C1–C3,D1–D3), which had almost disappeared as indicated by negative immunohistochemical staining for CD3 and CD68 as well as TUNEL after 12 weeks of implantation (Figures 7E1–E3,F1–F3).
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FIGURE 7. Inflammatory reactions characterized by CD3, CD68, and TUNEL staining. CD3, CD68, and TUNEL staining of in vivo ECs in ACM (A1–A3) and ADM (B1–B3) groups at 1 week after implantation. CD3, CD68, and TUNEL staining of in vivo ECs in ACM (C1–C3) and ADM (D1–D3) groups at 4 weeks after implantation. CD3, CD68, and TUNEL staining of in vivo ECs in ACM (E1–E3) and ADM (F1–F3) groups at 12 weeks after implantation. Expression of CD3 (G) and CD68 (H) genes in ACM and ADM groups after 1, 4, and 12 weeks of in vivo implantation. *P < 0.05.


Genes associated with inflammation were analyzed by qPCR to evaluate the intensity of the immune response to xenogeneic materials (Figures 7G,H). Expression levels of inflammation-related genes CD3 and CD68 in ACM samples was much higher than those in ADM samples after 1 week of in vivo implantation. The expression levels of CD3 and CD68 in ACM samples at 4 weeks of implantation were still significantly higher than those in ACM samples and almost undetectable after 12 weeks in vivo. These results indicated that the inflammatory reaction of ACM was stronger than that of ADM, which might be the most important factor in the absorption of ACM implants.



DISCUSSION

Increasing attention has been focused on AM materials in tissue engineering because of their intrinsic bioactive components, biomimetic microenvironment, excellent biocompatibility, and suitable biodegradability (Chen et al., 2020b; Xu et al., 2020a). ACM and ADM are the most widely used AMs in engineering cartilage. ACM provides a proper microenvironment for chondrocyte growth and cartilage regeneration in theory because it retains most cartilage-specific structures and functional proteins. ADM is also extensively employed in reconstructing cartilage and has obtained clinical licenses for mature products. In the current study, we confirmed that both ACM and ADM scaffolds generated cartilage in immunocompetent large animals, and ADM had advantages over ACM as a scaffold for cartilage regeneration in terms of a favorable pore structure, homogeneous and stable cartilage regeneration, and low immune response.

Extensively studies have demonstrated that the pore size and three-dimensional structure of scaffolds are crucial factors for cell proliferation, differentiation, and ECM production during cartilage regeneration (Shi et al., 2017; Chen et al., 2020a; Li et al., 2020; Xu et al., 2020b). Although it is generally accepted that ACM is a good scaffold material because of its biomimetic cartilage-specific microenvironment, it is difficult to prepare ACM as a three-dimensional structure with a tunable pore size owing to its poor crosslinking property (Xu et al., 2017; Li et al., 2019). As another AM, ADM has easy accessibility and manufacturing processes, wide resources, and low costs. In this regard, by blending with 30% ADM, we successfully fabricated a porous ACM scaffold using the same protocol that employed a solute, concentration, and freeze drying with pure porous ADM scaffolds. Our study indicated that the pore size of the porous ACM scaffold was significantly smaller than that of its ADM counterpart. The results showed that ADM had advantages over ACM with higher cell adhesion and cell proliferation rates in vitro. Additionally, live/dead staining revealed that ACM had a more homogeneous chondrocyte distribution compared with ADM. We speculate that this phenomenon was related the comparatively smaller pore size in the ACM scaffold, which hindered permeability of the high density cell suspension (1 × 108 cells/mL) and the heterogenous pore size in the ACM, scaffold, which may impede chondrocyte attachment, migration, and distribution. The homogeneous chondrocyte distribution of ADM may significantly enhance the quality of regenerated cartilage and give rise to superior neocartilage compared with its ACM counterpart.

We further investigated differences in cartilage regeneration in vitro by ACM and ADM scaffolds. As expected, in vitro ECs in the ADM group were more homogeneous than those in the ACM group. Additionally, quantitative data, including DNA and GAG contents, confirmed that in vitro ECs in the ADM group were superior to those in the ACM group. Furthermore, expression levels of cartilage-specific gene, including SOX9, ACAN, and COL IIA1, in the in vitro ECs of the ACM group were lower than those in the in vitro ECs of the ADM group at 4 and 8 weeks of culture. Previously studies have indicated that collagen type II triggers a negative feedback loop, which induces the expression of proinflammatory cytokines and matrix metalloproteinases that affect or even destroy production of the ECM (Fichter et al., 2006; Klatt et al., 2009). It is known that the ACM scaffold consists mainly of collagen type II, which might play a feedback inhibitory role in cartilage regeneration.

Achieving stable and homogeneous cartilage regeneration in vivo, especially in immunocompetent large animals, is important to determine the prospects of a scaffold material in clinical translation. Our results indicated that abundant inflammatory cells, including lymphocytes and macrophages, had infiltrated around ECs in the ACM group. It is well known that inflammatory cell infiltration can result in chondrocyte apoptosis and even neocartilage absorption (Liu et al., 2016). In stark contrast, samples in the ADM group evoked virtually no inflammatory reactions or apoptosis around ECs, and consequently, gave rise to stable and homogeneous cartilage formation. Notably, scaffolds in the ACM group were completely degraded after 4 weeks of in vivo culture accompanied by disappearance of inflammatory reactions and apoptosis, which indicated that the inflammatory reaction was indeed caused by the material. Because the processing of both ACM and ADM scaffolds was identical, the residual cellular content in both the ACM and ADM scaffolds were extremely low, which indicated that the main source of inflammation was not the antigens of xenogeneic tissues, but caused by the two AMs themselves. ADM is derived from dermis and mainly consists of collagen I and III and erect low immune reactions (Liu et al., 1989; Bayrak et al., 2013). In addition, previous study indicated that both the collagen I and III exhibited inhibitive effect in rheumatoid arthritis model (Endler et al., 1978). Our current study also confirmed that the ADM did not induce an inflammatory response or apoptosis in immunocompetent animals except for a moderate inflammatory response and apoptosis at 1 week after implantation, which may have been caused by surgical trauma. It has been proved that collagen II induces proinflammatory cytokines and matrix metalloproteinases in vivo (Fichter et al., 2006; Klatt et al., 2009; Shakya and Nandakumar, 2014). Although the ACM scaffold was decellularized to remove antigen-related cellular components, the primitive collagen II was conserved. Our current study confirmed that collagen II-containing ACM caused an immune response and severely impeded cartilage regeneration in immunocompetent large animals. Collectively, our results indicate that ADM is more suitable for cartilage regeneration than ACM and sufficient to generate stable cartilage in immunocompetent large animals.



CONCLUSION

We prepared ACM and ADM with three-dimensional porous structures by a freeze-drying method and demonstrated that ADM gives rise to a homogeneous chondrocyte distribution and improves cartilage regeneration compared with its ACM counterpart. Although there are still some mechanisms that need to be explored, the current study indicates that ADM is sufficient to generate stable cartilage in immunocompetent large animals and represents an excellent candidate material for clinical translation of tissue-engineered cartilage.
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Enhanced Osteogenic Differentiation of Human Bone Marrow-Derived Mesenchymal Stem Cells by a Hybrid Hydroxylapatite/Collagen Scaffold
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Human bone marrow-derived mesenchymal stem cells (hBMSCs) and their derivative enhanced green fluorescent protein (eGFP)-hBMSCs were employed to evaluate an innovative hybrid scaffold composed of granular hydroxylapatite and collagen hemostat (Coll/HA). The cellular morphology/cytoskeleton organization and cell viability were investigated by immunohistochemistry (IHC) and AlamarBlue metabolic assay, respectively. The expression of osteopontin and osteocalcin proteins was analyzed by IHC and ELISA, whereas osteogenic genes were investigated by quantitative PCR (Q-PCR). Cell morphology of eGFP-hBMSCs was indistinguishable from that of parental hBMSCs. The cytoskeleton architecture of hBMSCs grown on the scaffold appeared to be well organized, whereas its integrity remained uninfluenced by the scaffold during the time course. Metabolic activity measured in hBMSCs grown on a biomaterial was increased during the experiments, up to day 21 (p < 0.05). The biomaterial induced the matrix mineralization in hBMSCs. The scaffold favored the expression of osteogenic proteins, such as osteocalcin and osteopontin. In hBMSC cultures, the scaffold induced up-regulation in specific genes that are involved in ossification process (BMP2/3, SPP1, SMAD3, and SP7), whereas they showed an up-regulation of MMP9 and MMP10, which play a central role during the skeletal development. hBMSCs were induced to chondrogenic differentiation through up-regulation of COL2A1 gene. Our experiments suggest that the innovative scaffold tested herein provides a good microenvironment for hBMSC adhesion, viability, and osteoinduction. hBMSCs are an excellent in vitro cellular model to assay scaffolds, which can be employed for bone repair and bone tissue engineering.
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INTRODUCTION

For many years, hundreds of laboratories have performed studies aimed at unraveling the biological characteristics of mesenchymal stem cells (MSCs) and probing the modalities of their potential contribution to cartilage and bone repair (Barry, 2019). In cell therapy and tissue engineering, it is well established that human bone marrow-derived MSCs (hBMSCs) play an important role in tissue healing/regeneration due to their self-renewal, migration, and pluripotency characteristics. For these reasons, hBMSCs are the most frequently used stem cells for tissue repair (Liu et al., 2017; Fu et al., 2019). However, hBMSCs need to migrate from the bone marrow to injured tissues during the healing process, through peripheral circulation as a prerequisite (Fu et al., 2019). In recent years, the crucial repairing action of hBMSCs in damaged and diseased tissues was reported by several experimental studies (Fu et al., 2019). hBMSCs are able to migrate into damaged tissues and perform wound healing through two key mechanisms, that is, paracrine and direct differentiation. Indeed, the migration of hBMSCs is regulated by mechanical and chemical factors in this trafficking process (Imura et al., 2019).

It has been demonstrated that during this repairing process, recruited hBMSCs secrete a combination of chemical factors, such as chemokines, cytokines, and growth factors, which act in a paracrine manner to promote tissue repair (Fu et al., 2019). Once hBMSCs arrive into the injured site, they proliferate and osteogenically differentiate. Osteogenic differentiation of hBMSCs is a complex process regulated by multiple factors. Among these, the characteristics of the scaffold (i.e., composition and structure) can regulate cellular fate. Due to age-related illnesses, accidents, risky sports, and tumor resections, the need for bone grafts is high (Mazzoni et al., 2015; Ottensmeyer et al., 2018). There is an urgent clinical need for an alternative therapeutic strategies aimed at bone healing for the ever-increasing number of bone grafting procedures performed annually (Sheehy et al., 2019). Unfortunately, both autograft and allograft have intrinsic disadvantages, including the volume of collectable autologous bone and patient morbidity, or immunogenic rejection and risk of disease transmission. For these reasons, the use of scaffolds is on the rise in translational medicine for bone repair/regrowth. Many efforts have been carried out to develop innovative laboratory-produced tissue replacements. However, current approaches to bone tissue engineering usually lack sufficient functionality respect to native bone matrix (Sheehy et al., 2019; Weiss-Bilka et al., 2019).

An ideal scaffold for bone fracture treatment and regeneration must combine osteoconduction, osteoinduction, and osteogenesis proprieties. The hydroxylapatite (HA)-derived scaffold, commonly produced via several synthetic routes, overtime, have been found to be good material for significant parameters, including bioactivity, biocompatibility, and osteoconductivity both in vitro and in vivo. In order to mimic the 3D architecture of trabecular bone, HA is an excellent candidate as a substitute to natural bone (Ramesh et al., 2018). In contrast to the brittle nature of HA, it has been combined with several polymers in the form of biocomposite implants in order to primarily improve its mechanical properties (Ramesh et al., 2018). The concept of developing a collagen (Col)–HA biocomposite is justified by the fact that it constitutes bone microarchitecture (Ramesh et al., 2018). Type I Col is the main molecule of interest when it comes to bone regeneration, as it is abundantly found in bone (Sherman et al., 2015). Thus, biocomposite scaffolds composed of Col reinforced with HA are an attractive choice for bone tissue engineering since their composition mimics bone (Weiss-Bilka et al., 2019). Hybrid HA/Col scaffold, composed of Granular Pro Osteon® 200 coralline HA and AviteneTM Microfibrillar Collagen Hemostat (Coll/Pro Osteon® 200), is used during malarplasty in maxilla-facial patients, producing a successful outcome and promoting bone formation (D’Agostino et al., 2016; Mazzoni et al., 2020). Col–HA biocomposites have shown enhanced cytocompatibility compared with pure Col scaffolds. In vitro studies have been reported to have improved attachment and proliferation of different cell lines, including MG63 osteosarcoma cells, MC3T3 osteoblast precursors, human osteoblasts, and L-929 fibroblasts on this scaffold (Ramesh et al., 2018). In our in vitro model of human adipose MSCs (hASCs), Coll/Pro Osteon® 200 can induce the expression of significant genes involved in skeletal development (Mazzoni et al., 2017, 2020).

At present, several types of MSCs have been identified as a source of osteoblast progenitors; in this context, it is necessary to analyze different types of MSCs using in vitro approaches in order to evaluate the potential of MSCs from various origins and select the best source for cell-based therapy. Being armed with a considerable number of MSC features and the molecular mechanisms modulating osteoblast differentiation of MSCs, alteration in MSCs will make MSC-based cell therapy harmless and more operative for clinical use in the future. However, there are still controversial hypotheses regarding which MSC types can be used in regenerative medicine.

Herein, we evaluate hBMSC morphology, viability, and differentiation analyzing expressed genes in hBMSCs grown on the biocomposite scaffold Coll/Pro Osteon® 200, which was not employed yet in oral maxillofacial surgery.



MATERIALS AND METHODS


In vitro Biocompatibility Assays Carried Out on a Hybrid Hydroxylapatite/Collagen Scaffold Using Human Bone Marrow-Derived Mesenchymal Stem Cells

Human bone marrow-derived mesenchymal stem cells and their derivative enhanced green fluorescent protein (eGFP)-hBMSCs were employed to evaluate an innovative hybrid scaffold composed of granular HA (Pro Osteon® 200, Interpore Cross Irvine, CA, United States) and Avitene Col hemostat (Bard Warwick, RI, United States) (Coll/HA).



Cell Culture Preparation and Fluorescence-Activated Cell Sorting Characterization

Iliac crest bone marrow aspirates (10 ml) were obtained from orthopedic patients who underwent bone marrow harvesting under general anesthesia. Specimens were obtained according to the tenets of the Declaration of Helsinki and the Ethical Committee of the Orthopedic Institute “Rizzoli,” Bologna, Italy. All donors provided informed written consent for the biopsy. A mononuclear fraction was isolated by Ficoll-mediated (Histopaque, 10771, Sigma Company, Milan, Italy) discontinuous density gradient centrifugation and polystyrene adherence capacity, as reported (Manfrini et al., 2013). Analyses were performed in triplicate employing three different samples of iliac crest bone marrow aspirates from three patients. hBMSCs were cultured in α-minimum essential medium (α-MEM) (Lonza, Milan, Italy) supplemented with 20% fetal bovine serum (FBS) and 2% antibiotics (Pen/Strep 10,000 U/ml) at the density of 5,000 cells/cm2, in a T75 flask (Falcon BD, Franklin Lakes, NJ, United States) at 37°C with 5% CO2 in a humidified atmosphere. After isolation, hBMSCs were characterized by flow cytometry analysis (FCA) using several positive (CD29, CD73, and CD90) and negative (CD14 and CD45) MSC surface markers, as previously reported (Manfrini et al., 2013). At the second passage, hBMSCs were randomly assigned to three experimental groups: (i) hBMSCs grown on the biomaterial Coll/Pro Osteon® 200; (ii) hBMSCs grown in osteogenic condition (OC); and (iii) hBMSCs grown in monolayer in 24-well tissue culture polystyrene (TCPS) plates, employed as control. In the biomaterial group, the scaffold was placed separately in 24-well plates (Ø = 10 mm) to cover the surface area. hBMSC cultures were then filled with 20 μl of cell suspension containing 104 cells for each sample and incubated for 2 h (Manfrini et al., 2013). Cell suspension was subjected to shaking every 15 min in order to maximize cell-scaffold interaction. In the OC group, hBMSCs were cultured in hBMSCs differentiation BullekitTM osteogenic medium (Lonza, Milan, Italy), which contains osteogenic basal medium (Lonza, Milan, Italy) and osteogenic SigleQuotesTM (dexamethasone, ascorbate, mesenchymal cell growth supplement, L-glutamine, and β-glycerophosphate) (Lonza, Milan, Italy) (Mazzoni et al., 2020). Cultures were maintained at 37°C, 5% CO2 up to 3 weeks, whereas the medium was replaced every 2 days.



Scaffold Preparation and Scanning Electron Microscopy Characterization

Porous HA-derived scaffolding employed herein is composed of Granular Pro Osteon® 200 (Interpore Cross Irvine, CA, United States) and AviteneTM Microfibrillar Collagen Hemostat (Bard Warwick, RI, United States) (Coll) (D’Agostino et al., 2016; Mazzoni et al., 2017, 2020). Granular Pro Osteon® 200 is a coralline HA, which is very similar in its makeup to human bone mineral composition and form. The manufacturing scaffold used in vitro evaluations was described before in detail (D’Agostino et al., 2016; Mazzoni et al., 2017, 2020). The innovative scaffold, named Coll/Pro Osteon 200, is composed of two commercially available materials: (i) AviteneTM Microfibrillar Collagen Hemostat from Bard Warwick, RI, United States, and (ii) Pro Osteon® 200, from Interpore Cross Irvine, CA, United States. However, the hybrid scaffold is prepared by the operator at time of the surgery, just mixing in the right proportion the two products, i.e., granules of Pro Osteon® 200 (5 ml) are mixed with 1 g of AviteneTM Microfibrillar Collagen Hemostat and 5 ml of sterile water to make a malleable scaffold. The mixture is prepared to obtain several small disks (Ø, 1 cm; height, 0.2 cm). These blocks of biomaterial (n = 20–25) are left overnight to dry under UV light. The biomaterial was analyzed by scanning electron microscope (SEM) (Cambridge United Kingdom, model Stereoscan S-360) (Mazzoni et al., 2017). Samples were washed with saline and fixed for 1 h by 2.5% glutaraldehyde and additional 4 h with a 1% osmium solution in phosphate buffer. The biomaterial was coated with colloidal gold and SEM analyzed (D’Agostino et al., 2016; Mazzoni et al., 2017, 2020).



Atomic Force Microscopy Measurements

Atomic force microscopy (AFM) analysis was performed with a BioScope I microscope equipped with a Nanoscope IIIA controller (Veeco Metrology, Plainview, NY, United States). A custom temperature control system based on the use of Peltier cells was exploited to keep the sample temperature at 37°C; briefly, Peltier cells were connected to a custom-developed control unit exploiting the proportional integral derivative (PID) feedback system of an Arduino microcontroller. One of the two surfaces of the Peltier cells was in contact with the petri dish via a metal support, while the opposite side of the cells was in contact with a circulating water thermal bath whose temperature was controlled by a temperature control unit (Lauda-Brinkmann, Delran, NJ, United States). The sample’s temperature was checked by a digital thermometer Fluke 16 (Fluke, Brugherio, Italy) equipped with a small K-thermocouple probe (Thermocoax, Heidelberg, Germany). Mechanical characterization of cells was performed by force spectroscopy measurements using triangular silicon nitride cantilevers (Bruker DNP-S) with nominal spring constants of 0.06 N/m. In particular, AFM was used in the force-volume mode that allows to obtain two-dimensional maps of the sample mechanical properties in which each pixel corresponds to a force-indentation curve; at the same time also, height information of the sample was stored. Force-volume maps were analyzed using the Sneddon model fitting procedure of the Nanoscope analysis software (version 1.8) to obtain the Young modulus for each force curve.



Cell Viability, Cytoskeleton Architecture, and Metabolic Activity

Human bone marrow-derived mesenchymal stem cells (104 cells) were seeded onto the Coll/Pro Osteon® 200 scaffold in order to evaluate the influence of the scaffold on viability and cytoskeleton organization. hBMSCs from the three experimental groups, i.e., biomaterial, OC and TCPS, were assayed at different time points (days 14 and 21). Cell viability: To facilitate the observation of hBMSC cultures grown on the biomaterial, cells were transfected with an adenovirus vector expressing the eGFP. Recombinant Ad-GFP was prepared as described previously (Kim et al., 2008; Mazzoni et al., 2020). After 48 h, the efficiency of the adenovirus infection was evaluated by measuring the emitted fluorescence using a fluorescence microscope. Cytoskeleton architecture: Cytoskeletal actin filaments of hASCs-eGFP were stained with tetramethyl-rhodamine-iso-thio-cyanate (TRITC) conjugated phalloidin (Sigma, Milan, Italy) at day 14, as previous described (Manfrini et al., 2013; Mazzoni et al., 2017, 2020). Cell viability assay: The viability rate of hBMSC cells grown with the biomaterial was determined using the AlamarBlueTM assay (Invitrogen, Milan, Italy). The assay was carried out to evaluate the viability of cells attached and grown on the biomaterial and control (TCPS) at days 14 and 21 (Manfrini et al., 2013; Mazzoni et al., 2017). Briefly, cells were incubated with a solution of 10% AlamarBlue in medium for 3.5 h at 37°C. For the AlamarBlue assay, a calibration curve with scalar concentrations of hBMSCs (103–105 cells) was generated. Afterward, the optical density of the supernatants was measured at 570 and 620 nm using the spectrophotometer (Thermo Electron Corporation, model Multiskan EX, Helsinki, Finland). Biocompatible analysis was carried out in triplicate for each biological sample under investigation.



Osteopontin and Osteocalcin Expression

Immunofluorescence staining was carried out at day 21 of culture to detect osteopontin (OPN) and osteocalcin (OCN) proteins. The expression of these proteins was investigated in hBMSC grown on the biomaterial (B), in OCs and in the control group (TCPS). Experiments were carried out in triplicate for each biological sample analyzed. hBMSCs grown on the Coll/Pro Osteon 200® scaffold for 14 days were washed twice with PBS and fixed for 20 min with 4% paraformaldehyde (PFA) (Sigma, Milan, Italy) in order to identify OPN and OCN protein expression. After three PBS washes, cells were treated for 10 min with 0.1% Triton X-100, washed twice with PBS 1×, and incubated for 1 h at room temperature (RT) with a rabbit polyclonal anti-OPN (Thermo Fisher Scientific, Milan, Italy) or anti-OCN (Thermo Fisher Scientific, Milan, Italy) antibody (both at 1:100 dilution) in PBS for 16 h at 4°C. After two PBS washes, cells were incubated for 1 h at RT with Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor® 488 conjugate (Thermo Fisher Scientific, Milan, Italy). Fluorescent images were taken using a TE2000E fluorescence microscope (Nikon Instruments Spa, Sesto Fiorentino, Italy). Digital images were captured using ACT-1 and ACT-2 software for DXM1200F digital cameras (Nikon Instruments Spa, Sesto Fiorentino, Italy). Nuclei were stained with 0.5 mg/ml of 4,6′-diamino-2-phenylindole (DAPI) (Mazzoni et al., 2017, 2020). ELISA was performed at days 14 and 21 in order to quantify the OCN protein. OCN was extracted with Cell Extraction Buffer (Thermo Fisher Scientific, Milan Italy) added to 1 mM of phenylmethylsulfonyl fluoride (PMSF), in the presence of a protease inhibitor cocktail (Mazzoni et al., 2020). The concentration of total proteins was determinate using the bicinchoninic acid (BCA) assay according to the manufacturer’s instructions (Mazzoni et al., 2020). The osteocalcin protein was quantified by the Human Osteocalcin Instant ELISA (Thermo Fisher Scientific, Milan, Italy) according to the manufacturer’s instructions (Mazzoni et al., 2020).



Alizarin Red Staining

Alizarin red (AR) (Sigma, Milan, Italy) was used to analyze the matrix mineralization, as described (Mazzoni et al., 2017, 2020). AR staining was carried out at days 14 and 21. The mineralized substrates were quantified using 20% methanol and 10% acetic acid in a water solution (Sigma-Aldrich, Milan, Italy). Quantification of matrix mineralization was carried out in triplicate for each biological sample analyzed. Images were taken using a standard light microscope (Nikon Eclipse TE 2000-E microscope, Nikon Instruments Spa, Sesto Fiorentino, Italy) equipped with a digital camera (DXM 1200F; Nikon Instruments Spa, Sesto Fiorentino, Italy). In order to quantify the matrix mineralization, the solution was transferred into cuvettes, whereas the quantity of AR dissolved was read spectrophotometrically (Thermo Electron Corp., model Multiskan EX, Vantaa, Finland) at a wavelength (λ) of 450 nm (Mazzoni et al., 2017, 2020).



Osteogenesis RT2 Profiler PCR Array

Osteogenesis PCR array was performed, in triplicate for each biological sample, in hBMSC cultures grown on the biomaterial in order to identify genes from the osteogenic pathway activated by the scaffold. Specifically, total RNA was isolated using the RNeasy Plus Micro Kit (Qiagen, Milan, Italy) (Mazzoni et al., 2020) according to the manufacturer’s instructions from cells grown on (i) Coll/Pro Osteon® 200 scaffolding and (ii) TCPS (control group) (Manfrini et al., 2013). RNA was quantified using a NanoDrop spectrophotometer (ND-1000; NanoDrop Technologies, Wilmington, DE, United States) (Mazzoni et al., 2017, 2020). The Human Osteogenesis RT2 Profiler PCR Array (Qiagen, Milan, Italy) was used as described (Mazzoni et al., 2020). Specific primer sets employed in real-time PCRs were used to analyze the expression of 84 genes involved in different pathways, such as osteogenic differentiation, cartilage condensation, ossification, bone metabolism, bone mineralization, binding to Ca2+ and homeostasis, extracellular matrix (ECM) protease inhibitors, adhesion molecules, cell-to-cell adhesion, ECM adhesion molecules, and growth factors. All reactions were performed in triplicate. For data analysis, the fold change (FC) of each gene expression was calculated using the 2–ΔΔCt method, whereas housekeeping genes, employed as controls, were used to normalize results and Log2 FC; < 1 or >1 was considered significant (Mazzoni et al., 2017).



Statistical Analysis

Data are expressed as a mean of standard deviation. Statistical analyses of experiments, which were performed in triplicate, were carried out using Prism6 software (GraphPad 6.0, San Diego, CA, United States). Data obtained from AlamarBlue assay were analyzed with the t-test. To analyze the osteocalcin protein and matrix mineralization, we used one-way analysis of variance (ANOVA) with Dunnett post-test analysis (Mazzoni et al., 2014, 2020). A value of p-value < 0.05 was considered significant.



RESULTS


Human Bone Marrow-Derived Mesenchymal Stem Cell Flow Cytometry Markers of Stem Cells

Flow cytometry analysis for specific surface antigens was carried out to evaluate hBMSC markers. As expected, surface antigen profiles matched markers indicated from the International Society for Cell & Gene Therapy guidelines. Purity level of hBMSCs in the samples was 99% toward CD29, CD73, and CD90 expression. hBMSCs resulted negative for hematopoietic (CD 45) and macrophage (CD14) markers in phenotypic analysis (Figure 1).
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FIGURE 1. Flow cytometric characterization of cell-surface antigen profile of human bone marrow-derived mesenchymal stem cells (hBMSCs) obtained from bone marrow of orthopedic patients. Plots are representative of three distinct analyses, employing hBMSCs derived from a single patient. In each graph, the dark gray histogram plot represents sample stained with the indicated antibody, whereas the light gray histogram plot represents isotype control. CD29, CD73, and CD90 represent hMSC-positive surface markers, while CD14 and CD45 are hMSC-negative surface markers. Phenotypic analysis confirmed that cells tested positive for hMSC markers (CD29, CD73, and CD90) and negative for hematopoietic (CD45) and macrophage (CD14) markers.




Scanning Electron Microscopy Characterization of Coll/Pro Osteon® 200 Scaffolding

The microstructure and morphology of the scaffold (Coll/Pro Osteon® 200) were analyzed through SEM. Granular HA (Pro Osteon® 200) mixed with Col fibers Col (AviteneTM Microfibrillar Collagen Hemostat) generates a highly fibrous structure (Figure 2). Some evidence of splaying was noted (e.g., fibers twisted around one another and a mixture of fibers branching). Figure 2A shows the porous scaffold structure with the regular pore sizes in the range of 190–230 μm. Fibril interweaving of Col fibrillary in AviteneTM Microfibrillar Collagen Hemostat Fluor organization inserted on the scaffold was observed at higher magnification (2.01–10.73KX) (Figures 2B,C). The scaffold exhibited Col fiber microstructural features, such as fusing/bifurcating fibrils (Figures 2B,C) rotating at a porous structure of HA.
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FIGURE 2. Scanning electron microscopy (SEM) analysis of the Coll/Pro Osteon® 200. (A) Coll/Pro Osteon® 200 shows the porous structure with several pores within a range of 190–230 μm, magnification 77×. (B,C) Organization and structure of collagen fibrils bovine from AviteneTM Microfibrillar Collagen Hemostat (Bard Warwick, RI, United States) visualized on Coll/Pro Osteon® 200. Collagen fibrils randomly organized are present as fibril interweaving insert maintained the porous structure (2.01KX; 10.73KX).




Scaffold Biocompatibility Analysis With Human Bone Marrow-Derived Mesenchymal Stem Cells

The scaffold showed its biocompatibility up to day 21. Indeed, cell adhesion, viability, and cytoskeleton organization of hBMSCs grown on the biomaterial were analyzed at days 14 and 21 (Figures 3, 4).
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FIGURE 3. Atomic force microscopy (AFM) analysis of human bone marrow-derived mesenchymal stem cells (hBMSCs) grown on a plastic Petri dish and on Coll/Pro Osteon® 200 biomaterial. (a) Map of the Young modulus of hBMSCs grown on a plastic Petri vessel. The value of the Young modulus is reported with a Log scale. The substrate is identified by the black region, as also reported on top of the color scale. The red square shows a typical area over which the Young modulus was averaged. (b) Typical example of a force curve obtained on cells on the biomaterial. The horizontal axis reports the tips-sample displacement, and the vertical axis reports the applied force.
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FIGURE 4. Stem cell viability, cytoskeleton architecture, and metabolic activity of human bone marrow-derived mesenchymal stem cells (hBMSCs) grown on scaffold. (A) Cytoskeleton architecture of recombinant hBMSC-enhanced green fluorescent protein (eGFP) cultures grown on the biomaterial, at day 14 (T1). (B) In this panel, actin filaments of hBMSC-eGFP grown on the biomaterial at day 21 do not show alteration in the structural organization compared to day 14, suggesting a good compatibility of the scaffold (magnification 20×). (C) hBMSC metabolic activity measured by AlamarBlue assay at days 14 and 21 of cultivation on the biomaterial. Statistically significant differences are evident between hBMSCs grown on biomaterials at days 14 and 21 (*p < 0.05). Tissue culture polystyrene (TCPS) exhibited the highest value in cell viability at day 21.




Atomic Force Microscopy Analysis of Human Bone Marrow-Derived Mesenchymal Stem Cells Grown on Coll/Pro Osteon® 200

Atomic force microscopy was used to investigate stem cells grown on both the biomaterial and TCPS. The Young modulus was studied and was compared between hBMSCs cells grown on petri dishes and cells grown on the biomaterial. We followed data obtained from the force curves exploiting the Sneddon model for the indentation process (Radmacher, 2007). In agreement with this model, the force F applied by the tip on the sample and the corresponding indentation δ is linked by the following equation: F = 2/πk/((1–υ2)) tagαδ2 in which (i) k is the sample Young modulus; (ii) α is the semi-angle of the cone representing the tip; and (iii) υ is the Poisson ratio of the cells, approximated to the value 0.5, characteristic of incompressible bodies. Figure 3a shows a typical example of the Young modulus map when the cells grow on the petri dishes. The representative value of the cell Young modulus was obtained considering the average value from selected regions of the cell, such as the one reported by the red square in Figure 3a. Instead, for the cells grown in contact with the biomaterial, due to its rough surface, it was not possible to obtain complete images of force volume, and the focus was on single force curves. In this case, all the values of the Young model obtained were averaged. Figure 3b reports a typical example of a force curve on cells growth on the biomaterial. Analysis showed two values similar to each other, such us values of (3.5 ± 2.0) kPa and (2.9 ± 1.7) kPa for the Young modulus of cells on the plastic petri dish and on the biomaterial, respectively.



Human Bone Marrow-Derived Mesenchymal Stem Cell Viability

Cell viability was investigated through the direct morphology analysis of hBMSC-e-GFP cells grown on the biomaterial employing light and fluorescence microscopy (Figures 4A,B). Changes of phenotypic characteristics were evident in hBMSC-e-GFP grown on scaffold at days 14 (Figure 4A) and 21 (Figure 4B). It is important to remember that recombinant adenovirus allows e-GFP expression for only 3 weeks, which is needed to carry out the in vitro experiments.



Cytoskeleton Analysis of Human Bone Marrow-Derived Mesenchymal Stem Cells Grown on the Scaffold

In order to analyze the cytoskeleton, hBMSC cultures expressing eGFP and grown on the scaffold were treated with phalloidin-TRITC staining at days 14 and 21 (Supplementary Figure 1). Results showed a well-organized cytoskeleton architecture, which has remained uninfluenced by the presence of the biomaterial up to day 21. In fact, at days 14 and 21 (Figures 4A,B), the actin filaments appeared unaltered, ascertaining the biocompatibility of tested scaffolds.



Metabolic Activity of Human Bone Marrow-Derived Mesenchymal Stem Cells Grown on the Scaffold

Metabolic activity analyzed with AlamarBlueTM assay increased in hBMSCs grown on the scaffold. The scaffold had a significant overall effect on viability at day 21 compared to day 14 (Figure 4C; p < 0.05). Based on the viability assay, the biomaterial did not elicit any cytotoxic effects; on the contrary, it induced cellular growth kinetics, which are statistically significant (p < 0.05).



Osteogenic Markers

In this study, the scaffold osteoinductive property is highlighted by matrix mineralization detected in hBMSCs grown on the scaffold, at day 21. To this purpose, cells were maintained in growth medium, without osteogenic supplements, such as dexamethasone, b-glycerophosphate, and ascorbic acid. To analyze late osteogenic differentiation, calcium mineral deposition and OPN and OCN proteins were analyzed at day 21 (Figure 5).
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FIGURE 5. Osteogenic markers in human bone marrow-derived mesenchymal stem cells (hBMSCs) cultured on the biomaterial. (A) Alizarin red staining at day 21 is shown in the panel, in experimental conditions tested. Magnification 4×. (B) To quantify the amount of alizarin red staining in hBMSCs grown on the biomaterial, cells were eluted with 20% methanol and 10% acetic acid in a water solution and measured spectrophotometrically at 450 nm. Matrix mineralization data are reported as optical density and shown in the graph. (C) Detection of osteopontin and osteocalcin proteins by immunofluorescence staining in hBMSCs, at day 21. Symbols indicate statistical significance (*p < 0.001). Magnification 20×. (D) The temporal pattern of osteocalcin protein levels detected at different time points, i.e., at days 14 and 21, was quantified by ELISA. Osteocalcin protein was reported as ng of osteocalcin/1 μg of total protein.




Alizarin Red Human Bone Marrow-Derived Mesenchymal Stem Cell Staining

Alizarin red staining was performed to highlight the presence of mineralized (calcified) matrix areas in hBMSC cultures. hBMSCs grown on scaffold were stained with AR and imaged with bright-field microscopy. The biomaterial induces mineral matrix deposition better than the plastic vessel (TCPS), the control (Figures 5A,B). The quantification of AR was performed by eluting AR staining and acquiring optical density measurements. Osteogenic differentiation of hBMSCs grown on the biomaterial was increased three-fold than TCPS (p < 0.0001; Figure 5B). It should be noted that in OCs, the deposition of inorganic calcium salts was the most evident. In OC, the calcium deposits were higher than in cells grown on the scaffold and in TCPS (∗∗p < 0.0001) (Figure 5B).



Osteopontin and Osteocalcin Expression Proteins on Human Bone Marrow-Derived Mesenchymal Stem Cell Cultures Grown on the Scaffold

After 21 days of culture, cells grown on the scaffold were stained with antibodies against OCN and OPN proteins to evaluate the effect of the biomaterial on osteogenic differentiation in hBMSCs. Images were visualized by fluorescence microscopy. Immunofluorescence staining revealed OCN- and OPN-positive hBMSC cultures grown on the scaffold at day 21 (Figures 5B,C), while the expression of these two osteogenic proteins was not detected in the TCPS (data not shown). In order to better understand differences in osteogenic markers in hBMSCs grown on the scaffold, OCN protein was quantified by ELISA hBMSCs actively expressed in the osteocalcin at day 14 (Figure 5D). Indeed, our data show a statistically significant increase in OCN levels in hBMSCs cultured on the biomaterial compared with TCPS at days 14 and 21 (∗p < 0.0001) (Figure 5D). Cells grown in OC had a higher level of OCN protein than hBMSCs grown on the biomaterial and in the control group (TCPS), at days 14 and 21 (∗p < 0.0001) (Figure 5D).



Human Bone Marrow-Derived Mesenchymal Stem Cells Differentially Expressed Genes Implicated in Skeletal Development Are Modulated by Coll/Pro Osteon® 200

In this investigation, the RT2 Profiler PCR array was used to analyze the expression levels of osteogenic genes in hBMSCs grown on Coll/Pro Osteon® 200 compared with TCPS. Differentially expressed genes (DEGs; n = 32) including 16 up-regulated genes (Log2 FC > 1) and 16 down-regulated genes (Log2 FC < 1) were identified in hBMSCs grown on the biomaterial at day 21 (Table 1 and Figures 6A,B). At day 21, DEGs, which include the bone morphogenetic protein (BMP) 2/3 (BMP2/3), tumor necrosis factor ligand superfamily member 11 (TNFSF11/RANKL), matrix metallopeptidase 9/10 (MMP9/10), transforming growth factor (TGFβ3), secreted phosphoprotein 1 (SPP1), beta 3 (TGFβ3), and Noggin (NOG), which play important roles in ossification, were found to be up-regulated (Table 1 and Figure 6). Gene transcription factor Sp7 (SP7/Osterix) and SMAD family member 3 (SMAD3), which are two osteogenic transcription factors, were up-regulated in hBMSCs grown on the scaffold.


TABLE 1. Genes found to be up- or down-regulated in human bone marrow-derived mesenchymal stem cells (hBMSCs) grown on the scaffold at day 21.

[image: Table 1]
[image: image]

FIGURE 6. PCR array analyses of osteogenic genes expression in human bone marrow-derived mesenchymal stem cells (hBMSCs) grown on Coll/Pro Osteon® 200 compared with tissue culture polystyrene (TCPS) reported at day 21. (A) Graphical representation through heat map of the mRNA expression in hBMSCs. The fold-change values (Log2 < 1 or > 1) is represented as up-regulated (red) and down-regulated (green) genes in hBMSCs grown on Coll/Pro Osteon® 200 compared with the TCPS. (B) Graphical representation through bars of the mRNA expression in hBMSCs grown on Coll/Pro Osteon® 200 compared with TCPS. Over-expressed genes (n = 16), at day 21, were transcription factor Sp7 (SP7); GLI family zinc finger 1 (GLI); TNF superfamily member 11 (TNFSF11); bone morphogenetic proteins 2 and 3 (BMP2 and BMP2 3); colony-stimulating factor 3 (CSF3); SMAD family member 3 (SMAD3); Collagen type II alpha 1 (COL2A1); matrix metallopeptidases 9 and 10 (MMP9 and MMP10); CD36 molecule (CD36); transforming growth factor, beta 3 (TGFB3)/RANKL; secreted phosphoprotein 1 (SPP1), Noggin (NOG); integrin, alpha M (ITGAM); intercellular adhesion molecule 1 (ICAM1). Down-regulated gene (n = 16) were cartilage oligomeric matrix protein (COMP); insulin growth factors 1 and 2 (IGF1, IGF2); SMAD family member 1 (SMAD1); runt-related transcription factor 2 (RUNX2); cathepsin K (CTSK), alkaline phosphatase (ALP); collagen type IV alpha 1 (COL5A1); fibroblast growth factor receptor 2 (FGFR2); biglycan (BGN); cadherin 11, type 2 (CDH11); colony-stimulating factor 2 (CSF2); twist family BHLH transcription factor 1 (TWIST1); bone morphogenetic protein receptor type II (BMPR2); Collagen type I alpha 1 (COL1A1); insulin growth factor 1 receptor (IGF1R); insulin growth factor 2 (IGF2).


Human BMSC cultures grown on the scaffold seem to be induced to chondrogenic differentiation from TCPS, as shown by COL2A1 gene expression. DEGs include several growth factors, which were found to be up-regulated at day 21. Among these DEGs, there are colony-stimulating factor 3 (granulocyte-macrophage) (CSF3) and GLI1. In addition, genes encoding for cell ECM, adhesion molecules, such as CD36 molecule thrombospondin receptor (CD36), intercellular adhesion molecule 1 (ICAM1), integrin, and alpha M (ITGAM) were up-regulated, too. DEGs include those encoding for ECM molecules, such as Col type IV alpha 1 (COL5A1), Col type I alpha 1 (COL1A1), biglycan (BGN), and cathepsin K (CTSK), implicated in osteoclast, were down-regulated. Additionally, the insulin growth factors, such as growth factors 1/2 (IGF1/2), CSF 2 (CSF2), and IGF2, were tested to be down-regulated. Among the genes down-regulated, there were genes encoding for cell–cell adhesion molecules, such as cartilage oligomeric matrix protein (COMP) and cadherin 11 type 2 (CDH11). Early transcription factors, such as runt-related transcription factor 2 (RUNX2) and Twist1, were down-regulated (Table 1 and Figure 6). Up-regulated and down-regulated genes are reported (Table 1 and Figures 6A,B).



DISCUSSION

In this study, we employed hBMSC cultures to evaluate the biocompatibility and osteoinductive proprieties of a bone substitute, which is highly close to the natural bone structure made of HA (Pro Osteon® 200) dispersed in Col. Bone regrowth, as well as regenerative medicine in general, has emerged as a multidisciplinary field, which takes advantage of knowledge in different sciences, such as materials science, cell biology, tissue engineering, molecular genetics, and epigenetics. All these fields contribute to repairing or regenerating damaged tissues through the atypical combination of three-dimensional (3D) biomaterial scaffolds, signaling molecules, and stem cells (Iaquinta et al., 2019a,b; Sheehy et al., 2019). In order to identify the best/right MSCs to be employed in therapies and for the correct characterization of the scaffold to be used, it is necessary to analyze different types of human MSCs using in vitro approaches. Comparative data regarding hBMSC cultures for adhesion on biomaterials and related biocompatibility to various biomaterials are lacking to a large extent. A number of growth factors, cytokines, drugs, gene products, and mechanical scaffold proprieties are critical for differentiating stem cells, including osteoblasts. The precise expression pattern depends on a balance of positive and negative transcription factors, proteins that control mRNA synthesis from the specific gene (Okazaki and Sandell, 2004; Tang et al., 2019). In this investigation, SEM images confirmed that incorporating Col fibers in HA/Pro Osteon® 200 make a biomimetic porous structure composed of HA and Col. Our data demonstrate that the HA/derived scaffold provides a good microenvironment for hBMSC adhesion and viability.

Stem cells grown on the biomaterial and those in contact with plastic vessels were analyzed using the AFM. Indeed, AFM because of its ability to operate in almost physiological conditions has been largely exploited in last decades to study the nanomechanical properties and mechano-response of cells to the external microenvironment (Kasas et al., 2018; Krieg et al., 2019). Cell stiffness, generally quantified in terms of the Young modulus, represents the main parameters extracted from AFM measurements on cells. Eventual changes of these features entail relevant variation in cytoskeleton structure reorganization, including actin fibers and focal adhesion complexes with matrix. The Young modulus of hBMSCs cells on petri dishes was compared with the same parameter for cells grown on the biomaterial. From the analysis, we obtained the values of (3.5 ± 2.0) kPa and (2.9 ± 1.7) kPa for the Young modulus of cells on the plastic petri dish and on the biomaterial, respectively. AFM measurements showed no significant differences of the Young modulus for cells grown on the biomaterial and in contact with plastic petri dish. This result corroborates the fact that cytoskeleton organization is similar in both samples and is not influenced by the scaffold under analysis.

Cell morphology of eGFP-hBMSC cells was indistinguishable from parental hBMSCs. Cytoskeleton architecture appeared well-organized, whereas its integrity remained uninfluenced by the biomaterial. Metabolic activity was increased during experiments on hBMSCs grown on the biomaterial. Previous studies reported that a pivotal role for hASC osteogenic differentiation is played by the HA-derived scaffold Coll/Pro Osteon® 200, whereas HA and Col mainly support survival and viability (Mazzoni et al., 2017, 2020).

In this investigation, the osteoinductive activity of the biomaterial is highlighted by the matrix mineralization detected in hBMSCs grown on the scaffold, at day 21. Immunohistochemistry reveals the expression of the two osteogenic markers, such as the OPN and OCN proteins in hBMSCs grown on Coll/Pro Osteon® 200 at day 21. ELISA data show a statistically significant increase in osteocalcin protein expression in hBMSCs grown on the biomaterial compared with the control at days 14 and 21. This result is in agreement with previous data, where the hybrid scaffold was able to influence hASC osteogenic pathway with an up-regulation of OCN protein compared with TCPS (Mazzoni et al., 2020).

Expression of 84 osteogenic genes was evaluated by quantitative PCR (Q-PCR) array technologies. In hBMSCs, the scaffold induces up-regulation of specific genes that are involved in the ossification process, such as SP7, SMAD3, BMP2/3, TGF-β3, NOG, and SPP1. Genes that codify for osteogenic transcription factors SP7 and SMAD3 were up-regulated in hBMSCs grown on the scaffold.

Osteogenesis is the process of new bone formation where transcription factors play an important role in controlling cell proliferation and differentiation (Gomathi et al., 2020). It is reported that Sp7 is a transcription factor for osteoblast differentiation, whereas Runx2 is known as a downstream gene (Xin et al., 2019). BMP2 pathway is known to up-regulate Sp7 expression through two distinct transcription factors such as Runx2 and Msx2 during osteoblast differentiation (Li et al., 2019; Tang et al., 2019). Accumulating data proved that BMP2 is involved in bone formation, bone remodeling, bone development, and osteoblast differentiation through hBMSC osteogenic differentiation (Biswas et al., 2018; Wu et al., 2018). BMPs are pleiotropic ligands in the TGF-β superfamily, which contains TGF-β/SMAD3. In agreement with our observation, BMP2 was shown to activate SMAD3-dependent signaling (Ongaro et al., 2019). Transcription factor SMAD3 expression is crucial for osteogenesis and the skeletal development process (Lin et al., 2019). Some studies have demonstrated that TGF-β3 also recruits endogenous human MSCs to initiate bone regeneration. TGF-β3 induces endochondral bone formation and completes bone remodeling. The signal transduction mediated by TGF-β 3 in osteogenic differentiation and bone regeneration specifically occurs through both canonical SMAD-dependent pathways with TGF-β3 ligands, receptors, and SMADs (Li et al., 2019). Indeed, TGFβ3 gene and SMAD3 transcription factor up-regulation could induce bone regeneration by amplifying hBMSCs recruitment at the damaged site (Deng et al., 2017).

In a previous study, other stem cells, such as hASCs, grown on the scaffold Coll/Pro Osteon® 200, did not show up-regulation of SMAD gene expression (Mazzoni et al., 2020). Osteoblastic differentiation of hASCs induced by Coll/Pro Osteon® 200 at day 21 appears to occur without the up-regulation of SMAD genes; otherwise, SMAD3 genes are up-regulated in hBMSCs grown on the HA/hybrid scaffold at day 21. In agreement with a previous study (Mazzoni et al., 2020), the SPP1 gene was found to be expressed with a fold change (Log2 FC) of 1.38. SPP1 codes for one of the most predominant non-collagenous proteins in bone ECM produced by osteoblasts, which also promotes cell adhesion to the bone surface (Sodek et al., 2000). We detected up-regulation of the COL2A1 gene expression in hBMSCs grown on HA-derived scaffold with a fold change (Log2 FC) of 1.90. Col, type II, alpha 1, encoded by the gene COL2A1, is the major Col in articular cartilage synthesized by chondrocytes (Rolvien et al., 2020). Herein, up-regulation of TNFS11/RANKL was detected. RT2 Profiler PCR arrays revealed an increased expression of RANKL with a fold change (Log2 FC) of 2.67. Receptor activator of RANKL, a member of the TNF superfamily, mainly controls later phases of osteoclast differentiation (Hodge et al., 2007; Hiyama et al., 2019). The bone resorption function of osteoclasts in the development of the skeleton and in mineral homeostasis requires a balance in bone-forming osteoblast activities. Indeed, a pivotal factor in the health and maintenance of bone density is the coordinated activity of osteoblasts and osteoclasts. In our experiments, MMP9 and MMP10 expression was up-regulated at day 21. ECM molecules, such as MMP9 and MMP10, play a central role in the development of skeletal tissues, orthopedic diseases and trauma, such as fracture/osteotomy repair, and congenital skeletal deformity. MMPs play an active role in the formation of osteoid tissue, which is rich in collagens and other ECM proteoglycans (Paiva and Granjeiro, 2017; Mianehsaz et al., 2019). A recent study has reported that the deletion of the matrix metalloproteinase MMP9 inhibited human osteoclast activity, increased bone density, and prevented pathogenic bone loss (Zhu et al., 2020). MMP10 takes part in physiological processes, like bone growth (Ortega et al., 2004). Other authors have shown that MMP10 enhances BMP2-induced osteoblast differentiation in vitro. These data were confirmed by another study that showed a similar range of dose and that proportions of BMP2 and MMP10 are required in vivo for their synergistic osteogenic effect to induce bone regeneration (Reyes et al., 2018). ITGAM gene expression was up-regulated in hBMSCs grown on the scaffold. Tissue repair and regeneration are highly complex, whereas dynamic processes involve the coordinated efforts of many different cellular, humoral, and molecular pathways including integrins (Paiva and Granjeiro, 2017). Endothelial NOG expression in bone promoted by activating Notch and hypoxia-inducible factor 1 alpha (HIF-1a) signals could induce proliferation and differentiation of perivascular osteoprogenitors and then promote osteogenesis (Ramasamy et al., 2014).

In hBMSCs grown on the scaffold, down-regulated genes encoding for ECM and cell-to cell adhesion molecules, such as BGN, CDH11, COL1A1, COL5A1, COMP, CSF2, CTSK, IGF1/2, IGF1R, and ALPL, were identified. Early transcription factors, such as RUNX2, SMAD1, and TWIST1, were also down-regulated at day 21. Protein Runx2, a key transcription factor, regulates the differentiation of MSCs into osteoblasts, which further mature into osteocytes. We may speculate that Runx2 down-regulation may contribute to the osteoblast maturation effect. Runx2 expression may have been up-regulated earlier than day 21.

It would be possible that the ossification, induced herein by scaffold/hBMSCs, may have taken place at earlier time compared with scaffold/hASCs reported in a previous report (Mazzoni et al., 2020). Indeed, in previous studies, data obtained in hASCs showed that the Runx2 transcription factor expression gene was up-regulated up to day 21 (Mazzoni et al., 2020). Our results show that in hBMSCs, several osteogenic genes are up-modulated such as BMP2/3, SPP1, and transcription factors such as SMAD3 and SP7 when the stem cells grown on the scaffold are composed of HA (Pro Osteon® 200) and Collagen (AviteneTM Microfibrillar Collagen Hemostat) for 21 days. In addition, hBMSCs had a positive epigenetic modulation on genes for cartilage condensation (COL2A1) and osteoclast maturation (TNSF11/RANKL) at day 21. Array approach revealed that 16 genes are up-regulated in hBMSCs grown on the scaffold, at day 21, while in previous studies, we quantified 22 genes involved in bone development as up-regulated in hASC cultures grown on the same Coll/Pro Osteon® 200 scaffold. hASC cultures grown on the scaffold seem to maintain a positive modulation of osteogenic genes as compared with hBMSCs, up to day 21, without showing any negative modulation of osteogenic genes.



CONCLUSION

Our experiments suggest that the innovative scaffold composed of Granular Pro Osteon® 200 coralline HA and AviteneTM Microfibrillar Collagen Hemostat, tested herein, provides a good microenvironment for hBMSC adhesion, viability, and osteoinduction. In addition, our morphology, cell biology, and epigenetic analyses suggest that hBMSCs represent an excellent in vitro cellular model to test scaffolds to be used for bone repair/regrowth and tissue engineering.
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Bone is the most studied tissue in the field of tissue regeneration. Even though it has intrinsic capability to regenerate upon injury, several pathologies and injuries could hamper the highly orchestrated bone formation and resorption process. Bone tissue engineering seeks to mimic the extracellular matrix of the tissue and the different biochemical pathways that lead to successful regeneration. For many years, the use of extrinsic factors (i.e., growth factors and drugs) to modulate these biological processes have been the preferred choice in the field. Even though it has been successful in some instances, this approach presents several drawbacks, such as safety-concerns, short release profile and half-time life of the compounds. On the other hand, the use of inorganic ions has attracted significant attention due to their therapeutic effects, stability and lower biological risks. Biomaterials play a key role in such strategies where they serve as a substrate for the incorporation and release of the ions. In this review, the methodologies used to incorporate ions in biomaterials is presented, highlighting the osteogenic properties of such ions and the roles of biomaterials in controlling their release.

Keywords: bone, scaffolds, tissue engineering, biomaterials, tissue regeneration, therapeutic ions


INTRODUCTION

Bone is a complex and hierarchical organ that is in constant remodeling depending on the specific macro- and microenvironments. The main function of bone tissue is to provide mechanical stability to the body and protect the main organs (Florencio-Silva et al., 2015). Moreover, it has a high turnover which helps maintaining an ion balance in the body. Diseases or traumatic injuries can compromise bone function. For this purpose, it is of great importance to restore the lost functionality in a short and efficient manner. The gold standard has been the use of natural grafts (such as auto- and allografts), although their limited availability and possible transmission of diseases have limited their applications (Younger and Chapman, 1989; Betz, 2002). With this in mind, there is a great need to develop novel synthetic grafts that may provide similar functions to those of natural grafts while avoiding the possible related issues (Moore et al., 2001).

For successful bone regeneration, it is important that the bone substitute mimics to the highest extent the highly orchestrated bone regeneration steps (Perez et al., 2015b). Novel strategies involve the continuous adaptation of the inserted matrices to trigger a series of biological processes that may ultimately lead to bone regeneration (Pérez et al., 2013). These processes will mainly stimulate cells, through specific intrinsic features provided by the biomaterial and/or the release of extrinsic factors allocated within the substrate, such as molecules with biological activity (Perez et al., 2016). Among the different steps, the most critical are mitigation of the possible bacterial infection, the control of the initial inflammatory response, the attraction of cells to the site of defect through the formation of blood vessels, and the final maturation of the bone tissue (Perez et al., 2015b).

The different processes have been generally modulated by a combinatorial approach of intrinsic and extrinsic features of the defined biomaterials. Intrinsic properties, mainly the mechanical properties (both at a local and bulk-level), the surface roughness or the surface charge, are common parameters that can be tuned by a proper design (Navarrete et al., 2017). On the contrary, extrinsic factors are based on the use of biologically active molecules (such as growth factors) and peptides that can exert a positive response on tissue regeneration (Wang Z. et al., 2017). These extrinsic biologically active molecules have shown great potential in vitro. However, controlling their adequate delivery as well as their low half-life once implanted in the defect area are major hurdles for their clinical/industrial translation. To this purpose, the use of ions (mainly metal ions) is an attractive option because their therapeutic effect is well-known, they have an increased stability and, in terms of safety, they have lower risk than the use of biomolecules (Mouriño et al., 2012; Perez et al., 2015b). These therapeutic ions released from biomaterials can modulate the tissue regeneration steps in a similar way to biologically active molecules.

Hence, the scope of this review is to describe the vast possibilities of ion incorporation within biomaterials. The review will cover the different possible methodologies of ion incorporation within ceramic, metallic, and polymeric materials and the effect that the different methodologies will have on their final release. The attention will be given to their osteogenic properties, while the antibacterial and angiogenic properties have been reviewed elsewhere (Hoppe et al., 2011; Kaya et al., 2018).



BONE REGENERATION STEPS

Once a biomaterial is implanted, a dynamic interaction between the biomaterial surface and the plasma proteins takes place and a temporary matrix around the biomaterial or implanted device is formed; this phenomenon is known as the Vroman effect (Vroman et al., 1980). The initial protein adsorption depends on the surface properties of the biomaterial, which relate to wettability, surface charge, topography or stiffness, among others (Hallab et al., 2001; MacDonald et al., 2002; Xu and Siedlecki, 2007; Shiu et al., 2014), which modulate the initial cell response and subsequent bone healing phases. Bone healing is a complex biological process that is controlled by several growth factors, cytokines, cell types, and mechanical stimuli that direct the different overlapping phases, mainly haemostasis, acute inflammation, progenitor and stem cell homing, angiogenesis, osteogenic differentiation, and mineralisation (Perez et al., 2015b). The last step can be divided in mainly an osteogenic differentiation of stem cells followed by the mineralisation of the differentiated cells as described below. The role of ions has been proved in many of the bone regeneration processes, primarily acting as enzyme co-factors and, therefore, they influence the different signaling pathways (Zhi Lin Sun and Hanks, 1997). The potential role of ions is summarized in Figure 1. Understanding the different phases that take place during bone regeneration might be useful for the design of biomaterials that can deliver cues at specific time points.


[image: Figure 1]
FIGURE 1. Schematic representation of the biological phases that take place during bone healing in which ions may have a therapeutic role. The natural bone healing starts with a pro-inflammatory response, followed by stem cell homing and the formation of new blood vessels. This process ends with the differentiation of stem cells into osteocytes and the formation of new bone. The release of ions from scaffolds may induce a therapeutic effect in these processes, combined with an anti-bacterial effect that may reduce the risk of infection after implantation.



Osteogenic Differentiation

Following stem cell homing, mesenchymal stromal cells (MSCs) proliferate and sequentially differentiate into chondroblasts and osteoblasts. Osteogenic differentiation only happens under specific microenvironments and stimuli, because MSCs have the ability to differentiate into other tissues, such as cartilage and fat (Dominici et al., 2006). Several different factors are implicated in this osteogenic differentiation. For example, physical cues such as stiffness or topographies have been shown to modulate MSCs differentiation (Engler et al., 2006; Dobbenga et al., 2016). On the other hand, growth factors such as fibroblast growth factors (FGFs), bone morphogenetic proteins (BMPs), and platelet derived growth factors (PDGFs) have also been demonstrated to be osteogenic stimulators (Behr et al., 2010; Kempen et al., 2010; Jeon et al., 2012). Therefore, scaffolds can be designed to provide biophysical and biochemical cues for stimulating osteogenic differentiation of stem cells and other osteoprogenitor cells. Moreover, this osteogenic differentiation is marked by an up-regulation of transcription factor Runx2, alkaline phosphatase (ALP), osteocalcin (OCN), osteopontin (OPN), bone sialoprotein (BSP), and ECM phosphoglycoproteins, among others, which stimulate mineralisation (Fakhry et al., 2013). Interestingly, it is known that many ions are involved in this process, such as Si4+, Sr2+, B3+, Ca2+, and Zn2+ and others which will be described more in detail in section Osteogenic Actions (Reffitt et al., 2003; Fukada et al., 2013; Hashimoto, 2020).



Mineralisation

Mineralisation of the extracellular matrix (ECM) is the last phase of bone healing and consists in a gradual reabsorption of the primary cartilaginous callus and replacement by a hard callus (Dimitriou et al., 2005). The arrival of MSCs to the site of injury activates their differentiation into chondroblasts and the molecular cascade of type I and type II collagen secretion. At this point, the transforming growth factor beta (TGF-β) and BMPs play an important role as they are involved in the chondrogenesis and the initiation of the bone healing cascade (Cho et al., 2002; Tsuji et al., 2006; Marsell and Einhorn, 2009). Consequently, this mineralisation step is the result of multiple interactions between cells, ECM proteins and environmental factors such as pH, ionic strength, and mechanical stimulus (Marsell and Einhorn, 2011).

During mineralisation, osteoblasts secrete matrix vesicles containing small calcium phosphate crystal precursors and lipids that are capable of attracting calcium (Golub, 2009). Moreover, collagen type I (COL1) acts as a template for the precipitation of the inorganic matter (Fedde et al., 1999). Together with COL1, other proteins from the ECM of bone, such as OCN, OPN, BSP, and phosphoglycoproteins, have a key role in the mineralisation process. Some of these proteins have calcium binding domains, which in turn bind to phosphate ions, allowing the formation of apatite crystals (Chen et al., 1992).




INCORPORATING IONS WITHIN BIOMATERIALS

Osteogenic ions have been incorporated into biomaterials to enhance bone regeneration. Depending on the type and morphology of the biomaterials, different incorporation techniques can be used that result in different ion release characteristics. In this section, a brief description of the incorporation of ions in different materials and the overall morphology of the composite (or the potential bone substitute), which, in fact, will modulate the ion release, will be described.


Types of Materials and Incorporation Methods

An overview of the possible designs of biomaterials incorporating ions is shown in Figure 2, where different types of morphologies are established as well as different types of compositions. The different possibilities will be briefly described.
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FIGURE 2. Schematic representation of the ion incorporation strategies depending on the different types of material and morphologies. Ions could be incorporated to metallic biomaterials by integrating them into their composition, performing a substrate treatment or including them into a ceramic coating that will be applied to the surface of the metal. Moreover, ions can also be incorporated into ceramic materials at high temperatures or low temperatures and into polymeric materials following different methods.



Ceramics

Ceramics are commonly used materials in the field of bone tissue regeneration. A well-known ceramic is hydroxyapatite (HA), which presents multiple synthesis routes at low or high temperature (Habraken et al., 2016). One of the main disadvantages of HA is the low degradation and resorption rates, mainly related with its high degree of crystallinity. In order to reduce its crystallinity, and hence to trigger reabsorption, its structure is usually disrupted by incorporating different ions, such as Sr2+, Zn2+, or Mg2+, among others (Reger et al., 2019). For the high temperature ceramics, these ions are generally incorporated by doping the apatites prior to synthesis. Another strategy to incorporate ions is to sinter the apatites in the absence of the ions, which can then be soaked in different solutions containing the desired ions to allow their physisorption (Garley et al., 2019). For the low temperature ceramics, these ions can be introduced by simply incorporating the desired ion into the calcium and phosphate solutions, forcing its reaction and, consequently, leading to the precipitation of the doped apatite (Evis and Webster, 2011; Ofudje et al., 2019). A slightly different approach for the low temperature fabrication is the use of calcium phosphate cements (CPC), which is based on the mixing of a powder and a liquid to form solid apatite at room temperature (Perez et al., 2012, 2015c). In this case, the ion can be incorporated either as a salt within the powder, or as an ionic solution within the liquid phase (Schamel et al., 2017).

Ion-doped glass-ceramics and glasses have also been used in bone tissue engineering due to their bioactivity, resorbability and appropriate mechanical properties. The incorporation of trace elements modifies their biological activity, allowing the release of therapeutic ions from their structure (Hoppe et al., 2011). The release kinetics of these ions can be controlled depending on the incorporation method used as well as on the physicochemical properties of the material (Castaño et al., 2017).



Polymers

The ability of polymeric materials to incorporate ions differs depending on the type of polymer used. Synthetic polymers are less susceptible to easily incorporate metallic ions, since tedious and complicated chemical routes are needed. Other option is the blending of such polymers with ionic-releasing particles, such as bioactive glass (Olmos Buitrago et al., 2015; Alizadeh-Osgouei et al., 2019). Among the different natural polymers that can be used, polysaccharides (such as alginate) and natural proteins (such as collagen) are the most commonly used. Amongst the polysaccharides, alginate is an interesting example of a versatile polymer that allows the incorporation of ions by simple crosslinking of the polysaccharide chains with divalent ions (Perez and Kim, 2013; Perez et al., 2015a). This allows the gelation of the polymer, which maintains the ion within the structure. Once the hydrogel is placed within a monovalent ion solution, the ions are exchanged, releasing the divalent ions within the alginate.



Metals

Different ions have also been successfully incorporated to metallic biomaterials. Since ions are generally of metallic origin, these can be integrated within the overall composition of the metals, allowing a slow and sustained release (Alrabeah et al., 2017). While this may take long time to allow the release of the therapeutic ions, the continuous exchange of ions and the liquid environment may lead to certain corrosion issues that need to be controlled (Noumbissi et al., 2019). Furthermore, the ions can be incorporated on the surface of the metallic substrates by surface treatments, such as etching, plasma treatment or coatings (Lu et al., 2012). For example, a ceramic coating can be applied to the surface of the metallic device to incorporate the therapeutic ions (Kose et al., 2013). These ions will mainly be found on the surface and their release may be more easily tuned without jeopardizing the bulk properties of the implant.




Overall Morphology

Besides the biomaterial composition, different morphologies of the final device might determine how ions are released (concentration and time) and sensed by the cells, (Figure 3).
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FIGURE 3. Overview of the potential release of ions depending on the biomaterial morphology. The release profile of ions from scaffolds, microparticles and nanoparticles depends on biomaterial size and morphology, as well as its composition. Nanoparticles rapidly released the ions, while microparticles exhibited a sustained release. Moreover, the ions released from scaffolds and microparticles are able to enter cell through ion channels, while nanoparticles can be directly internalized.



Scaffolds (Porous and Fibrous)

Three dimensional scaffolds are the most commonly used structures for bone tissue regeneration. There are several requirements for an ideal scaffold for bone tissue engineering, mainly to provide similar mechanical properties to those of the native bone (especially in load-bearing areas), to degrade while the new bone is being formed, to present sufficient porosity allowing cell infiltration, as well as to give osteoconductive and osteoinductive cues for bone maturation (Perez and Mestres, 2016). These scaffolds can be fabricated by several methods, including freeze-drying, solvent casting, solid freeform fabrication or phase separation, among others (Chocholata et al., 2019). A special type of preparation is electrospinning, which allows forming thin layers of nanofibrous materials, mimicking the fibrillar ECM structure (Xue et al., 2019). Its main disadvantage is the limited space for cell migration (i.e., small pore size and interconnectivity) and low mechanical stiffness. To overcome these limitations, 3D printing is receiving significant attraction, due to the ability to fabricate custom-made structures with greater control over the porosity (size, morphology, and interconnectivity) (Murphy and Atala, 2014; Kyle et al., 2017; Jammalamadaka and Tappa, 2018). These scaffolds, however, generally require an invasive surgery since the devices need to be implanted into the site of the defect.



Hydrogels

Hydrogels are a special kind of polymer scaffold. They entrap high amounts of water within the polymeric network. Many hydrogels are fully injectable into the site of defect (Drury and Mooney, 2003). This property offers a great advantage since it reduces the risk of infection in surgery, due to their less invasive characteristics. Furthermore, their low temperature processing (mainly at room or body temperature) allows the delivery of biologically active molecules as well as cells (Bai et al., 2018). The most commonly used hydrogels are based on polysaccharides and natural proteins. Their degradation rates are generally fast but can be strategically cross-linked to tune their degradation rates to match with the formation of new bone. Their main disadvantage is the poor mechanical properties which make them more suitable for non-load bearing applications.



Microparticles (MPs)

Based on the gaps provided by the packing of spheres, this allows to use microspheres or microcarriers as a matrix that provides sufficient porosity for cell and bone ingrowth (Park et al., 2013; Salerno et al., 2013). Their main advantage is that each microsphere, in the range between 100 and 400 μm can be used to individually grow cells and allow placing an interconnected macro-scaffold with individually seeded microscaffolds into the site of defect. Overall, this would allow for a uniform distribution of cells throughout the site of defect. Furthermore, their homogenous size allows a constant release of the incorporated molecules or ions (Perez et al., 2014; Timin et al., 2018). Moreover, these can be made injectable/printable by simply mixing the microspheres with a proper hydrogel (Levato et al., 2014).



Nanoparticles (NPs)

In a similar way to MPs, NPs present unique properties based on their nano sizes. Their range of sizes down to the nano-level confers them high specific surface areas with electrostatic charge that allows their penetration into cells (Vieira et al., 2017). These are generally synthesized by chemical routes and their size ranges between 20 and 200 nm. These particles can be made of polymeric, ceramic or metallic materials. It is worth highlighting that NPs will offer a significant differential effect compared to MPs based on the fact that a number of NPs are able to enter into the cells and release ions within the cell cytoplasm, whereas MPs are only able to release ions outside the cytoplasm (Palombella et al., 2017) (Figure 3).





OSTEOGENIC ACTIONS

Some ions are trace elements of bone, being some of them essential for the normal development of the skeleton. Besides, their deficiency can cause diseases such as osteoporosis, in which there is a reduction of the bone mineral mass and change in the microarchitecture (Aaseth et al., 2012). The addition of ions in biomaterials, such as Ca2+, Cu2+, Sr2+, Mg2+, Zn2+, and B3+ amongst others, have shown to enhance osteogenesis and, lead to better overall bone regeneration (Glenske et al., 2018; Lu et al., 2019). For this reason, it is critical to understand how ions interact with cells in vitro and how these ions could be incorporated in the appropriate doses within biomaterials to be beneficial both in vitro as well as in vivo. The main mechanisms of actions of the key ions are schematically represented in Figure 4 and their incorporation into and delivery from biomaterials described below. In order to summarize the different actions promoted by ions, three different summarizing tables are presented. Table 1 shows the effects of the different ions incorporated and released from the structure of metals. Table 2 shows the effects of different ions incorporated and released from ceramics while Table 3 shows the effects of incorporated ions within polymeric materials.
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FIGURE 4. Schematic representation of the mechanism of action for the different osteogenic ions. Zinc, magnesium, silicon and strontium modulate the MAPK-ERK pathway. Strontium, magnesium, silicon, lithium and boron activate the canonical Wnt/β-catenin pathway. Darker color intensity on the ions indicates a more established pathway. B, boron; Li, Lithium; Mg, magnesium; Si, silicon; Sr, Strontium; Zn, Zinc; RAS, Rat sarcoma; RAF, Rapidly activated Fibrosarcoma; MEK, mitogen-activated protein/extracellular signal-regulated kinase kinase (MAPK/Erk kinase); CK1, casein kinase 1; APC, Adenomatous Polyposis Coli.



Table 1. Summary of studies incorporating different ions within metal biomaterials.
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Table 2. Summary of studies incorporating different ions within ceramic biomaterials.
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Table 3. Summary of studies incorporating different ions within polymer biomaterials.
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Copper

Copper has been described to enhance the osteogenic differentiation in in vitro studies. The incorporation of copper in cell culture medium reduced the proliferation of MSCs although it increased the capacity of osteogenic differentiation, inducing an early expression of ALP and mineralisation (Pablo Rodrguez et al., 2002). Little is known on the exact mechanism of how copper affects the osteogenic differentiation. Nevertheless, a possible hypothesis is that it takes place through ECM processing, since several enzymes involved in the crosslinking of collagen and elastin, such as lysyl oxidase (LOX), are copper-dependent, and it is well-known that the ECM composition and structure influence stem cell differentiation (Smith et al., 2018). Some works have also reported a negative effect of copper. A study reported that the supplementation of culture media with copper showed a lower expression of osteogenic genes in rat bone marrow stromal cells (rBMSC), suggesting that copper suppressed the Runx2 signaling pathway which in turn suppressed the collagen deposition (Li et al., 2014). Hence, further studies are needed to elucidate a more realistic and accurate mechanism.

Copper has often been incorporated in metallic materials, as well as in other biomaterials, in order to stimulate bone regeneration. Regarding the metallic materials, several prostheses as well as dental implants present copper in their structure. Interestingly, the presence of copper in dental implants showed increased ALP activity and increased COL1, osteoprotegerin and OPN expression, which together enhanced the mineralisation potential of MSCs (Burghardt et al., 2015). The copper containing implants were then placed in an in vivo animal study, showing an increase in bone formation and bone-implant integration (Ren et al., 2015). Similar results were shown for nano-copper-bearing stainless steel, which were shown to increase osteogenic cell expression in vitro and to enhance bone formation in vivo (Wang L. et al., 2017).

Similar to metals, ceramics have also been doped with copper. Several ceramics, such as bioactive glasses and phosphate-based ceramics, have shown enhanced bone regeneration capabilities. An in vitro study showed that copper-containing microporous bioactive glass (Cu-MBG) or its ionic products cultured with human bone marrow stromal cells (hBMSCs) induced a higher expression of ALP, OPN, and OCN (Wu et al., 2013). Similar results were observed in vivo, showing enhanced bone regeneration (Li Y. et al., 2018). Furthermore, copper is able to enhance the apatite-forming ability when incorporated into bioactive glass NPs (Zheng et al., 2017). In some cases, copper has been shown to negatively impact osteogenic induction. For instance, pre-osteoblastic MC3T3-E1 cells cultured with bioactive silicate (13–93) doped with different concentrations of copper (0–2 wt%) showed no significant differences in proliferation or ALP activity. Moreover, the highest dose (2 wt% CuO) presented a negative effect in osteogenic response, showing lower ALP activity than the pristine samples. These results were also confirmed with an in vivo study in a rat calvaria defect model (Lin et al., 2016).

Unlike metals and ceramics, polymeric materials have rarely been combined with copper ions. Nevertheless, a recent study mixed 2% w/v chitosan solution with 0.625 mM copper solution to fabricate freeze-dried scaffolds containing a total of 62.5 μM of copper within chitosan hydrogels. The resulting doped-scaffolds significantly increased bone volume formation in a rat calvaria defect model, although authors suggest a possible angiogenic role of copper which might benefit bone formation (D'Mello et al., 2015). The main limitation of the study was the fast release of the ions, limiting the presence of the copper ions in the site of defect during the osteogenic induction period. In order to overcome the limitations and the fast release from polymeric materials, copper containing NPs rather than ions have been used. For instance, copper NPs combined with alginate and chitosan significantly increased COL1 and OCN gene expression, as well as the genes involved in cell adhesion, together with an increase in the extracellular calcium deposition. The results were then extrapolated into in vivo studies, showing increased bone mineral density and greater total bone volume compared to control (Lu et al., 2018).



Cobalt

Similar to copper, cobalt is also known to initially stimulate the angiogenic response, which may also contribute to the osteogenic process. Nevertheless, its mechanism is not clearly elucidated. Actually, cobalt-supplemented culture media has not shown a positive osteogenic induction but rather an impairment in the osteogenic differentiation (Patntirapong et al., 2009; Birgani et al., 2016; Drynda et al., 2018). Despite the previous results, cobalt has been incorporated in several biomaterials, mainly in ceramics. For instance, HA powders doped with different concentrations of cobalt (0.5, 1, 5, and 10 w/w%) showed that in samples with 1% cobalt, there was an increase in proliferation of MG-63 cells, as well as an increased expression of Runx2 and Osterix. The proposed mechanism of action was that cobalt acted as a calcium agonist, activating Wingless-related integration site 5 (Wnt5) signaling pathway cascade and hence leading to the expression of Runx2 and subsequently, the expression of Osterix (Kulanthaivel et al., 2016). Positive results were also found in vivo, showing that HA NPs doped with cobalt produced dense collagen fibers with a mineralisation rate higher than HA, showing as well a higher bone surface and density in a rat bone mandibular defect (Ignjatovic et al., 2015). However, different results have been found in in vitro and in vivo studies. For instance, cobalt-doped NPs produced a decrease in viability and cytoskeletal deformation in osteoblastic cells in vitro. Interestingly, when implanted in vivo, an increased rate of osteogenesis with higher alveolar bone density with a well formed vasculature was found (Ignjatović et al., 2013). The differences between the in vitro and in vivo results are probably ascribed to the possible negative effects caused at the cellular level by NPs, since it is known that size, shape and morphology may have profound negative effects on cell morphology, which are not necessarily found in vivo (Kwon et al., 2013; Perez et al., 2017). With the controversial results found in the literature, it is not clear whether cobalt can be beneficial or useful for osteogenic differentiation. It has been recently hypothesized that the main role of cobalt in bone regeneration is to stimulate angiogenesis with new blood vessel formation, which is an important step to successfully achieve a proper osteogenic differentiation and a proper overall bone regeneration (Perez et al., 2015a; O'Neill et al., 2018).



Silicon

Another well-known ion that has shown significant effects on osteogenic differentiation and mineralization is silicon. Silicon is found in the active calcification sites in bones and is clearly implicated in the mineralisation process of bone growth (Jugdaohsingh et al., 2002; Han et al., 2013). It was previously suggested that silicon is a key element in the initiation of the pre-osseous tissue mineralisation (Shi et al., 2015). Supplementation with silanol in vivo showed that silicon partially stopped the trabecular bone loss in mature ovariectomized rats by minimizing bone resorption and enhancing bone formation, which was hypothesized to be ascribed to the mineralisation of the organic bone matrix stimulation (Hott et al., 1993). The main known mechanism by which silicon interacts with cells is based on the activation of the Mitogen-Activated Protein Kinase-Extracellular signal-regulated kinase (MAPK-ERK) pathway in osteoblast-like cells (Shie et al., 2011). It has also been demonstrated that silicon ions may stimulate cell proliferation and osteogenic differentiation of hBMSCs through the activation of Wnt and sonic hedgehog (SHH)-related gene expression (Han et al., 2013). It has also been demonstrated that silicon promotes in vitro osteogenesis in osteoblasts through the activation of mTOR in the PI3K-Akt-mTOR pathway (Zhou et al., 2019). However, another study revealed that the inhibition of mTOR promoted osteogenic differentiation in MC3T3 cells, although this was using strontium ions (Cheng et al., 2019). A possible explanation to this contradiction could be that there are two types of mTOR complexes so they could be playing different roles in osteogenesis (Cheng et al., 2019).

Since silicon is generally present in combination with oxygen, forming silica, the most commonly used strategy for delivering silicon ions is incorporating them in ceramics, generally in the form of scaffolds, either as the bulk materials or as a coating, as well as in the form of NPs. A common strategy to prepare silica based materials is based on the sol-gel reaction of the silica precursors, such as tetraethyl orthosilicate or tetramethyl orthosilicate. Silica based microcarriers are prepared using the silica-based precursors that allowed the hardening of the sol in a water in oil emulsion, producing hardened microspheres after the complete condensation reaction. The microcarriers were shown to allow cell attachment and to induce osteogenic differentiation of MSCs, which was even more enhanced in the presence of other ions, such as calcium (Perez et al., 2014). Similar silica based structures have as well-been incorporated within calcium based ceramics. For instance, calcium-magnesium-silicon-containing bioceramics were compared with β-tricalcium phosphate (β-TCP) ceramics to analyze the osteogenic potential of hBMSCs cultured on the different scaffolds. The proliferation, ALP activity and the protein expression of COL1, ALP, OPN, BSP, and OCN was increased in the silicon based ceramics compared to the β -TCP due to the release of the different ions from the scaffolds. Interestingly, among the three different silicate based scaffolds, which were bredigite Ca7MgSi4O16, akermanite Ca2MgSi2O7 and diopside CaMgSi2O6, bredigite showed the highest osteogenic potential. The results showed a direct correlation between the scaffolds with the highest osteogenic potential with the amount of silicon ions present (Zhai et al., 2013). Although silicon has been shown to be one of the ions with the highest potential to induce the osteogenic differentiation compared to other ions, its combinations with other ions has been shown to demonstrate even higher synergistic effects. For instance, a bioceramic material containing silicon and strontium components was investigated in vitro. The results demonstrated that silicon ions alone had a higher induction effect on ALP activity than strontium ions, and that the combination of both ions resulted on the highest result of osteogenesis. Furthermore, mandibular defects of ovariectomized rat models were tested in vivo and demonstrated that bioceramics containing silicon and strontium promoted osteogenesis and mineralisation when compared with β-TCP bioceramics (Mao et al., 2017). This synergistic effect is probably explained by the different activation mechanisms of each ion, since silicon induces the hypoxia inducible factors (HIF) production whereas strontium interacts directly with other membrane receptors (Caverzasio and Thouverey, 2011).

Besides pristine ceramics, composite scaffolds have also been prepared incorporating different silicon-based ceramics within polymer structures. As an example, a siloxane-doped polylactic acid (PLA) and vaterite composite coated with hydroxycarbonate apatite (SPV-H) was used to study the osteogenic activity on MSCs for inducing mineralisation and differentiation. The experimental group was compared with the composite in the absence of silicon using PLA and vaterite as a control (PV-H). In general, MSCs cultured on SPV-H formed bone nodules after 21 days of culture with higher osteogenic differentiation compared to PV-H (Obata and Kasuga, 2009). Another example was observed when silicon ions were incorporated into collagen hydrogels via sol-gel reaction. These collagen/silica hybrid gels were able to increase apatite formation, as well as to induce the expression of Runx2, OPN and BSP osteogenic markers compared to collagen hydrogels (Yu et al., 2015). Moreover, silicon ions could also be incorporated as a coating on several types of surfaces by plasma enhanced chemical deposition. The release of silicon ions from these coatings resulted in an increase of Runx2, OCN, ALP and Col I gene expression in vitro. In vivo studies further confirmed the osteogenic effect of the coatings, showing the promotion of bone formation and mineralization (Ilyas et al., 2016; Xu et al., 2019).

Apart from the described 3D scaffolds, mesoporous silica NPs have attained great interest due to their ability to encapsulate molecules and hence stimulate different biological processes at the cellular level (Castillo et al., 2019). Silica NPs have been widely synthesized and have shown great potential as delivery cargo carriers for osteogenic induction (Kwon et al., 2013; Perez et al., 2017). These silica NPs are generally in the range of tens of nanometers and have been functionalized by coatings, tethering or co-precipitation of other ions. Readers are referred to previous reviews for a deep understanding of their synthesis and cellular effects (Kwon et al., 2013; Perez et al., 2017).

Silicon-containing glasses have been long used in bone tissue engineering, since their discovery by Larry Hench fifty years ago (Hench, 2006). It has been established that their biological activity comes from the release of biologically-active ions (Baino et al., 2018). Moreover, many new compositions and other types of bioglasses have been proposed for optimizing the body's response according to the specific clinical applications, incorporating other ions such as silver and strontium (Jones et al., 2016).



Zinc

Zinc is an essential trace metal that promotes osteoblastic proliferation and differentiation, stimulates mineralisation and inhibits osteoclastic cells through promoting bone cell proliferation, ALP activity, and collagen and protein synthesis (Jin et al., 2014; He et al., 2016; Paul et al., 2017). It is known to enhance bone metabolism through 1, 25-dihydroxyvitamin D3, a hormone which regulates calcium action (Yamaguchi et al., 1988; Park et al., 2018). Furthermore, zinc may promote ALP activity and collagen synthesis during osteogenesis. An in vitro study analyzed the effect of different zinc containing culture media on osteoblast differentiation in hBMSCs. The results showed that zinc promoted the expression of Runx2 via the cAMP-PKA-CREB pathway, which is an important regulator involved in the osteogenesis of MSCs (Zhu et al., 2017; Park et al., 2018). As previously described, this pathway is known to stimulate the expression of genes such as BMP2, which is well-known to be involved in osteogenesis and bone formation (Kim et al., 2013). Low concentrations of zinc (2 and 5 μg/mL) have also been described to stimulate osteogenesis in rBMSCs through the activation of MAPK-ERK pathway (Yu et al., 2020). However, higher zinc concentrations (15 μg/mL) have been shown to induce cell apoptosis by ROS generation (Yu et al., 2020).

Zinc has been generally added into biomaterials for orthopedic applications as an alternative to other biodegradable metals such as magnesium and iron as well as in ceramic based biomaterials (Zhu et al., 2017; Glenske et al., 2018). Regarding the metallic materials, these have been doped with zinc ions in the field of dental implantology. Titanium implants can be coated with zinc using a plasma immersion technique, which was previously shown to lead to an increased osteogenic activity (Jin et al., 2014). Interestingly, a recent study compared the osteogenic effect of incorporating zinc in titanium with two different coating techniques both in vitro and in vivo. One method incorporated zinc into the sub-surface of TiO2 coatings by plasma immersion ion implantation followed by deposition, whereas the other method consisted of a bulk-doped TiO2 by plasma electrolytic oxidation (Qiao et al., 2014). Both the in vitro and the in vivo results showed enhanced osteogenic behavior on the coating performed by plasma immersion ion implantation. The authors concluded that the samples that incorporated zinc on the surface of TiO2 implants, although they had a lower total zinc content, they had the best osteogenic potential and better bone regeneration activity both in vitro and in vivo, compared to the bulk doped samples. Hence, the results suggest that cells prefer the presence of zinc ions on the surface of the biomaterial rather than zinc ions in the surrounding medium (Qiao et al., 2014).

Nowadays, in a similar trend to other ions, it is becoming more common to incorporate zinc in ceramic based biomaterials. For instance, β-TCP ceramics were doped with three different concentrations of zinc (3, 6, and 9% w/w) with same silicon ion concentration (15% w/w silicon). Biological studies performed with mouse pre-osteoblasts showed adequate cell proliferation and osteogenic differentiation when cells were cultured on the low and intermediate content of zinc (3 and 6% w/w), whereas it was shown that higher zinc content (9% w/w) induced cell death (Paul et al., 2017). The zinc containing ceramics were then implanted into critical sized rabbit femoral condyle defects, showing lower bone formation with the higher zinc concentration (Paul et al., 2017). In a similar way, zinc containing TCP with different concentrations (0, 5, 15, and 45 mmol ZnCl2/100 mg TCP) were tested. The results showed that the highest zinc amount promoted the ALP activity of hBMSCs compared to the pristine ceramic. Furthermore, the implantation of the ceramics in the paraspinal muscle of canines for 12 weeks resulted in ectopic bone formation in a dose dependent manner, showing as well no bone formation in the pristine ceramic (Luo et al., 2014). Similarly, the calcium phosphate-based ceramics can be shaped into microsphere with the help of polymeric materials showing as well positive cell osteogenic stimulation in the presence of zinc. Interestingly, the ability to simulate bone regeneration in vivo was shown to be highest in the presence of zinc regardless of the presence or absence of collagen and calcium phosphate (Yu et al., 2017).



Strontium

Strontium is known to increase bone formation and inhibit osteoclast activity and has been proposed as a promising therapy for osteoporosis treatment and prevention (Peng et al., 2009; Aimaiti et al., 2017; Zeng et al., 2020). It has been commonly described that strontium promoted osteogenesis through the activation of the Wnt/β-catenin pathway, increasing Glycogen synthase kinase 3 beta (GSK3β) phosphorylation. This allows two mechanisms: the degradation of phosphorylated β-catenin and the translocation of β-catenin into the nucleus increasing the expression of Runx2 (Yang et al., 2011; Zeng et al., 2020). Another study evaluated that the activation of this pathway was performed through the activation of the calcium-sensing receptor (CaSR), which increases the release of calcium and, subsequently, activates the Wnt signal pathway (Saidak and Marie, 2012). It has also been suggested that strontium activates the Ras/MAPK signaling pathway, subsequently leading to Runx2 transcription downstream (Peng et al., 2009).

Strontium has been mainly incorporated in ceramics or in composite biomaterials. In the case of ceramics, when strontium was added into bioactive glasses, it enhanced the osteogenic gene expression in rat MSCs (Santocildes-Romero et al., 2015). Not only has strontium been able to promote osteogenesis, but also has been shown to reduce the osteoclastic activity (Tian et al., 2018). Their results have not only been shown in vitro, but also in vivo (Chandran et al., 2018; Li J. et al., 2018). While ceramics are an interesting and an appealing source for bone regeneration, composite materials are as well an interesting type of materials to dope with strontium. A nanocomposite fibrous scaffold made of poly(ε-caprolactone) (PCL) doped with strontium carbonate NPs increased the proliferation of human MSCs, as well as the expression of BMP2, Runx2 and Osterix in the mRNA and protein level, and also increased the deposition of calcium minerals even with the absence of osteogenic factors (Meka et al., 2016). Similarly, strontium doped composites have shown an enhanced bone regeneration (Zhang Y. et al., 2015; Henriques Lourenço et al., 2017). For instance, strontium-doped HA microspheres embedded in strontium-crosslinked RGD-alginate hydrogel were implanted in vivo in a rat critical-sized bone defect model and showed increased bone formation, stimulating the cell migration and collagen deposition (Henriques Lourenço et al., 2017).



Magnesium

Magnesium and its alloys have been used for biomedical applications for over 2 centuries and it has been observed that its degradation products (magnesium particles and ions) enhance new bone formation. Magnesium ions have been shown to increase ALP activity, matrix mineralisation and the expression of differentiation markers such as Runx2, BMP2, OPN, and COL1 in osteoblasts and MSCs (Yoshizawa et al., 2014; Díaz-Tocados et al., 2017; Wang J. et al., 2017; Zhang X. et al., 2017). Magnesium ions have been described to enhance bone formation mainly through the activation of MAPK-ERK pathway and regulate osteogenic gene expression (Wang et al., 2018, 2020; Yan et al., 2019; Qi et al., 2020). Other molecular pathway activated by magnesium ions is Wnt/β-catenin pathway, which phosphorylates GSK3β as described above and results in an increased osteogenic gene expression (Wang et al., 2018; Hung et al., 2019; Park et al., 2019). It has also been determined that magnesium ions are able to stimulate the activation of Notch pathway, which acts as a regulator of osteogenesis although its exact role in this process remains controversial (Engin and Lee, 2010; Long, 2012; Díaz-Tocados et al., 2017). PI3K pathway is also activated by magnesium ions that enter the cell through TRPM7 ion channel, but the exact molecular mechanisms are still unknown (Zhang X. et al., 2017).

When incorporated and released from biomaterials, magnesium ions have been shown to have different effects. For example, magnesium was incorporated into macroporous scaffolds by hydrothermal calcination. The released magnesium ions were able to promote the osteogenic differentiation of MC3T3-E1 pre-osteoblasts. When calcium was incorporated in combination with magnesium, the surface of these scaffolds presented nano-crystal microstructures with topographical and morphological features that could regulate cell adhesion and could increase even more the expression of the osteogenic markers. In the absence of calcium, although these structures were not observed, the surface roughness was increased compared to the unloaded scaffold (Pan et al., 2015; Chu et al., 2018). Magnesium has also been combined with CPC with different ratios of magnesium to calcium. Interestingly, the greater surface roughness and proper wettability of magnesium/CPC combined with a moderate calcium/magnesium ratio allowed the adhesion of fibronectin in a conformation that enhanced cell attachment and promoted the expression of integrin α5β1 in rBMSCs, which is also involved in cell adhesion. Moreover, the presence of magnesium increased the osteogenic differentiation of these cells compared to the pristine based CPC (Zhang J. et al., 2015). Despite its positive results, further experiments are required to determine whether the increased osteogenic differentiation was due to the effect of the released ions or due to the nanotopograhical structure. PLA/Magnesium composites with evenly distributed magnesium particles embedded in the PLA matrix have been developed by mixing pure magnesium powder with particle sizes about 100 μm with previously dissolved PLA. MC3T3-E1 cells were able to adhere to the surface of the composite, showing that the release of magnesium ions from the material promoted matrix mineralisation (Zhao et al., 2017).

Despite the fact that magnesium is generally incorporated in the presence of other ions, its superior activity in terms of cell adhesion and osteogenic differentiation has been widely studied. For instance, magnesium or strontium were incorporated within the structure of layered titanates. This material was developed using hydrothermal alkaline treatment with NaOH to form titanate nanofibers on commercially available titanium discs. The ions were incorporated by ionic exchange with Na+ ions. The exchange efficiency of strontium was higher than the possible doses of magnesium, leading to a lower release rate of magnesium ions. Nevertheless, the cell-material interaction results showed that despite its lower concentrations, magnesium promoted to a higher extent the expression of osteogenic markers Runx2, OPN and OCN in MC3T3-E1 pre-osteoblast cell line in a direct cell culture (Song et al., 2018).

Nanoparticle based systems have also shown to be an effective source of magnesium for its sustained release. In this sense, self-assembled bisphosphonate-magnesium NPs were incorporated within a hyaluronic acid based hydrogel. The formation of bisphosphonate-magnesium NPs was done by simple mixing of methacrylated hyaluronic acid, acrylated bisphosphonate and MgCl2 at 10, 100, and 250 mM concentrations. Subsequently, the free acrylated groups of the NPs and methacrylated groups in the hyaluronic acid were crosslinked using UV light. In order to verify the osteogenic capacity of the composite hydrogel, MSCs were loaded within the 3D hydrogels, showing that the material promoted in vitro mineralisation and an upregulation of osteogenic genes, which was then confirmed in vivo by implanting the hydrogel in craniotomy defects created in Sprague Dawley rats (Zhang K. et al., 2017).



Boron

Boron is a trace element that is essential for several biological processes such as embryogenesis, immune function, cognitive functions and bone growth and maintenance (Nielsen, 2000). Several studies have shown that boron supplementation could have a beneficial effect in bone health, improving bone strength and microstructure (Devirian and Volpe, 2003; Dessordi et al., 2017). Boron ions have been demonstrated to enhance osteogenesis through the activation of Wnt/β-catenin pathway; in particular, osteogenesis stimulated by boron is promoted by a transcription factor (TCF7L2), which is up-regulated by the activation of the Wnt pathway (Yin et al., 2020). Hence, the delivery of this ion from biomaterials could be a promising therapeutic approach for bone regeneration.

For example, boron ions released from boron nitride nanotubes increased protein adsorption, and MSCs attachment, ALP activity and OCN protein content, indicating that the nanotubes were able to induce osteogenesis (Li et al., 2016). Boron containing coatings have also shown promising results regarding their osteogenic potential. One study showed that a boron doped HA coated chitosan scaffold promoted cell adhesion, ECM synthesis and Runx2, OCN and OPN differentiation marker expression in MC3T3-E1 cells, suggesting that they are able to support osteoblastic differentiation and mineralisation (Tunçay et al., 2017). Another study prepared a boron-containing bioceramic coating generated by micro-arc oxidation onto titanium discs and was able to release low concentrations of boron ions that induced an increase in ALP activity (Ying et al., 2018).

Boron has not only been incorporated into coatings, but also has been integrated in scaffolds. For instance, boron containing chitosan NPs blended within a chitosan scaffold were able to increase osteogenic expression of osteoblastic cells cultured on the scaffolds (Gumusderelioglu et al., 2015). Boron has as well-been directly incorporated into bioactive glass scaffolds (Wu et al., 2011). In vitro studies using hBMSCs showed that the scaffolds highly activated Wnt/β-catenin pathway, increasing the presence of β-catenin, p-GSK3β and Setd7 at the protein level. To determine the role of Setd7, a knock down of this protein was performed, observing a reduction in the mineralisation activity and in the expression of osteogenic markers ALP and Runx2 when cells were stimulated with B-MBG, suggesting that promoting osteoblast differentiation is a Setd7 dependent process when cells were stimulated with boron (Yin et al., 2018). However, more research is needed to evaluate if other factors are involved during boron-induced osteoblast differentiation.



Lithium

Lithium is a microelement present in the human body that has been evaluated to enhance osteoblast proliferation and bone formation (Ma et al., 2019). It has been reported that the molecular mechanism stimulated by lithium is through the activation of the Wnt/β-catenin pathway, which promotes osteogenic differentiation enhancing OCN production and increasing ALP activity (Li D. et al., 2018; Huang et al., 2019).

Lithium doped mesoporous silica nanospheres have been created using sol-gel method showing the ability to rapidly release lithium ions within the first 3 days followed by a sustained release until 14 days. Controlled release of lithium increased cell proliferation, differentiation and the expression of Runx2, OCN, OPN, and ALP in rBMSCs compared to bare mesoporous silica nanospheres (Zhang et al., 2018). A lithium containing coating has been used on a scaffold made of entangled titanium wire in order to enhance bone regeneration. The coatings were developed by micro-arc oxidation of the titanium wire using concentrations of lithium chloride of 0.01 M (L1-MAO) or 0.02 M (L2-MAO). The release of lithium ions from L2-MAO coating was higher compared to L1-MAO coating and it was observed that only L2-MAO was able to enhance MG-63 osteoblast adhesion and spreading, ALP activity, and it up-regulated the expression of Runx2, as well as early (COL1A1 and OPN), middle (ALP) and late (OCN) markers of osteogenesis (Liu et al., 2018).

Lithium chloride dissolved in citric acid at different concentrations (0, 50, 100, and 200 mM) has also been combined with a 1:1 mixture of tetracalcium phosphate and dicalcium phosphate to form a CPC (Li/CPC). A lithium release of up to 60 mg/L from Li/CPC increased the proliferation, ALP activity, mineralisation and expression of COL1A1 and Runx2 in MC3T3-E1 cells through the activation of Wnt/β-catenin pathway. In vivo, this material increased the formation of new bone compared to CPC and accelerated bone formation in an ovariectomized rat model (Li et al., 2017). Lithium ions have been recently incorporated into bioactive glass NPs, but their effect on osteogenesis still remains unknown and more studies should be performed (El-Kady et al., 2016).




CONCLUSIONS AND FUTURE PERSPECTIVES

Overall, diverse ions have been shown to have different effects on the different osteogenic actions. Figure 5 summarizes the differential effect for each of the steps considered in bone regeneration, mainly covering the ability of ions to induce cell proliferation, to trigger initial, middle or late osteogenesis, as well as the capacity for the different ions to inhibit osteoclastogenesis.


[image: Figure 5]
FIGURE 5. Schematic illustration of the effect of ions during osteoblastogenesis and osteoclastogenesis. First, cell proliferation is stimulated by boron and silicon. Then, zinc, silicon, strontium, boron and magnesium enhance the expression of early genes such as Runx2 and Osx. Later, zinc, boron, magnesium, silicon and lithium stimulate the gene expression of intermediate markers like ALP and COL1. Late gene expression markers OCN and OPN are stimulated by zinc, lithium and silicon. Osteoclastogenesis is inhibited by zinc, silicon, magnesium and strontium. B, boron; Li, Lithium; Mg, magnesium; Si, silicon; Sr, Strontium; Zn, Zinc.


The recent development of biomaterials that incorporate and release different ions has shown great potential to trigger bone tissue regeneration. While the effective doses vary significantly among these ions, these are still far below the concentrations of growth factors and other molecules needed to produce similar tissue regeneration process. Furthermore, their inorganic nature allows a more stable and prolonged effect compared to other biological molecules. Nevertheless, few similar developments have been established for the sustained and controlled release of ions. For this purpose, further methodologies should be established on how to control on demand ion delivery as well as how to obtain sustained on delivery systems. Currently, significant controversial issues arise from the optimum doses and the release time points, which limits the proper incorporation within biomaterials. Moreover, in order to obtain greater insights of their potential, deeper understating of the signaling pathways involved is needed for the different ions in order to clearly identify the doses required as well as the time points in which these are needed. Overall, the incorporation of ions in biomaterials and their release are promising in providing signaling cues for bone tissue regeneration.
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The rapid development of tissue engineering technology has provided new methods for tracheal replacement. However, none of the previously developed biomimetic tracheas exhibit both the anatomy (separated-ring structure) and mechanical behavior (radial rigidity and longitudinal flexibility) mimicking those of native trachea, which greatly restricts their clinical application. Herein, we proposed a biomimetic scaffold with a separated-ring structure: a polycaprolactone (PCL) scaffold with a ring-hollow alternating structure was three-dimensionally printed as a framework, and collagen sponge was embedded in the hollows amid the PCL rings by pouring followed by lyophilization. The biomimetic scaffold exhibited bionic radial rigidity based on compressive tests and longitudinal flexibility based on three-point bending tests. Furthermore, the biomimetic scaffold was recolonized by chondrocytes and developed tracheal cartilage in vitro. In vivo experiments showed substantial deposition of tracheal cartilage and formation of a biomimetic trachea mimicking the native trachea both structurally and mechanically. Finally, a long-segment tracheal replacement experiment in a rabbit model showed that the engineered biomimetic trachea elicited a satisfactory repair outcome. These results highlight the advantage of a biomimetic trachea with a separated-ring structure that mimics the native trachea both structurally and mechanically and demonstrates its promise in repairing long-segment tracheal defects.

Keywords: biomimetic trachea development, ring structure, 3D-printing, tracheal replacement, mechanical property


INTRODUCTION

The trachea is a hollow organ that plays a vital role in respiration and indirect roles in swallowing and speech (Udelsman et al., 2018). Tracheal defects are usually caused by congenital anomalies, tumor ablation, and traumatic injuries and can significantly affect a patient’s quality of life. However, in the case of long-segment tracheal defects (defects spanning 50% of the total tracheal length in adults or about 30% in children), it is almost impossible to reconstruct the defect using the gold-standard treatment of end-to-end anastomosis (Li et al., 2019). Consequently, investigating tracheal substitutes that can be implanted to reconstruct a continuous trachea are being developed (Best et al., 2018), such as cell-free prostheses, allografts, and autografts. Despite the broad range of tracheal substitutes available, each has its own inherent drawbacks (Dikina et al., 2018). Cell-free prostheses have met with limited success as they induce hemorrhaging and luminal stenosis and are prone to dislocation. Allografts are associated with the insurmountable shortcomings of immune rejection and a shortage of donors. While autografts are not susceptible to rejection, their shape and size are not ideal for tracheal replacement (Nomoto et al., 2013).

Recently, tissue engineering technologies based on combinations of autologous cells and biomaterials have been pursued to develop an ideal tracheal substitute (Park et al., 2019; Dharmadhikari et al., 2020). However, the clinical performance of tissue-engineered tracheal substitutes has yet to meet its theoretical potential, which is mainly ascribed to their inadequate anatomy and function (Mansfield et al., 2016). The native trachea comprises multiple cartilage rings alternating with connective tissue rings. The cartilage rings provide radial rigidity and prevent the collapse of the tracheal lumen during respiratory movements, while the connective tissue rings permit longitudinal flexibility and mobility to ensure stability even during rotation, flexion, and extension of the neck (Park et al., 2015). However, most of the proposed designs for tracheal substitutes constitute a simple tube comprising a single continuous cartilage tissue section, which fails to mimic the natural ring structure (Luo et al., 2013; Xu et al., 2017, 2020a). Previous approaches have placed too much emphasis on the radial rigidity and overlooked the longitudinal flexibility. Therefore, a biomimetic trachea with biomimetic structural and mechanical properties is urgently needed to repair tracheal defects.

Three-dimensional (3D) printing of structures derived by computed tomography image or computer-aided design is a promising technique for the precise fabrication of tracheal substitutes that match the individual composition, mechanical properties, and 3D architecture of a patient’s trachea (Xia et al., 2019). Polycaprolactone (PCL), which is approved by the United States Food and Drug Administration (FDA) for internal use in the human body, is the most widely used 3D-printable biomaterial (Li et al., 2020). PCL has excellent biocompatibility and suitable mechanical properties for use in 3D-printing of a tracheal scaffold (Gao et al., 2017; Townsend et al., 2018). Recently, Ke et al. (2019) 3D-printed a patient-matched tracheal ring using PCL and human mesenchymal stem cell-laden hydrogels, however, a troublesome procedure is still needed to incorporate those single rings into an integrated tracheal tube. Theoretically, it is feasible to 3D-print a biomimetic PCL scaffold with a separated-ring structure to closely mimic the native tracheal anatomy. However, PCL is hydrophobic, which is unfavorable for cell affinity and tracheal cartilage formation. Collagen, as the main component of cartilage tissue, is highly hydrophilic and, thus, is promising to counterbalance the drawbacks of PCL in composite materials (Xu et al., 2019). Based on the properties of these materials, a PCL-collagen composite scaffold is expected to provide both cell affinity and mechanical stability.

Herein, we conceived a biomimetic scaffold with a separated-ring structure. A PCL scaffold with a ring-hollow alternating structure was 3D-printed as a framework, and collagen sponge was embedded onto the hollows amid the PCL rings by pouring-lyophilization method. The biomimetic scaffold was then seeded with chondrocytes and incubated either in vitro or in vivo to generate a biomimetic trachea that mimics both the structure and mechanical properties of the native trachea. Finally, the feasibility of using this biomimetic trachea to repair long-segment tracheal defects was investigated in a rabbit model. The overall experiment was illustrated as Scheme 1.


[image: image]

SCHEME 1. The schematic of the overall experiment.




MATERIALS AND METHODS


3D-Printed Biomimetic PCL Scaffold

The 3D-printed biomimetic PCL scaffold with a separated-ring structure was designed to mimic the anatomy of the native trachea in a 4-month-old New Zealand white rabbit. PCL particles (Mn = ∼60,000, Purac Biochem, the Netherlands) were fabricated by a 3D-printer (FoChif Tech, Shanghai, China) based on the principle of fused deposition molding (Xia et al., 2019). Briefly, the PCL particles were melt-extruded at 110°C onto a substrate along a predesigned printing path to generate a biomimetic PCL framework with ring-hollow alternating structure, during which a C-shaped photosensitive resin was prefabricated by 3D printing technology to occupy the hollows amid the PCL rings. The hollows were formed after the remove of C-shaped photosensitive resin following the 3D-printing procedure. Besides, a continuous PCL bar (1.5 mm in width) was designed as a backbone to integrate the separated rings. The printed biomimetic PCL scaffold comprised rings 1.0 mm wide with a 5.0-mm inner luminal diameter and a 7.0-mm outer luminal diameter. In addition, a cylindrical PCL tube with the same luminal diameter was printed using the same methods.

The longitudinal flexibility of the biomimetic PCL scaffold and its cylindrical PCL tube counterpart were initial roughly estimated by manipulating it with tweezers and hands. The longitudinal flexibility was further evaluated through a three-point bending test, and the lateral rigidity was evaluated through a radial compression test (Instron, Norwood, MA, United States) with a 2-kN load cell. The force and displacement were monitored during deformation at a constant crosshead velocity of 0.5 mm/min. In three-point bending test, the distance between two lower contact points was adjusted so that the load was applied to the PCL ring at both ends of the scaffold, and a maximum three-point bending displacement of 3.5 mm was determined to achieve a bending angle of 45°. In the compression test, the scaffold kept horizontal orientation, and maximum radial compression displacement of 5.0 mm was adopted to achieve full deformation of the scaffold.



Collagen Embedding

The biomimetic PCL scaffold and cylindrical PCL tube were inserted between two silicone tubes: the outer diameter of the inner silicone tube was 4.5 mm, and the inner diameter of the outer silicon tube was 7.5 mm. Then, a solution of 10 mg/mL type II collagen (Sigma) in 0.1 M acetic acid was injected into the gap between the two silicone tubes. The whole scaffold was frozen at −20°C for 24 h and was lyophilized until it was dry. The lyophilized scaffold was crosslinked with an EDC/NHS solution at −4°C for 24 h, as described previously (Xu et al., 2019). The scaffold was rinsed with deionized water to remove the unreacted EDC/NHS and lyophilized again to produce the biomimetic scaffold and cylindrical tube.



Scanning Electron Microscopy

The biomimetic scaffold and cylindrical tube were sputter-coated with gold for 50 s to increase their conductivity. The morphology of each structure was analyzed by Scanning electron microscopy (SEM) (Hitachi TM-1000, Japan) at an accelerating voltage of 15 kV.



Isolation and Culture of Chondrocytes

All animal experiments were approved by the Shanghai Pulmonary Hospital Ethics Committee. Six 2-month-old New Zealand white rabbits with an average weight of 3.0 kg were purchased from the Shanghai Jiagan Breeding Factory (Shanghai, China). Auricular cartilage samples were harvested from the New Zealand white rabbits, minced into approximately 1.0-mm3 pieces, and digested for 8 h in 0.15% type II collagenase (Gibco) in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) at 37°C. Isolated chondrocytes were cultured in DMEM supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin at 37°C in 5% CO2 (Xu et al., 2019). The cells were used at passage two (P2) for in vitro and in vivo tracheal cartilage formation.



In vitro Tracheal Cartilage Formation

Chondrocytes were harvested at P2, resuspended at a density of 5.0 × 107 cells/mL, and a total of 1 mL chondrocytes suspension was loaded evenly onto the biomimetic scaffolds. The cell-scaffold constructs were incubated at 37°C for 4 h and cultured in DMEM containing 10% FBS at 37°C under 5% CO2. The medium was changed every 2 days. The constructs were submerged in the medium during the whole culture course. We changed the culture media every 2 days with a roll-over to ensure homogeneous nutrient penetration and continuously cultured in vitro for 4 weeks then harvested for gross and histological examinations as well as biochemical quantitative analyses.



In vivo Incubation

Six 1-month-old Balb/c nude mice were obtained from Shanghai Slaccas Experimental Animal Ltd. Each animal was anesthetized with 0.3 mL of 1% pentobarbital sodium; following aseptic preparation on their back, the skin was incised, and the subcutaneous tissue was separated to form a pocket. The cell-scaffold constructs prepared as described above was placed directly into the pocket without pre-culture in vitro. The incision was then closed, and the animal was allowed to recover from anesthesia.

After the constructs were incubated in nude mice for 6 weeks, the biomimetic trachea samples were retrieved from these mice, and three of which were used for gross and histological evaluation, the other three samples were used for biochemical and biomechanical (including three-point bending and radial compression) examinations.



Tracheal Replacement

Six rabbits were anesthetized by intravenous injection of pentobarbital sodium (30 mg/kg). Under sterile conditions, a midline incision was made in the anterior neck of each animal. The surrounding tissue was separated carefully to expose the trachea. An approximately 1.0-cm segment of the trachea was excised, starting 1.5 cm below the cricoid cartilage. The chondrocytes-scaffold construct prepared as described above was pre-cultured in vitro for 5 days and then placed into the defect, and end-to-end continuous anastomosis was performed with 6–0 absorbable sutures. The wound was closed in layers with 4–0 sutures. The rabbits recovered while being treated with antibiotics for 7 days to prevent infection.

To evaluation the luminal conditions, bronchoscopy examinations were performed under anesthesia 4 and 8 weeks after surgery using a distal chip flexible endoscope system (Olympus, Tokyo, Japan).



Histological and Immunohistochemical Staining

Samples were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned for histological and immunohistochemical analysis. Hematoxylin & eosin (HE), safranin-O, toluidine blue staining were performed to evaluate the engineered samples. Staining of type II collagen was also conducted to further confirm a cartilage-specific phenotype according to a previously established method (Xu et al., 2019, 2020c).



Biochemical Analyses

The constructs that were subcutaneously incubated in nude mice were collected and minced to conduct cartilage-related biochemical evaluations for DNA content, glycosaminoglycan (GAG) content, and total collagen content using a PicoGreen dsDNA assay (Invitrogen), dimethylmethylene blue assay (Sigma-Aldrich), and hydroxyproline assay kit (Sigma-Aldrich), respectively. The type II collagen content in each sample was quantified by an enzyme-linked immunosorbent assay, as described previously (Zhou et al., 2018).



Statistical Analyses

All experimental data were expressed as the mean ± standard deviation from at least three experiments. Data were analyzed using GraphPad Prism 5.0 by one-way ANOVA, and differences with P < 0.05 were considered statistically significant.



RESULTS


Biomimetic Scaffold Preparation

The biomimetic PCL scaffold was designed to closely mimic the anatomy and mechanical behavior of the native trachea in a 4-month-old New Zealand white rabbit. PCL was 3D-printed into a biomimetic framework with a separated-ring structure. The width of each PCL ring was 1.0 mm and the distance between adjacent PCL rings was 1.0 mm. The luminal diameter was 5 mm, which is close to the average diameter of a rabbit’s native trachea (Figure 1A). Mechanical testing results indicated that the biomimetic PCL scaffold exhibited better bending and extension properties in the longitudinal compared with the cylindrical PCL tube (Figure 1A and Supplementary Video 1). Furthermore, the biomimetic PCL scaffold exhibited better longitudinal flexibility in the three-point bending test (Figure 1B), but it maintained similar radial rigidity compared with the cylindrical PCL tube (Figure 1C), and it returned to its original shape when the load was removed (Supplementary Video 2).
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FIGURE 1. Mechanical properties of the biomimetic PCL scaffold. Bending and extending tests of the biomimetic PCL scaffold and the cylindrical PCL tube (A). Three-point bending (B) and compression test (C) of the biomimetic PCL scaffold and the cylindrical PCL tube (N = 3 per group).


Next, collagen sponge was added into the spaces amid the PCL rings of the scaffold by a pouring-lyophilization method for tracheal cartilage formation. The collagen sponge was successfully loaded between the PCL rings and formed a biomimetic scaffold with a collagen ring-PCL ring alternating structure (Figure 2A). SEM images revealed that the collagen region exhibited a porous structure (Figures 2B,C), which favors chondrocyte attachment, proliferation, and secretion of cartilage-specific extracellular matrix (ECM). Conversely, the PCL regions in both the biomimetic scaffold and cylindrical tube displayed a non-porous structure (Figures 2D–F), which prevented cells from penetrating into the PCL scaffold.


[image: image]

FIGURE 2. Morphology of the biomimetic scaffold and cylindrical tube. Macro-morphology of the biomimetic scaffold (A) and cylindrical tube (B). Micro-morphology of the biomimetic scaffold (B–C) and cylindrical tube (E–F) as observed by SEM. The green arrow indicates the collagen region, and the yellow arrow indicates the PCL region.




Tracheal Cartilage Formation in vitro

Tracheal cartilage formation was evaluated by in vitro experiments. After the biomimetic scaffolds were recolonized with chondrocytes and cultured in vitro for 4 weeks, the chondrocyte-scaffold constructs formed a tubular structure with a distinguished separated-ring structure (Figures 3A,B). The regions in collagen ring displayed a visible cartilage-like tissue, while the cartilage-like tissue was obscure in the PCL regions. Histological analysis of a longitudinal section further confirmed the marked difference between the collagen region and the PCL region (Figures 3D1–G1): cartilage-like tissue with a primary lacuna structure containing GAG and collagen II was formed in the collagen region (Figures 3D2–G2), while virtually no cartilage tissue was formed in the PCL region (Figures 3D3–G3), and only a thin layer of cartilage-like tissue was observed on the outer surface of the PCL.


[image: image]

FIGURE 3. In vitro biomimetic trachea regeneration. Gross view of the biomimetic trachea after 4 weeks in vitro culture (A,B). (C) shows the sectioning schematic. HE, safranin-O, collagen II, and toluidine blue staining of a longitudinal section of the engineered biomimetic trachea (D1–G1). Magnified views of a cartilage ring (D2–G2) and PCL ring (D3–G3). The green arrows indicate cartilage regions, and the yellow arrows indicate PCL regions.




Biomimetic Trachea Formation in vivo

The biomimetic scaffold was further evaluated for its ability to facilitate the formation of a biomimetic trachea in vivo. After the scaffold was subcutaneously incubated in a nude mouse for 6 weeks, an intact tubular tissue with a visible separated-ring structure was generated (Figures 4A,B). Histological images of a longitudinal section (Figure 4C) showed that cartilage rings and PCL rings were alternately arranged in the structure (Figures 4D1–G1). Specifically, a mature cartilage-specific tissue with a typical lacuna structure and positive staining of safranin-O and collagen II formed in the collagen regions (Figures 4D2–G2), but there were no traces of any cells or tissues in the PCL region (Figures 4D3–G3). These findings were further confirmed by microscopic observation of transverse histological sections (Figures 5A,B). Importantly, quantitative analyses showed that the in vivo engineered sample showed apparently higher biochemical contents (DNA, GAG, collagen II, and total collagen) than those of the in vitro engineered sample (Figures 5C–F), and had comparable GAG and collagen II contents (Figures 5D,E) and slightly lower DNA and total collagen contents (Figures 5C,F) compared with native tracheal tissue.


[image: image]

FIGURE 4. In vivo biomimetic trachea formation and histological analysis of a longitudinal section. Gross view of the biomimetic trachea after 6 weeks in vivo incubation (A,B). (C) shows the sectioning schematic. HE, safranin-O, collagen II, and toluidine blue staining of a longitudinal section of the engineered biomimetic trachea (D1–G1). Magnified views of the cartilage ring (D2–G2) and PCL ring (D3–G3). The green arrows indicate cartilage regions, and the yellow arrows indicate PCL regions.



[image: image]

FIGURE 5. Histological analysis of a transverse section of in vivo engineered biomimetic trachea and biochemically quantitative evaluation. HE, safranin-O, collagen II, and toluidine blue staining of a transverse section of the in vivo engineered biomimetic trachea and representative magnified images of the cartilage ring (A). HE, safranin-O, collagen II, and toluidine blue staining of a transverse section of the in vivo engineered trachea and representative magnified images of the PCL ring (B). The green arrows indicate cartilage regions, and the yellow arrows indicate PCL regions. Quantitative measures of the DNA content (C), GAG content (D), collagen II content (E), and total collagen content (F) in samples engineered in vitro and in vivo as well as its native tracheal counterpart. N = 3 per group. *P < 0.05.


The constructs retrieved after 6 weeks of in vivo incubation were subjected to mechanical testing, and load-displacement curves were derived to compare the mechanical behavior with that of a native trachea. In a three-point bending test, the load curve of the biomimetic trachea was very similar to that of the native trachea until the displacement reached about 2.5 mm (Figure 6A). This finding indicates that the biomimetic trachea closely mimics the native trachea in terms of longitudinal flexibility. In a radial compression test, the load curve of the biomimetic trachea was discernibly higher than that of the native trachea (Figure 6B), and the biomimetic trachea returned to its original shape when the load was removed (Supplementary Video 3). These findings demonstrated that the biomimetic trachea was superior to the native trachea in terms of radial rigidity.


[image: image]

FIGURE 6. Mechanical characteristics of the engineered biomimetic trachea cultured in vivo. Three-point bending (A) and compression testing (B) of the biomimetic trachea and native trachea (N = 3 per group).




Long-Segment Tracheal Replacement Using the Engineered Biomimetic Trachea

To further evaluate the feasibility of the biomimetic trachea in repairing long-segment tracheal defects in a more applied manner, we performed a trachea replacement in a rabbit model (Figure 7). The engineered biomimetic trachea exhibited sufficient strength to be attached to the native trachea using sutures. As listed in the Supplementary Table 1, neither operative death nor anastomotic dehiscence occurred in any rabbit. After the replacement operation, neither air leakage nor collapse around the biomimetic trachea was observed. None of the rabbits showed any sign of stridor or dyspnea during the recovery period. In addition, all rabbits survived without obvious inflammatory exudation, formation of granulation tissues, anastomotic leakage, or stenosis in the operation area over 8 weeks following the surgery.
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FIGURE 7. Tracheal replacement using the biomimetic trachea. Schematic illustration of the replacement surgery (A). Biomimetic trachea transplantation by end-to-end anastomosis (B).


Bronchoscopy examinations at 4 and 8 weeks following implantation showed that the lumen of the biomimetic trachea remained patent at both time points, and overgrowth of granulation tissue seldom occurred (Figures 8A,E). These findings were further confirmed by gross observation (Figures 8B,F). In addition, histological images showed that the ring shapes in both the cartilage and PCL regions remained intact (Figures 8C,D,G,H). Notably, the biomimetic tracheas developed the structures and features of cartilage-like tissue with lacunar structures (Figures 8C1–D1 and G1–H1) and cartilage ECM, as evidenced by positive safranin-O (Figures 8C2–D2 and G2–H2), immunohistochemical collagen II (Figures 8C3–D3 and G3–H3), and toluidine blue (Figures 8C4–D4 and G4–H4) staining, at both 4 and 8 weeks following implantation. All the quantitative indexes, including contents of DNA, GAG, collagen II, and total collagen, apparently increased with the prolonged tracheal replacement time from 4 to 8 weeks (Figure 9). These results indicate that the biomimetic trachea is suitable for long-segment tracheal replacement.
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FIGURE 8. Therapeutic outcome after tracheal replacement. Bronchoscopy and gross examination images of the biomimetic trachea 4 weeks after the replacement surgery (A,B). Histological images of a transverse section of the biomimetic trachea showing a cartilage ring (C,C1–C4) and a PCL ring (D,D1–D4) 4 weeks after the replacement surgery. Bronchoscopy and gross examination images of the biomimetic trachea 8 weeks after the replacement surgery (E,F). Histological images of a transverse section of the biomimetic trachea showing a cartilage ring (G,G1–G4) and a PCL ring (H,H1–H4) 8 weeks after the replacement surgery. The biomimetic trachea is delineated by red dotted lines.



[image: image]

FIGURE 9. Quantitative analyses of the biomimetic trachea after tracheal replacement. DNA content (A), GAG content (B), collagen II content (C), and total collagen content (D) of the biomimetic after tracheal replacement for 4 and 8 weeks. N = 3 per group. *P < 0.05.




DISCUSSION

Developing an ideal tracheal replacement is a great challenge in repairing long-segment tracheal defects (Bogan et al., 2016; Wang et al., 2020). Although tissue engineering technology shows great potential, until now, no substantial breakthrough has been made in creating a biomimetic trachea that mimics the native trachea both structurally and mechanically (Machino et al., 2019). In the current study, we developed a biomimetic scaffold with a separated-ring structure that closely mimics the anatomical structure and mechanical behavior of the native trachea. To achieve this objective, we designed a 3D-printed ring-shaped PCL framework, and ring-shaped porous collagen sponge structures were loaded amid spaced PCL rings. The collagen rings were readily colonized by chondrocytes, and the biomimetic scaffold supported tracheal cartilage formation both in vitro and in vivo. Furthermore, the engineered biomimetic trachea was successfully used to repair a long-segment tracheal defect in a rabbit model, demonstrating the potential for the clinical translation of this tissue-engineered biomimetic trachea.

As the trachea is a hollow tube, it is often thought that it would be straightforward to recreate its structure de novo. However, this apparent simplicity has proven to be deceptive (Den Hondt et al., 2017). It has become increasingly clear from both pre-clinical and clinical studies that further optimization of the construction approach is required (Weiss et al., 2014). Most literature recognizes the importance of tracheal lateral rigidity for normal respiration and ventilation, but they do not fully consider the tracheal longitudinal flexibility, which is needed to ensure the stability of the trachea during rotation, flexion, and extension of the neck (Johnson et al., 2016; Xu et al., 2020a). If a tracheal scaffold lacks the required longitudinal flexibility, the scaffold will become distorted, and the tracheal lumen will narrow during rotation, and the scaffold could tear during flexion and extension (Xu et al., 2020b). Hence, a new design mimicking the native tracheal anatomy could ensure the bionic function of a tracheal substitute (Dikina et al., 2018). The native trachea mainly comprises multiple cartilage rings that are interspersed with connective tissue rings (Bogan et al., 2016). The cartilage rings provide lateral rigidity to maintain airway patency during respiration, while the connective tissue ring provides longitudinal flexibility. Therefore, the ideal tracheal replacement would be characterized by a separated-ring structure to simultaneously mimic the structure and mechanical properties of the native trachea. Recently, a patient-matched tracheal ring was 3D-printed using PCL and human mesenchymal stem cell -laden hydrogels (Ke et al., 2019). Although the 3D-printed tracheal ring showed comparable elastic modulus and yield stress compared to native tracheal ring, it is still faced with the troublesome of integrating those separate rings into long-segment tracheal tissue. In the current study, we designed a biomimetic trachea with such a structure by first 3D-printing a PCL scaffold with a ring-hollow alternating structure as a framework then embedding collagen sponge onto the hollows amid the PCL rings by a pouring-lyophilization method. Mechanical testing demonstrated that the engineered biomimetic trachea exhibited comparable lateral rigidity and longitudinal flexibility to a native rabbit trachea. Thus, the proposed biomimetic scaffold is expected to be a suitable candidate for a biomimetic trachea formation.

Combining scaffold materials could be useful to fabricate a tracheal construct, as one material could provide mechanical integrity to the construct, and the other material could serve as a biocompatible and chondrogenic environment for cells, thus giving rise to a biomimetic design. PCL has been extensively implemented as a 3D-printing material because it is FDA approved, readily printable, and biodegradable (Li et al., 2020). PCL also has sufficient mechanical properties to serve as a tracheal substitute and a slow rate of biodegradation in vivo, which can prevent problems associated with rapid degradation, such as postoperative tracheal softening, collapse, and re-stenosis (Ghorbani et al., 2017). Based on these properties, PCL has been widely used in 3D-printing for tracheal tissue engineering applications (Ke et al., 2019). However, the hydrophobicity and lack of porosity of PCL severely hinder its application in tracheal cartilage formation. Collagen, a component of cartilage ECM, is known to induce cell detachment, proliferation, and chondrogenesis (Omori et al., 2008). A previous study showed that a scaffold material coated with collagen sponge provided an improved environment for tracheal tissue regeneration (Xu et al., 2019). Consequently, the PCL scaffold exhibited inferior cell affinity whereas the collagen scaffold displayed superior cell affinity (Lin et al., 2020). Our results demonstrated that the robust cartilage tissue was generated within the collagen ring but only a thin layer of cartilage tissue was observed on the surface of the PCL ring. We combined PCL and collagen and leveraged the difference between each scaffold, to concurrently mimic the mechanical properties of the native trachea and induce biomimetic anatomy formation featured with cartilage rings alternate interspersed with PCL rings structure.

Good biocompatibility and suitable biodegradability are prerequisite for a scaffold to be used in tracheal tissue engineering. Previous extensive studies have demonstrated that both PCL and collagen are biocompatible (Fu et al., 2015; Jia et al., 2020; Nakamura et al., 2020; Semitela et al., 2020), so we did not specifically test the biocompatibility of the composite using a cell proliferation assay (e.g., a CCK-8 kit) or cell viability assay (e.g., live–dead staining). Nevertheless, our results indicated that the biomimetic scaffold comprised of PCL and collagen support tracheal cartilage formation both in vitro and in vivo, which indirectly indicates that the 3D-printed PCL scaffold with embedded collagen exhibited satisfactory biocompatibility. In addition, we also fully leveraged the contrasting biodegradability between collagen and PCL, in which the collagen displayed relative higher degradable rate (complete degradation in vivo for approximate 2–4 months) and the PCL owned extremely low degradable rate (complete degradation in vivo requires 2–4 years) (Zhou et al., 2018; Si et al., 2019). The collagen exhibited appropriate degradation rate to match the formation rate of neocartilage tissue, whereas the low biodegradability of PCL could avoid the collapse of the biomimetic trachea before the engineered tracheal cartilage is sufficient to hold the tracheal lumen. We envisaged that the PCL rings could be gradually replaced by host connective tissue (e.g., smooth muscle fibers) as the degradation of PCL, and eventually formed a biomimetic trachea with C-shaped cartilage rings made of cartilage connected at its open ends by smooth muscle fibers as well as alternating with connective tissue rings.

Finally, we investigated the feasibility of using the proposed biomimetic trachea to repair long-segment tracheal defects in an animal model to provide direct evidence of its potential for future clinical application. Although some authors demonstrating anatomically correct tracheal scaffolds, they didn’t achieved the repair of long-segment tracheal defects (Best et al., 2018; Townsend et al., 2018). Our results demonstrated that the biomimetic trachea could enable the survival and normal function in rabbits with artificial defects for at least 8 weeks post-surgery. Notably, in the current study, we deliberately avoided the use of a support to demonstrate that the proposed biomimetic trachea was sufficient to avoid the collapse of the tracheal lumen under the negative pressure during inspiration. The PCL framework was considered to be a vital factor contributing to the appropriate radial rigidity before the maturation of the cartilage ring. We speculate that the progressively matured cartilage ring will supplement the radial rigidity as the PCL scaffold degrades gradually beyond 8 weeks post-surgery. Although many previous studies have also achieved long-segment tracheal defect repair, most of those studies used a tracheal stent to prevent stenosis and resist the collapse of the trachea substitute. However, tracheal stents are associated with inflammation, re-stenosis, implant migration, tracheal obstruction, and hemorrhage (Ernst et al., 2007; Wurtz et al., 2010; Huang et al., 2016; Ahn et al., 2019). In addition, removable silicone stents hinder curative treatment and may induce granulation, especially in the subglottic region. Consequently, we demonstrated that the proposed biomimetic trachea serves as a tracheal replacement without the aid of a tracheal stent, making it a promising candidate for future clinical application.

Although the current study demonstrated the feasibility of the proposed biomimetic trachea in repairing long-segment tracheal defects, there were some limitations to this study that could be addressed in future studies. First, the long-term (i.e., beyond 8 weeks) performance of the tracheal repair needs to be further investigated. In addition, the proposed design should be tested in a large animal model that more closely mimics the human physiological condition (such as pigs or sheep). Future studies should focus on optimizing the source of seeded cells (for example, stem cells derived from bone marrow or adipose tissue could be used) and developing a technique to promote rapid reepithelization.



CONCLUSION

In summary, this study presents a novel design and fabrication technique for a biomimetic tracheal scaffold with a separated-ring structure that mimics both the anatomy and mechanical characteristics of the native trachea using a 3D-printed PCL framework and with embedded collagen. Experimental results demonstrated the successful formation of a biomimetic trachea with substantial tracheal cartilage and its use in repairing a long-segment tracheal defect. This work represents a step toward solving the challenges and clinical limitations in treating tracheal lesions.
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A perfect mimic of human bone is very difficult. Still, the latest advancement in biomaterials makes it possible to design composite materials with morphologies merely the same as that of bone tissues. In the present work is the fabrication of selenium substituted Hydroxyapatite (HAP-Se) covered by lactic acid (LA)—Polyethylene glycol (PEG)—Aspartic acid (AS) composite with the loading of vincristine sulfate (VCR) drug (HAP-Se/LA-PEG-AS/VCR) for twin purposes of bone regenerations. The HAP-Se/LA-PEG-AS/VCR composite coated on titanium implant through electrophoretic deposition (EPD). The prepared composite characterized using FTIR, XRD techniques to rely on the composites' chemical nature and crystalline status. The morphology of the composite and the titanium plate with the composite coating was investigated by utilizing SEM, TEM instrument techniques, and it reveals the composite has porous morphology. The drug (VCR) load in HAP-Se/LA-PEG-AS and releasing nature were investigated through UV-Visible spectroscopy at the wavelength of 295 nm. In vitro study of SBF treatment shows excellent biocompatibility to form the HAP crystals. The viability against MG63 and toxicity against Saos- 2 cells have expressed the more exceptional biocompatibility in bone cells and toxicity with the cancer cells of prepared composites. The in-vivo study emphasizes prepared biomaterial suitable for implantation and helps accelerate bone regeneration on osteoporosis and osteosarcoma affected hard tissue.

Keywords: polymeric composite, hydroxyapatite, osteoporosis, titanium plate, in-vivo


INTRODUCTION

Osteosarcoma is a cancer that frequently occurred on bone, caused harmful essential bone cancer with a high fatality rate, both in children and young people (Khanna et al., 2004; Khan et al., 2019). Since the cancer drug-loaded bone regeneration materials are much attention in tissue engineering applications. The sarcoma is mainly affected in the long bones, particularly the legs and arms, but it can start any bone. The sugary is the primary treatment for the sarcoma affected a bone repair, and after the surgery, may cancer have left in the sarcoma affected bone surrounding tissues. Vincristine (VCR), a chemotherapeutic agent. It is used as an antitumor drug; its relics a useful and broadly used anticancer drug, predominantly for childhood and adult hematologic malignancies and solid cancer with sarcomas. VCR ties for all time to microtubules and shaft protein in the S period of the cell cycle and meddles with the course of action of the mitotic axle, along these lines striking tumor cells in metaphase (Goto et al., 2007). This accomplishment might direct to the VCR's resulting cell death besides the cell proliferation rate. The bone uniting by utilizing whichever autografts or allografts has been the “best quality level” therapy for patients experiencing essential bone imperfections; however, there are disadvantages, for example, difficulties incomplete joining of bone tissue to the implantation (Hao et al., 2018). Tissue engineering signifies a united perspective to rehabilitate or regenerate affected tissue by connecting biology and engineering (Perikamana et al., 2015; Chahal et al., 2019).

Titanium and its alloys developed for enduring implant utilizing for their favorable excellent mechanical properties, corrosion resistance, as well as their low dangers, biocompatibility, and such as elevated potency, stability, and less heaviness (Teshima et al., 2012; Sumathra and Rajan, 2019). However, they need particular surface treatment to defeat problems such as less bio-functionality, toxicity, or immunogenicity (Geuli et al., 2017). Metal bone implants are subjected to physical or chemical modification to improve wear resistance, osteointegration, and biomechanical compatibility nature. Different types of surface alteration methods are available such as modified by sandblasting and acid engraving for surface coarseness and coating of bioactive materials (Geetha et al., 2009; El Hadad et al., 2014; Fu et al., 2016; Harun et al., 2018). The electrophoretic deposition method (EPD) appears to be more suitable to create homogeneous and dense ceramic polymer composite coating at compact outlay for medical significance (Sun et al., 2009; Gebhardt et al., 2012). Electrophoretic statement (EPD) is an adaptable and least expensive method for the deposition of the metallic substrate through pulse current deposition. The EPD deposition, the continuous, homogenous layer with uniform grain size and the complete coating, was obtained, and it has improved mechanical and substance properties (Sumathra et al., 2018; Mehnath et al., 2020).

Specific material nature impacts the improvement of macroscopically various bone structures in-vivo with personalized shapes, mechanical strength, and spatial deliveries. Many bone substitute materials proposed to trade the requirement for autologous or allogeneic bone have been assessed in the most recent 20 years. Commonly, the researcher comprises of either bioactive glasses, bioactive ceramics, synthetic and natural polymers, and composites (Kretlow and Mikos, 2007; Rahman et al., 2015). The ideal fundamental reason in the tissue regenerations is that the materials will be resorbed and supplanted over the long run by, and on top of, the body's own recently recovered organic tissue (Rahman et al., 2015). Bioceramic materials facilitate give with appropriate physicochemical and biochemical cues that have gathered considerable concern for both ex-vivo and in-vivo tissue rejuvenation methodologies (Naderi et al., 2011). The first inorganic module of human hard tissue, hydroxyapatite (HAP), has fascinated widespread significance in biomedical and scientific relevance, particularly in bone regenerations (Bose Susmita et al., 2010). The HAP reveals a superior suitable act because of the nanometer range's more specific surface area, with the supportive enhancement of various biological goods to interact bone cell and tissues (Zhou et al., 2019; Sumathra et al., 2020). Besides, HAP coating on Ti plate can reduce the implant fiction time, improve attachment amid implants and host tissues, and generate consistent bone augmentation close to the bone-implant boundary (Ghosh et al., 2019). Even though HAP is an osteoconductive material, it lacks osteoconductivity to enhance bone growth. Since the mineral substituted and polymer reinforced composite overcome the issues implanted related contaminations are gotten from bacterial infections. The biofilm development at the implantation site and the restraint of bacterial bond are considered the essential advance in post-implanted diseases (Zilberman and Elsner, 2008). The Selenium (Se) nanoparticles are newly rising as capable antibacterial and anticancer agents due to their high bioavailability, considerably lesser toxicity than selenium compounds. It represents that Se could be appropriate as a curative applicant to bacterial infectious disease (Xia et al., 2018).

Besides, to overcome the reduced bone bonding activity, soft nature of the materials and improve its bioactivity to achieve an ideal bone repair requirement, more attention is paid to fabricate polymer reinforced HAP/Se composite (Yanhua et al., 2016; Zhou et al., 2020). The artificial bioabsorbable polymers can encourage isolated cells to redevelop tissues. Since here Lactic acid-Poly ethylene glycol-Aspartic acid copolymer used as scaffold material, the finding of PEG interaction with the cell membrane to give cell fusion, becomes a primary platform for PEG in biomedical, tissue engineering for satisfactory development of the bone-implant materials (Zhou et al., 2020). Based on these, a biomimetic bone-like composite, made of the anticancer drug (VCR) loaded HAP/Se/LA-PEG-AS polymer composite, has been deposited by an electrochemical method on a titanium plate. This work innovative is to the synthesized composite coated surface-treated Ti implant might be acting as better bone regeneration ability, antibacterial activity, and anticancer activity after the post-surgical implantation. The VCR loaded HAP/Se/LA-PEG-AS polymer composite will serve as a potential implant to overcome the drawbacks of the exciting bone implant materials.



MATERIALS AND METHODS


Materials

Sodium alginate (SA) was bought from SD Fine Chemical Ltd, China. Polyethylene glycol (PEG6000), L-Aspartic acid (C4H7NO4), Calcium chloride dihydrate (CaCl2.2H2O), Diammonium phosphate (N2H9PO4) obtained from SRL chemicals, China. Lactic acid (C3H6O3) bought from Himedia chemicals, China. Selenium dioxide and L-ascorbic acid used as received. Ammonium fluoride (NH4F) and Vincristine sulfate drug (Chemotherapeutic drug) were acquired from Sigma-Aldrich, China. All analytical grade types of chemicals are used as such. Double Distilled (DD) water was used all over the experimental reactions.



Preparation of Selenium Nanoparticles

0.035 g of selenium dioxide was liquefied in 5 mL of distilled water and placed in a magnetic agitator. After 10 min, to the solution, 0.105 g of sodium alginate dispersed in 5 mL of water was added in a dropwise manner. In the colorless solution, 0.035 g of L-ascorbic acid was added slowly. During the addition, the color of the solution gradually changes from colorless to the yellow solution, and finally to brick red color indicates the formation of selenium nanoparticle. And it was allowed in a stirrer for 30 min at room temperature (RT) (25°C). Then it was washed, filtered, and dried in an oven at 60°C.



Preparation of Se Impregnated HAP

Calcium chloride dihydrate of (0.6615 g) was liquefied in 10 ml of DD water, and selenium nanoparticles in the liquid phase of 0.05 moles were added to a colorless solution of Calcium chloride dihydrate by placing it in a magnetic stirrer. The 0.3 moles of ammonium phosphate solution (0.396 g) in 10 ml of DD water were added dropwise to the above mixture. Brick red colored colloidal solution of HAP-Se obtained, and the pH adjusted to 9.0–10.0 by using aqueous ammonia, and it stirred for 6 h at 25°C. Further, the solution was ultra-sonicated with 30 amplitude under 3-s pulse on and 2-s pulse off condition for 30 min at Room Temperature (25°C). Later the precipitate was washed with DD water repeatedly, filtered, and dried to get a fine powder, and it is sintered for 6 h in a muffle furnace at 600°C. The above procedure followed for the preparation of HAP particle without Selenium solution.



Preparation of LA/PEG/AS Co-polymer

1.2 g of polyethylene glycol (PEG) dissolved in 10 mL of distilled water in a round bottom flask. Then 0.013 g of aspartic acid in 10 mL DD water was added by keeping it in an oil bath at 120° under stirring conditions. A few min later, the lactic acid solution of 7.4 μl was added and allowed to esterify for 3 h by condensation method. The water condenser is placed over the reaction flask to maintain the constant heat. Finally, the solid-phase copolymer was obtained and further dehydrated using microwave irradiation.



Preparation of HAP/Se/Co-polymer Composite

0.2 g of prepared HAP was taken in 10 mL of water and sonicated, and placed in a stirrer. To this solution, 20 wt% (0.04 g) of prepared LA-PEG-AS polymer dissolved in 4 mL of water was mixed gently and stirred for 30 min. It was ultra-sonicated under probe sonication with 30 amplitude under 3-s pulse on and 2-s pulse off condition for 30 min at 25°C. The dried HAP/Se/polymer composite was collected, and then it autoclaved at 180°C.



Preparation of Drug Loaded Composite

One gram of HAP/Se/Polymer composite was dissolved in distilled water and stirred in a magnetic stirrer. The 5 wt% of vincristine drugs (50 mg) were added and stirred for a 1 h at 25°C. Then it was lyophilized to get dried drug-loaded composite for further investigations.



Surface-Modification of Titanium Plate by Anodization

The titanium foils with a purity of 99.99% were used in this work, which was obtained from Sigma Aldrich. The process of anodization was carried out at 25°C with magnetic agitation. The anodization process etches a titanium plate. The titanium plate serves as the anode, and the platinum electrode serves as the cathode. These electrodes are kept in a prepared solution and connected to the DC power supply. The voltages for the anodizing process were kept constant throughout the whole process. In the first 5–10 s of the anodization, the currents were observed to decrease drastically and then remained stable, and it continued up to 1 h at 25°C. During the anodization process, the titanium oxide layer's color normally changed from purple to blue to light red. The final step of pretreatment was cleaning the Ti plate with acetone and deionized water. The substrate then dried in air at room temperature. The plate was washed with water and annealed at 600°C for 4 h.



Synthesis of Drug Loaded Nanocomposite Coated Titanium Implant

The 20 mg (0.02 g) of HAP-Se/LA-PEG-AS/VCR composite dispersed in the 20 mL of isopropyl alcohol contain a beaker through homogenization. Then, it was placed in a magnetic stirrer. Surface treated titanium plate inserted. It acted as cathode and Platinum electrode acting as anode both in the immersed in the sample solution and the electrodes connected to the DC power supply. The prepared composite gets deposited on the surface-treated Ti plate by applying 20V for 1 h at room temperature (25°C) dried at room temperature, and stored for further studies.



Physicochemical Characterizations


Fourier Transforms Infrared Spectroscopy (FTIR) Analysis

The HAP, Se, HAP-Se, LA-PEG-AS, HAP-Se/LA-PEG-AS, and HAP-Se/LA-PEG-AS/VCR composites tried by a Bruker Tensor 27 Series FTIR spectrometer and 16 sweeps for each example taken in the area of 400–4,000 cm−1 with 2 cm−1 goals. The pellets were made for the FTIR test by smashing 0.2 g of test powder along with 1 g KBr and squeezing them into a straightforward circle.



X-ray Diffraction Determination

The X-ray diffraction (XRD) characterization was done to analyze the phase composition and to precisely obtained the crystallinity of prepared HAP, Se, HAP-Se, LA-PEG-AS, HAP-Se/LA-PEG-AS, and HAP-Se/LA-PEG-AS/VCR composites. The XRD examination achieved in a Bruker D8 Advance Diffractometer with monochromatic Cu Kα source worked at 40 kV and 30 mA. A quickening voltage of 30 kV and a current of 15 mA was applied. The working scope of this test was over the 2θ scope of 10–60° in sync check mode with a stage size of 0.02°and a sweeping pace of 0.02°/min.



Scanning Electron Microscopy (SEM)

The morphology of the HAP, Se, HAP-Se, LA-PEG-AS, and HAP-Se/LA-PEG-AS/VCR mixtures were inspected by SEM (VEGA3 TESCAN) by operating it at an extent voltage of 10 Kv.



Transmission Electron Microscopy

The outside of blended HAP-Se/LA-PEG-AS composites and VCR stacked HAP-Se/LA-PEG-AS composites dictated by transmission electron microscopy (HR-TEM, TECNAI F30). For the test arrangement of the HR-TEM investigation, the incorporated nanoparticles and their composites were scattered in ethanol by ultra-sonication up to 15 min. A short time later, these then stacked on a carbon-covered copper work.



Contact Angle Analysis

Wettability of the HAP-Se and HAP-Se/LA-PEG-AS/VCR subjectively analyzed utilizing the estimating water contact point (WCA) utilizing a contact edge goniometer (Model OCA EC15 from Data Physics, GmbH, Germany) outfitted with inner picture examination programming. Refined water (2 μL) dropped on the outside of dry sample platforms at room temperature, and the wetting process was recorded utilizing a rapidly advanced camera.



Loading Capacity(LC) of HAP-Se/LA-PEG-AS

UV-Visible spectroscopy was utilized to study the loading capacity of the HAP-Se/LA-PEG-AS composites. Initially, the 10 mg of HAP-Se/LA-PEG-AS/VCR composite was mixed 3 ml of acetone, and the composite was stirred for 3 h. Afterward, the solution was centrifuged, the supernatant solution was measured in UV-Visible spectroscopy at λmax value of 295 nm (Kolmas et al., 2014). The following equation calculated the loading capacity.

[image: image]



In-vitro Release Studies

The in-vitro release of VCR from HAP-Se/LA-PEG-AS/VCR composite was determined through a dialysis membrane procedure utilizing a PBS arrangement working at pH 7.4, and the process was followed by the previous literature (Djordjevic et al., 2002; Kolmas et al., 2014). Test sample preparation incorporated the sealing of 50 mg of HAP-Se/LA-PEG-AS/VCR composite into independent dialysis bags with the MWCO (12000Da). At that point, 10 mL of the PBS solution contain VCR loaded composites mixed under 100 rpm at 25°C. The supernatant solution was collected at different day intervals by measuring the concentration of VCR solution at λmax value of 295 nm in a UV-Spectroscopy and replenishing it among an identical quantity of new PBS medium.

The following formulae used to calculate the % of drug release

[image: image]

AR is the Absorbance of VCR discharged from the composite, and AC is the sum amount of VCR loaded in the composite.




Biological Analysis


Strain and Culture Condition

Methicillin-resistant Staphylococcus aureus (MRSA) was gotten from the American Type Culture Collection (ATCC) and preserved in Tryptone soy Broth (TSB) (HiMedia, China) at −80°C. For each experimentation, 10 μL of bacterial stock culture was used to immunize TSB and hatched at 32°C for 24 h. For biofilm assay, Brain heart infusion Broth (BHIB) is used to inspire biofilm formation (Premaratne et al., 1991; Kannan and Alice, 2017).



MIC Determination

To research the antibacterial action of HAP-Se/LA-PEG-AS and HAP-Se/LA-PEG-AS/VCR, MIC of different mixes of scatterings against MRSA determined using the microtitre broth dilution technique rendering to the strategies of the Clinical and Laboratory Standards Institute. The particles were sonicated before the antibacterial examination to confirm the homogenous dispersal of the particles. All the dispersants were diluted in a 96-well microtitre plate (MTP) holding Mueller–Hinton broth MHB to attain final concentrations ranging from 1 to 500 μg/l.5 μL Bacterial suspensions with 108CFU/mL included into each well barring for the sterility control MHB spaces stock. The tops were fixed, and the titer plates were hatched at 37°C for 24 h and assessed. The bacterial development was surveyed by estimating the optical thickness of the way of life at 600 nm, utilizing a Spectramax microtitre plate reader (Molecular Devices, Sunnyvale, USA).



Assessment of Biofilm Biomass

The impact of polymer buildings on MRSA biofilm development was examined in 48-well MTP, as depicted by Kannan and Alice (2017) with a slight alteration. Briefly, polymer complex included in sub-MIC (½ MIC) to MWB containing a bacterial suspension of 108 CFU/ml and incubated at 32°C for 48 h. After incubation, the OD600was recorded spectrophotometrically to assess drug and drug-loaded complex impacts on MRSA growth. Thus, planktonic cells from the wells were evacuated and were dissolved 3-fold with sterile PBS, and the followed sessile cells recolored with 0.4% precious crystal violet (CV) arrangement. After 5 min incubation, the stain evacuated, and the wells washed with sterile refined water and excess water blotted. In the wake of drying, 20% cold, acidic acid was used to disintegrate the recolored biofilms for 30 min, and the biofilm biomass was evaluated spectrophotometrically at OD 570 nm. The level of biofilm hindrance is determined by the strategy for Kannan and Alice (2017).



Prevention of Hemolysis

RBC's lysis was quantified by incubating the treatment combinations with culture filtrates with an equal volume of 2% sheep red blood cells (RBCs) in phosphate-buffered saline (pH 7.4) at 37°C for 2 h. The reaction combination was centrifuged at 8,000 rpm for 5 min at 4°C OD 530 was recorded with the supernatant (Jordan, 2002).



Inhibition of Slime Production With Congo Red Agar (CRA)

Colony morphologies and phenotypic changes researched utilizing CRA, as recently portrayed. The CRA was made out of 37 g/L of cerebrum heart implantation stock (Himedia), 36 g/L of sucrose,15 g/L of agar (BD Biosciences, Franklin Lakes, NJ, USA), and 0.8 g/L of Congo red (Sigma, St. Louis, MO, USA). MRSA cells on CRA were brooded with and without HAP-Se-HSPD for 24 h at 37°C before taking pictures.



Cell Viability Test Assays

The osteoblast-like MG63 cells were secured from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences, China. The cells were kept up at 37°C in a CO2 hatchery (with a humidifier) in Dulbecco's changed Eagle's Medium (DMEM) enhanced with 10% Fetal Bovine Serum and 1% penicillin/streptomycin. Collecting of the cells played out like clockwork utilizing a trypsin/EDTA arrangement. The composites against human osteoblasts like cells MG63 cells checked using a corresponding MTT (3-(4, 5-dimethyl thiazol-2-yl)- 2,5-diphenyl tetrazolium bromide) test. MG63 cells were seeded in a 24-well plate at a thickness of 4 × 104 cells/well. They were then co-refined with HAP-Se/LA-PEG-AS and HAP-Se/LA-PEG-AS/VCR with MG63 cells as a control cell line for the composites. Cell reasonability of osteoblasts, for example, MG63 cells, surveyed utilizing the MTT measure. After brooded for 1, 3, and 7 days, test arrangements were isolated, and 100 μL MTT arrangement (5 mg/mL) added to 1 mL of the way of life medium in each well plate. The hatched example cells were trailed by brooding at 37°C for 4 h. At that point, 1 mL of dimethyl sulfoxide (DMSO) included the plate, and the supernatant medium was gathered by centrifugation. The OD esteems supernatant arrangement recorded at a frequency of 490 nm utilizing a microplate peruser.



Cytotoxicity

Cell separation was examined utilizing Saos-2 cells, which were bought from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences, China. The Saos-2 cells were seeded in 24-well plates containing Dulbecco's altered falcon medium (DMEM) enhanced with 10% FBS and penicillin 100 U/mL-streptomycin (100 U mL-1) (Gibco, Grand Island, CA, USA) and developed for 24 h. The cells brooded at 37°C (RT) in CO2, and they saw utilizing MTT examine methods. HAP-Se/LA-PEG-AS, HAP-Se/LA-PEG-AS/VCR, the composites tried on cells for 1, 3, and 7 days. OD esteems recorded at λmax of 490 nm in a microplate peruser. The accompanying equation used to figure the cytotoxicity of composite:
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Fibroblast L929 Cell Viability

Mouse connective tissue fibroblast (L929) cell used to evaluate suitability and expansion for the readied composite biomaterial. The HAP-Se/LA-PEG-AS and HAP-Se/LA-PEG-AS/VCR with the grouping of 10 μg/ml grouping were inundated in 70% ethanol for 5 min cleansing, followed with dissolvable supplanted by deionized water. At that point, the composites set on a 24-well polystyrene plate and culture medium enhanced to each well before cell seeding. Cells were allowed to essential join for 5 h. For expansion testing, cells seeded onto every one of the materials, and societies collected after 1, 3, and 7 days. The joined or multiplied cells were then evaluated by the 3-(4, 5-dimethyl thiazolyl-2)- 2, 5-diphenyltetrazolium bromide (MTT) test. MTT arrangement 0.5 mg/ml in Dulbecco's changed bird medium (DMEM) (without phenol red, channel cleaned) was added to each culture well. After hatching for 5 h, the MTT response medium was expelled, and 900 μl of dimethyl sulfoxide and 100 μl of glycine cradle (pH-10.5) were enhanced. A spectrophotometer found the optical densities at the frequency of 570 nm.



Rat Surgery

For in-vivo animal studies, the animals were allowed to become acclimatize for a minimum of 2 weeks before testing. All the animal research was approved by the animal ethical committee of the second affiliated hospital (Tangdu Hospital), Air Force Military Medical University Approved No. SCXK (army) 2019-214. The HAP-Se/LA-PEG-AS/VCR coated titanium plates were implanted in six Wistar male rats (n = 6) with a weight of 200–250 g. Rats were separately anesthetized via intraperitoneal injection with the combination of ketamine (20 mg/kg) and xylazine (2 mg/kg) by exposure to 20% (v/v) isoflurane and propylene glycol. A bone imperfection of the tibia in the size-10 × 10 × 1 mm on the rats was induced using an electrical drill (supreme micrometer) and a sterile bur under irrigation with sterile normal saline. Titanium plates (10 × 10 × 1 mm) were totally inserted inside the tibia bone on the bony defect. The surgical process involved removing the hair over the outer region of the tibia via shaving and cleaning. The skin was sanitized with 10% betadine and stitched with sutures. The animals were provided with appropriate prophylactic anti-infection agents, and they were kept in large enclosures to facilitate ambulation during the final stage. All animals were examined every week for any sign of infection or discomfort on the tibia for the last period. All the implants were retrieved after the corresponding stage (Murugan et al., 2018).



Histopathology Analysis

The animals were sacrificed by exposure to CO2; every rat's tibia was removed and sectioned for histological examinations. Subsequently, the implants were harvested and evaluated histologically after 4 weeks (n = 6) implantation. The light microscopy was used for analysis, and the sample was fixed in 10% paraformaldehyde solution at paraffin, sectioned, and then stained with Masson's trichrome and hematoxylin & eosin (H&E). The stained sections of each test sample were then examined using light microscopy (Murugan et al., 2018).




Statistical Analysis

The experiments repeated a minimum of three times expressed as a mean ± standard deviation using ANOVA. In all tests, statistical significance was set at *P < 0.05.




RESULTS


FTIR Spectroscopy Analysis

The functionality of the prepared copolymer, ceramic materials, and the composite was investigated through FTIR spectroscopy. The Figure 1A(a–f) corresponds to the FTIR spectra of prepared composites. Figure 1A(a) reveals that the FTIR spectrum of prepared selenium nanoparticles via the sodium alginate templated method. Figure 1A represents the peaks of triply degenerated asymmetric stretching vibration of hydroxyl (γ3) mode of phosphate groups were found at 1,096 and 1,042 cm−1. The peak at 1,016 cm−1 corresponds to a non-degenerate symmetric stretching vibration (γ1) of the phosphate groups. The peaks found at 608 and 563 cm−1 resulted from the doubly degenerate bending mode (γ4) of the P-O bond. Hence, all the peaks seen in this spectrum robustly validate the configuration of HAP (Sumathra et al., 2018). The phosphate group's stretching frequency also revealed the existence of TCP at 870 cm−1 [Figure 1A(b)]. Selenium doped substituted Hap composite spectrum is given in Figure 1A(c). Based on the reference spectrum of HAP, the occurrence of HA-specific bands was retained; additionally, two new bands at 737 and 952 cm−1 are identified, and it due to the [image: image] ions substation HAP (Wang et al., 2012; Ma et al., 2013). The intensity increased with the content of selenium nanoparticles ions in Figure 1A(c). The LA-PEG-AS copolymer FTIR spectra were showed in Figure 1A(d). The monomer PEG, LA, AS to form copolymer ester group linkage of C-O, C=O, and C-H stretching was observed on 1,000–1,300, 1,737, and 2,890 cm−1, which confirms the copolymer formation. Figure 1A(e) denotes FTIR spectrum of the HAP-Se/LA-PEG-AS composite, the HAP-Se and LA-PEG-AS polymer peaks are retained in this spectum. It confirm there are no structural changes after the reinforcement of copolymer with HAP-Se and polymer. Only changes the sharp peaks of HAP-Se were changed to slightly broad due to the electrostatic interaction of polymer NH2 and -OH group of HAP molecule. And Figure 1A(f) corresponds to VCR loaded HAP-Se/LA-PEG-AS composite. The ester functional C=O group stretching peak gets sharpened due to the ester functional group of VCR molecule. From the materials characterization, functional group peaks are confirmed the presence of a component in the materials.
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FIGURE 1. (A) FT-IR spectra of (a) Se-NPS, (b) HAP, (c) HAP-Se, (d) LA-PEG-AS, (e) HAP-Se/LA-PEG-AS, (f) HAP-SE/LA-PEG-AS/VCR; (B) XRD spectra of (a) Se-NPS, (b) HAP, (c) HAP-Se, (d) LA-PEG-AS, (e) HAP-Se/LA-PEG-AS, (f) HAP-SE/LA-PEG-AS/VCR.




XRD Analysis

The diffraction peaks of the Se, HAP, HAP-Se, LA-PEG-AS, HAP-Se/LA-PEG-AS, and HAP-Se/LA-PEG-AS/VCR composites are presented in the XRD pattern. The X-ray diffraction spectrum primarily authenticates the selenium nanoparticles formation in the presence of sodium alginate. The obtained XRD pattern of as-prepared Se nanoparticle is shown in Figure 1B(a). All the peaks of pure Se at 2θ = 23.231, 29.430, 43.32 degrees indexed to (100), (101), (102). The XRD pattern suggests that the Se is in nanocrystalline nature and matches very well in agreement with the literature value (JCPDS File No. 06-0362). All peaks can be indexed to the hexagonal of Se structure, with the absence of any impurities. The main peaks of HAP formed at 25.75, 31.6, 32.92, 34.29, 39.76, 46.82, and 54.10 degree could be indexed to (002), (211), (112), (300), (202), (222), and (213) lattice planes of the hexagonal HAP, respectively [Figure 1B(b)]. It demonstrated that diffraction is more reliable than the standard diffraction pattern (JCPDS card no. 09-0432). Figure 1B(c) shows the HAP-Se composite and Se retained's corresponding peaks with the crystalline nature of Se and HAP composite. Figure 1B(d) corresponds to the prepared LA-PEG-ASP polymer XRD pattern shows the significant PEG peaks at 18.90 and 23.009. Figure 1B(e) corresponds to the composite of HAP-Se/LA-PEG-AS; from the XRD pattern, the corresponding peaks of HAP-Se and LA-PEG-AS Polymer were retained. But the crystallinity composite slightly increased because PEG's presence reduces the original crystallinity nature of the HAP-Se (Jayaramudu et al., 2016). Figure 1B(f) represents the vincristine sulfate loaded HAP-Se/LA-PEG-AS composite. Besides, the crystallinity of composite gets increased after loading Vincristine sulfate due to the drug's crystalline nature. A similar pattern was observed after the loading of VCR in the HAP-Se/LA-PEG-AS composite. It means that the VCR molecules are in crystalline form, and drug crystal nature detected in the HAP-SE/LA-PEG-AS/VCR formulation (Tang et al., 2019).



Morphological Analysis

The morphology of the obtained HAP, Se nanoparticles, HAP-Se, HAP-Se/LA-PEG-AS, and HAP-Se/LA-PEG-AS/VCR composites observed by using the SEM technique. The experimental results for all the materials are showed in Figure 2. Figure 2a indicates that HAP particles formed in a nano-size range due to the influence of probe ultra-sonication and thermal assistance. Figures 2b–e shows the Se nanoparticles' morphology, HAP-Se, HAP-Se/LA-PEG-AS, and HAP-SE/LA-PEG-AS/VCR composites. The SEM images represented in Figure 2b indicate that the Se has a rod-like morphology. The addition of a 1% concentration of Se containing HAP resulted in a change in the morphology compare with pure HAP. The nanorods Se influence the HAP-Se morphology by the high-temperature sintering process (Sintering-600°C). Figure 2d represents the SEM image of polymer LA-PEG-AS and its aggregated spherical-like morphology. Figure 2e corresponds to the vincristine loaded polymer composite HAP-SE/LA-PEG-AS composite; it shows interconnected particles with porous nature. And it looks like an extracellular matrix (ECM) with scaffold morphology. Further investigation of the TEM instrument, the TEM images of the HAP-Se/LA-PEG-AS and HAP-SE/LA-PEG-AS/VCR composites are presented in Figures 2f,g. The morphology of the composites was well-connected with the SEM observations. Both the TEM images of the HAP-Se/LA-PEG-AS and HAP-Se/LA-PEG-AS demonstrate that the inner particles are incredibly dense, and the outer particles were less dense. Therefore, it concluded that the VCR loaded in HAP-Se/LA-PEG-AS composite material. Figures 2h,i correspond to SAED images of HAP-Se/LA-PEG-AS and HAP-Se/LA-PEG-AS, respectively, confirming the semi-crystalline nature of the prepared composites to tissue regeneration.
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FIGURE 2. SEM images of (a) HAP, (b) Se nanoparticles, (c) HAP-Se, (d) HAP-Se/LA-PEG-AS (e) HAP-Se/LA-PEG-AS/VCR, TEM images, and SAED image of (f,h) HAP-Se/LA-PEG-AS (g,i) HAP-Se/LA-PEG-AS/VCR.




Contact Angle Measurement

The surface wettability of biomaterials intensively influences the cell attachment, and the hydrophilicity of the biomaterials was accessed by measuring the water contact angle (WCA). The average water contact angle at different times of biomaterial was showed in Figure 3. From the results, HAP-Se, HAP-Se/LA-PEG-AS/VCR observed as slightly hydrophilic. Th hydrophilic nature is due to the presence of LA-PEG-AS polymer in the composite material. Lin et al. (1994) described a hydrophilic surface that enhances cell adhesion in cell culture. Expecting an endorsement effect on cell attachment and growth were introduced to improve wettability. As shown in Figure 3, the rapid water insertion process (0.04 and 0.07 S) indicates the hydrophilicity of HAP-Se/AS-PEG-LA/VCR. The droplet is firmly attached to the biomaterial, which is hydrophilic nature. The contact angle of the biomaterial may present between 0 and 30°C.
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FIGURE 3. Optical images Contact angle measurements of ultrapure water droplets pipetted on specimens on HAP-Se, HAP-Se/LA-PEG-AS/VCR at 00.00, 00.04, and 00.007 S.




VCR Loading Capacity and in-vitro VCR Release Analysis

The plan of the investigation is the self-repairing implant development for osteosarcoma treatment through anticancer drug-loaded composite. The UV-Visible spectroscopy analysis observed the examination of the loading capacity of the HAP-Se/LA-PEG-AS composite and its releasing abilities, and the results are given in Figures 4A–C. Figure 4C indicates UV-visible spectra of the VCR concentration at zero min and 120 min after vertexing the HAP-Se/LA-PEG-AS/VCR composite. Initially, the absorption peak of VCR appearing at the intensity range of nearly zero, then for the composites of the vortex for 3 h, the intensity increased by almost 0.39. The VCR loading capacity of HAP-Se/LA-PEG-AS composite was observed around 78.0%. The in-vitro UV-visible spectra of VCR release from HAP-Se/LA-PEG-AS/VCR was performed in the medium of PBS at pH 7.4, along with the related expulsion statement depicted in Figure 4A. The VCR release was 72.93%, over 20 days for the composites HAP-Se/LA-PEG-AS/VCR. It could be understood that from the VCR releasing profile of HAP-Se/LA-PEG-AS/VCR established, the requisite amount of drug release was observed with a constant releasing rate. The controlled release could be partially due to pores like morphology with excellent holding capacity and the length of drug releases from the HAP-Se/LA-PEG-AS/VCR composites. The steady release rate also affirms that the composite can be a potential scaffold for curing osteosarcoma diseases and helps new bone formation (Vallet Regi and Fernandez, 2011). Figure 4B represents VC's cumulative release from the HAP-Se/LA-PEG-AS/VCR composite.
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FIGURE 4. UV-vis Spectra of VCR (A) VCR release from HAP-Se/LA-PEG-AS/VCR; (B) Cumulative release profile of VCR from HAP-Se/LA-PEG-AS/VCR; (C) Loading capacity of HAP-Se/LA-PEG-AS.




MIC Determinations

Evaluate the antibacterial action of the prepared (A) HAP, (B) LA-PEG-AS, (C) Se, (D) HAP-Se, (E) HAP-Se/LA-PEG-AS/VCR was performed in the broth dilution assay. Their respective MIC values are represented in Figure 5. The MIC esteems acquired for MRSA were resolved in TSB fluid cultures and expressed in Figure 5. Following 24 h of hatching under oxygen-consuming conditions, variety in the turbidity degree from clear to overcast saw for all the wells containing composites showing the microbes' development hindrance. As shown, the MIC concentration of HAP-Se/LA-PEG-AS/VCR was lower than those obtained for other HAP, and LA-PEG-AS composite. When comparing HAP with Se, HAP-Se, HAP-Se/LA-PEG-AS, and HAP-Se/LA-PEG-AS/VCR were improved growth inhibition efficacy (MIC- 407 ± 21 μg/ml). The bacterial growth inhibition for HAP-Se/LA-PEG-AS/VCR composite was observed at a concentration as low as 145 ± 13 μg/ml. The variation in the expansion and drop in OD600 was found in the positive control wells, which contain drug alone (Se), indicating the retardation of microbial growth. In contrast, the negative control group and blank control showed prominent OD600 and turbidity.
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FIGURE 5. Distribution of MIC values for the polymer and drug combinations tested against MRSA.(A) HAP, (B) LA-PEG-AS, (C) Se, (D) HAP-Se, (E) HAP-Se/LA-PEG-AS/VCR. *, **, *** is the significance value as compared to the control (P ≤ 0.05).




Assessment of Biofilm Biomass and Film Imaging

The counter biofilm adequacy of HAP based polymer composite was assessed under in vitro condition by deciding the CV's official to the disciple biofilm of MRSA on 48-well MTP and appeared in Figure 6. The biofilm imaging examination results were inconsistent with the biofilm inhibition in a CV quantification assay (Figure 6A). Thus, after envisioning the biofilm after 16 h of hatching, the control CV wells demonstrated very much shaped thick biofilm progress of MRSA (Figure 6B). The MRSA indicated the demolition of biofilm development on treatment with the composite, selenium, and VCR drug mixes in actuality. MRSA can follow and shape biofilms outside of food handling hardware made of polystyrene, polymers, plastic, glass, Teflon, elastic, and hardened steel (Lundén et al., 2000; Chavant et al., 2002; Borucki et al., 2003; Ilan, 2003; Møretrø and Langsrud, 2004).
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FIGURE 6. (A) The effect of polymer complex on biofilm formation of MRSA strains as measured by CV staining and determining optical density at 570 nm. (B) CV stained image (U) Control, (A) HAP, (B) LA-PEG-AS, (C) Se, (D) HAP-Se & (E) HAP-Se/LA-PEG-AS/VCR, Mean values of triplicate independent experiments, and SD shown. *, **, *** is the significance value as compared to the control (P ≤ 0.05).




Prevention of Hemolysis

After the incubation with the 1/2 MIC of composites, the percentage of hemolysis decreased up to 62 ± 2% (HAP-Se/LA-PEG-AS/VCR), 26 ± 4% (HAP-Se), 15% (Se) 7% (LA-PEG-AS), 5% (HAP) for MRSA, respectively. The HAP-Se-LA-PEG-AS/VCR inhibits MRSA induced hemolysis of erythrocytes was significantly inhibited and shown in Figures 7A,B.
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FIGURE 7. Inhibition of Haemolysin by (A)- Untreated control with clear RBS lysis on HAP-Se/LA-PEG-AS/VCR and (B) MRSA cells exposed to ½ MIC of HAP-Se/LA-PEG-AS/VCR; Inhibition of slime synthesis by (C) Untreated control with Congo red adsorption on HAP-Se/LA-PEG-AS/VCR and (D) MRSA cells exposed to ½ MIC of HAP-Se/LA-PEG-AS/VCR.




Inhibition of Slime Production With Congo Red Agar (CRA)

Sludge recognition utilizing Congo red plates customarily used to identify biofilm-framing staphylococci, and consistent with the microscopic biofilm results, slime production by MRSA was markedly reduced by HAP-Se/LA-PEG-AS/VCR at 75 μg/mL. Noticeably, the HAP-Se/LA-PEG-AS/VCR treated MRSA cells produced the least slime, whereas the control cells made large amounts (Figures 7C,D).



Cell Viability Against L929 Cells

The biocompatibility of the prepared HAP/LA-PEG-AS and HAP/LA-PEG-AS/VCR composites tested against fibroblast (L929) cells. Cells adhered and began spreading observed was investigated from 1, 3, and 7 days on HAP/LA-PEG-AS and HAP/LA-PEG-AS/VCR composites. The HAP/LA-PEG-AS/VCR shows more proliferation than HAP/LA-PEG-AS (Figure 8A). The high cell adhesiveness of HAP/LA-PEG-AS/VCR was indicating a VCR role with higher viability on the L929 cells, and it was observed 97.68% cell viability in 7 days seeding (Figure 8A). The results conclude that the naturally dynamic polymers, for example, PEG to the hydroxyapatite, will improve the cell reactions and adhesion with the fibroblast cells. The PEG improves dispersion, mechanical, and crystallinity when it binds with lactic acid and aspartic acid. The copolymer has biodegradable, biocompatible, non-antigenic, non-toxic, organically glue, antimicrobial properties. What's more, the PEG will improve expansion and cell relocation (Jayaramudu et al., 2016). The high compatibility and excellent cell growth of HAP/LA-PEG-AS/VCR indicate the VCR loaded composites have prospective usability for bone tissue engineering.
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FIGURE 8. (A) Cell viability of L929 cell line on HAP-Se/LA-PEG-AS and HAP-Se/LA-PEG-AS/VCR at 1, 3, and 7 days; (B) Cell viability of MG63 osteoblasts cells on HAP-Se/LA-PEG-AS, HAP-Se/LA-PEG-AS/VCR, and control as MG63 osteoblasts like cells; (C) Cytotoxicity of Saos-2 Osteosarcoma cells on HAP-Se/LA-PEG-AS, HAP/LA-PEG-AS/VCR, and control as Saos-2 cells Osteosarcoma like the cell (n = 3, p < 0.005).




Cell Viability Against MG63 Cells

The biocompatibility and bioactivity of biomaterial utilized for bone tissue designing applications have practically assessed with MG63 osteoblasts like cells with the synthesized HAP/LA-PEG-AS, HAP/LA-PEG-AS/VCR composites, and MG63 osteoblasts like cells used as a control. The outcomes that the cell practicality gets expanded with increasing the days, which is appeared in Figure 8B. The composite is containing every particle group, the cell developing segments from itself. The PEG polymer enhances cell development and gives a supplement to the cells. Lactic acid and aspartic acid could also assume a significant job in a bone fix and tissue regeneration. It is more conducive to play a supporting role in polymer composites. Figure 8B shows that the addition of VCR to the composite significantly improved the biological properties at 7 days up to 97.68%. Since the vincristine loaded polymer composite shows, more viability compares with the HAP/LA-PEG-AS composite. Since the HAP/LA-PEG-AS/VCR polymer composite can be used as a biomaterial to coat on the surface-treated titanium plate to implant bone regeneration/repair.



Cytotoxicity Against Saos-2 Cells

The cytotoxicity of HAP/LA-PEG-AS and HAP/LA-PEG-AS/VCR samples in Saos-2 cells was investigated, and the toxicity profile of the HAP/LA-PEG-AS/VCR composite was depicted in Figure 8C. Critical contrasts in the toxicity of composite were seen in Saos-2 cells after 7 days incubation and credited to the presence of VCR in the composites. This outcome exhibited that the HAP/LA-PEG-AS/VCR increased the extension of destructive cells following 7 days of incubation. The MTT measure shows that the cell reasonability diminished by 25%, in the incubation of Saos-2 cells with HAP/LA-PEG-AS/VCR composites inhibited the cell development following 7 days. Along these lines, the HAP/LA-PEG-AS/VCR composite upgrades Osteoblast action and reduces the Osteosarcoma movement. On account of the natural attribute of Vincristine Sulfate, incorporate cancer prevention agent mitigating and anticancer properties. Vincristine Sulfate blocks cell proliferation induces apoptosis in tumor cells. The cytotoxicity percentage increases with the increase of days. The results of the cytotoxicity of the composite against Saos-2 is evidence for the application of materials used in osteosarcoma treatment.



Histopathology Analysis

The HAP/LA-PEG-AS/VCR composite coated Ti plate was investigated in a rat animal model, and the defected bone, the regeneration ability of the artificial implant, was characterized by histopathological analysis. Figure 9 represents a histopathological observation of HAP-Se/LA-PEG-AS/VCR composite coated Ti plate implanted in Wistar rats. Figures 9A–D illustrates the HE stained tissue images of control, 1st, 3rd, and 4th week of post-implantation, respectively. The HAP-Se/LA-PEG-AS/VCR composite results in new bone tissue generation by hematopoietic cells, new bone cells, and tibia bone. From Figures 9A–D, the blue color disappearance indicates the bone cell gets matured and form the new bone by the implant compared with the control result. Figures 9E–H corresponds to the Masson's Trichrome stained (MTS) tissue images of control, 1st, 3rd, and 4th week of post-implantation of Wister rats, respectively. Masson's Trichrome stained bone tissue at 4 weeks, results from new bone development. It confirms HAP/LA-PEG-AS/VCR composite coated titanium plate implanted on the defect site with the existence of osteoblasts and osteocytes beside with collagen and bone (Figures 9F,G). At 4 weeks, the matured bone surrounding with dense collagen and cartilage, and traces of HAP/LA-PEG-AS/VCR were manifest in the defect site (Figure 9H).
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FIGURE 9. HE stained images of implanted tibia tissue at 40X (A–D) and Masson's trichrome stained images of implanted tibia tissue at 40X (E–H).




Radiograph Analysis

As appeared in the zone under the X-Ray picture's spotted circle in Figure 10A, the primarily measured tibia bone deformity was made by mechanical drilling. HAP-Se/LA-PEG-AS/VCR coated titanium plate filled in the defect created rat. The HAP-Se/LA-PEG-AS/VCR composite coated Ti plate could well change the lopsided bone defect to the new bone formation by permitting osteoblast cells' multiplication Ti plate embedded in the 3rd week of investigation. The results are presented in Figure 10B, where it was observed the new bone was regenerated into a defective place. From these outcomes, the HAP-Se/LA-PEG-AS/VCR composite could positively affect the tibia bone deformity. The X-ray radiography results could relate to the histopathological results.
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FIGURE 10. The X-Ray radiography of control and HAP/LA-PEG-AS/VCR composite coated Titanium implant at 3rd weeks of post-operative in rat animal model.





DISCUSSION

The prepared selenium's functionality, ceramic materials, polymer, and the polymeric ceramic composite were investigated through FTIR spectroscopy. The Figure 1A(a-f) corresponds to the FTIR spectra of prepared (a) Se-NPS, (b) HAP, (c) HAP-Se, (d) LA-PEG-AS, (e) HAP-Se/LA-PEG-AS, (f) HAP-SE/LA-PEG-AS/VCR composites. The ester C=O stretching peak gets sharpened from the FTIR spectrum due to the ester functional group of the VCR molecule. The X-ray diffraction spectrum primarily authenticates selenium nanoparticles' formation in the presence of sodium alginate (Yanhua et al., 2016; Zhou et al., 2020). The diffractogram of HAP-Se/LA-PEG-AS composite was observed a similar pattern of VCR loaded HAP-Se/LA-PEG-AS, and no diffraction changes were observed after the VCR loading in HAP-Se/LA-PEG-AS composite (Tang et al., 2019). It is due to the VCR molecules are in crystalline form, and the drug crystal nature not affected the crystalline nature of HAP-SE/LA-PEG-AS. Morgan et al. (1996) revealed that lower hydroxyapatite crystallinity brings about a higher ECM mineralization measure. As a component of embedding, the material's crystallinity is outcomes, recommend that Ca-P dissolution create organic mineralization. Nonetheless, it is unclear whether substrates with low crystallinity and a layer of exceptionally mineralized in vitro shaped bone-like tissue will start the arrangement of coordinated bone in-vivo. It is imprecise if this is more profitable contrasted with a substrate with a higher crystallinity and a layer of refined cells with a delivering network that isn't or just ineffectively mineralized.

The surface morphology of the prepared HAP, Se nanoparticles, HAP-Se, HAP-Se/LA-PEG-AS, and HAP-Se/LA-PEG-AS/VCR composites observed and indicate rod-like, aggregated spherical-like, and a rod inserted spherical morphology. Natural bone combines organic and inorganic composite containing all around organized collagen fibrils, nanocrystalline, and rod-like inorganic material with a length of 25–50 nm. The bone structure arrangement is shaped from seven degrees of order and mirrors every segment's material and mechanical properties (Jeevanandam et al., 2018). The primary issue of developing bone scaffolds is evolving a biomaterial with functions similar and characteristics to natural bone. The factors associated with scaffold properties, such as mechanical properties, porosity, biocompatibility, surface, and biodegradability, are also significant for developing artificial bone scaffolds. Here the developed HAP-SE/LA-PEG-AS biomaterials are overcome to issues, and the results are better correlated with the natural mimicking bone materials (Colosi et al., 2015).

Th hydrophilic nature is due to the presence of LA-PEG-AS polymer in the composite material. As Murugan et al. (2018) depicted, a hydrophilic surface improves cell bonds in cell culture. Expecting an advancement impact on cell connection and development was acquainted with improve wettability. The investigation aims to investigate the self-repairing of bone cancer treatment by the loading anticancer drug-loaded composite. The examination of VCR loading capacity and releasing properties of the HAP-Se/LA-PEG-AS/VCR composite material was investigated. The results indicate HAP-Se/LA-PEG-AS composite having 78.0% of VCR loading capacity, and the VCR released sustainably up to days as 72.93% from the loaded VCR drug.

The biomaterial research is currently subjected to improving implanted device significance for fast bone regeneration to disease affected tissues and reducing the implanted site's further side effect after post-implantation. The bacterial growth inhibition for HAP-Se/LA-PEG-AS/VCR composite was observed at a concentration as low as 145 ± 13 μg/ml. The adjustment in the development and drop in OD600 was found in the positive control wells, which contain Se alone, demonstrating the hindrance of microbial development. Interestingly, the negative control group and clear control indicated raised OD600 and turbidity. Noticeably, the HAP-Se/LA-PEG-AS/VCR treated MRSA cells produced the least slime, whereas the control cells made large amounts (Figures 7C,D). Biocompatibility of the HAP/LA-PEG-AS and HAP/LA-PEG-AS/VCR composites tested against fibroblast (L929) cells, and it observed good viable nature. The chitosan has biodegradable, biocompatible, non-antigenic, non-toxic, biologically adhesive, antimicrobial properties. What's more, the gelatin will improve multiplication and cell relocation due to its hydrophobic nature (Mota et al., 2014). The high similarity and fantastic cell development of HAP/LA-PEG-AS/VCR show the VCR stacked composites have planned convenience for bone tissue designing.

The present in-vivo results were allied with the previous investigation by the various researchers. Recently, Prabakaran et al. (2020) investigated the polydopamine-treated Ti plant coated with lanthanides substituted hydroxyapatite with Aloe vera gel. The researchers have observed the regeneration ability of the implant 4th week in the rat model. Similarly, the titanium fibers observed the regeneration ability, and it is prepared by the compression and shear stress at normal room temperature (Takizawa et al., 2018). Gelatin methacrylate/nano fish bone hybrid hydrogel was investigated the biomimetic bone regenerations. The investigation results show the materials having the potential ability to bone regenerations (Huang et al., 2020).



CONCLUSION

The Artificial organs made of the biocompatible polymer can be implanted, which overcome tissue rejection problems due to immune responses, compatibility, and minerals & bioactive compound release. The Lactic Acid-Polyethylene Glycol-Aspartic acid (LA-PEG-AS), is reported here as a non-toxic, biocompatible, and biodegradable material the combination of HAP-Se for bone regeneration. The HAP-Se/LA-PEG-AS composite with VCR drug-coated implant achieved prolonged therapeutic effects. The SEM represents the morphology of vincristine loaded polymer composite HAP-SE/LA-PEG-AS/VCR it shows and interconnected particles. And it was mimic the extracellular matrix with rod-like morphology, and it correlated with TEM results. The in-vitro analysis of cell viability and cell cytotoxicity on HAP-Se/LA-PEG-AS/VCR composites has a good viable nature in L929 and MG63 cells. The in-vivo animal investigation reveals that the HAP-Se/LA-PEG-AS/VCR composites coated Titanium plate having the ability for new bone formation. The HAP-Se/LA-PEG-AS/VCR composites may be suitable for the bone implantation for repairing defected bone after clinical evaluation.
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It is challenging to develop a biphasic scaffold with biomimetic compositional, structural, and functional properties to achieve concomitant repair of both superficial cartilage and subchondral bone in osteochondral defects (OCDs). This study developed a biomimsubchondraletic biphasic scaffold for OCD repair via an iterative layered lyophilization technique that controlled the composition, substrate stiffness, and pore size in each phase of the scaffold. The biphasic scaffold consisted of a superficial decellularized cartilage matrix (DCM) and underlying decalcified bone matrix (DBM) with distinct but seamlessly integrated phases that mimicked the composition and structure of osteochondral tissue, in which the DCM phase had relative low stiffness and small pores (approximately 134 μm) and the DBM phase had relative higher stiffness and larger pores (approximately 336 μm). In vitro results indicated that the biphasic scaffold was biocompatible for bone morrow stem cells (BMSCs) adhesion and proliferation, and the superficial DCM phase promoted chondrogenic differentiation of BMSCs, as indicated by the up-regulation of cartilage-specific gene expression (ACAN, Collagen II, and SOX9) and sGAG secretion; whereas the DBM phase was inducive for osteogenic differentiation of BMSCs, as indicated by the up-regulation of bone-specific gene expression (Collagen I, OCN, and RUNX2) and ALP deposition. Furthermore, compared with the untreated control group, the biphasic scaffold significantly enhanced concomitant repair of superficial cartilage and underlying subchondral bone in a rabbit OCD model, as evidenced by the ICRS macroscopic and O’Driscoll histological assessments. Our results demonstrate that the biomimetic biphasic scaffold has a good osteochondral repair effect.

Keywords: biphasic scaffold, decellularized cartilage matrix, decalcified bone matrix, osteochondral repair, tissue engineering


INTRODUCTION

Osteochondral defects (OCDs) are a frequently occurring illness characterized by the concurrent injury of articular cartilage and subchondral bone tissue (Qiao et al., 2021). Currently, osteochondral autograft transplantations and decellularized osteochondral grafts are employed to treat OCDs (Richter et al., 2016; Wang et al., 2018). However, osteochondral autograft transplantations have insufficient sources and donor site mobility (Sherman et al., 2017). Although decellularized osteochondral grafts overcome the disadvantage of an insufficient source, there are still several limitations, such as poor integration between grafts and the surrounding normal tissue, and the compact cartilage layer severely restricting tissue remodeling, which greatly hamper their clinical outcomes (Farr et al., 2016). Therefore, an efficient therapeutic strategy is needed to treat OCD by restoring the intrinsic superficial cartilage and underlying bone in natural osteochondral tissue. Emerging tissue engineering strategies have provided such treatments with significant advantages compared with these traditional clinical treatments (Hu et al., 2020; Zhang et al., 2020).

At present, structural mimic biphasic osteochondral scaffolds consisting of synthetic or natural materials are widely used to repair OCDs, such as poly(lactide-co-glycolide) (Pan et al., 2015), bacterial cellulose (Zhu et al., 2018), and silicon-based bioceramic (Bunpetch et al., 2019). To achieve biological functions in separate structural phases, bioactive factors such as kartogenin and transforming growth factor-β are usually used for chondral phase (Mendes et al., 2018; Xuan et al., 2020), while bioactive molecules such as hydroxyapatite and bioactive factors such as bone morphogenetic protein-2 are generally incorporated to enhance osteoinduction in the bone phase (Betz et al., 2017; Xiao et al., 2019). Although incorporation of bioactive factors or molecules provides a regenerative microenvironment, they increase the fabrication cost of scaffolds and the release of bioactive substances is difficult to regulate (Aravamudhan et al., 2013; Santo et al., 2013). Hence, it is of great significance to fabricate scaffolds with intrinsic bioactivity for application in osteochondral tissue engineering.

Although those previously reports of biphasic scaffolds try to mimic the normal osteochondral tissue characterizations (Erickson et al., 2019; Lin et al., 2020a; Shang et al., 2020), the majority of materials that are used for OCD repair do not recapitulate the inherent extracellular matrix (ECM) in natural osteochondral tissue and are thus unable to rehabilitate the innate osteochondral structure and function (Pati et al., 2014). A decellularized cartilage matrix (DCM) and decalcified bone matrix (DBM) have inherent biological activities, native architectures, and excellent biocompatibility, which provide a desirable microenvironment for the regeneration of cartilage and bone tissue, respectively. Thus, DCMs and DBMs are regarded as ideal materials for cartilage and bone engineering. However, no reports on how to simultaneously apply these biomaterials to OCD repair are available. We speculated that a biphasic scaffold with a superficial DCM and underlying DBM would have the specific biological activities of the osteochondral phase. Fabricated biphasic scaffolds with a DCM and DBM not only closely resemble decellularized osteochondral grafts, but also solve integration and remodeling problems by an influx of stem cells and subsequent tissue regeneration.

Here, a biomimetic biphasic scaffold consisting of a superficial DCM phase with relative low stiffness and small pores (approximately 134 μm) and an underlying DBM phase with relative higher stiffness and larger pores (approximately 336 μm) was fabricated by an iterative layered lyophilization technique. The biphasic scaffold with specific but seamlessly integrated phases mimicked the composition and structure of natural osteochondral tissue, which was biocompatible for bone morrow stem cells (BMSCs) adhesion and proliferation. Additionally, we investigated whether the relative low stiffness and small porosity of the superficial DCM phase promoted cartilage formation, while the inherent relative higher stiffness and large pores of the DBM phase induced bone regeneration in vitro. Finally, we evaluated whether the biphasic DCM/DBM scaffold could enhance in situ OCDs repair in rabbit (Scheme 1).
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SCHEME 1 Overview of the experimental procedure. Briefly, a biomimetic biphasic scaffold consisting of a superficial DCM phase with relative low stiffness and small pores (approximately 134 μm) and an underlying DBM phase with relative higher stiffness and larger pores (approximately 336 μm) was fabricated by an iterative layered lyophilization technique. Additionally, the individual DCM and DBM layers were recolonized with BMSCs and cultured in vitro to evaluate chondrogenic and osteogenic differentiation. Furthermore, the biphasic DCM/DBM scaffold was used to evaluate the repair effect in a rabbit OCD model.




MATERIALS AND METHODS


Biphasic DCM/DBM Scaffold Synthesis

Fresh bovine articular cartilage was obtained from a local slaughterhouse. After cooling with liquid nitrogen, the articular cartilage was ground into powder and decellularized in sterile 2% sodium dodecyl sulfate (Sigma) at 4°C for 4 h, washed in phosphate-buffered saline (PBS) for 1 h, digested in a 200 U/ml DNase I solution (Sigma) for 4 h, and then washed in PBS for 1 h (Xu et al., 2017). Four times of the above decellularization procedure were repeated to obtain the DCM sample.

Bovine cancellous bone was removed from soft tissues, cut, and shaped, followed by supercritical carbon dioxide degreasing and freeze drying to obtain a cancellous bone sample. The cancellous bone was decalcified in a 0.5 mol/L hydrochloric acid solution at a weight ratio of 20:1 in a conical flask with shaking at 25°C at a rotation speed of 120 rpm for 48 h. The decalcified cancellous bone sample was washed in an ultrasonic cleaner for 2 h, which was repeated five times, lyophilized, and then sterilized by gamma irradiation at a dose of 25 KGy to obtain the DBM sample.

The DCM was suspended in deionized water (2% w/v) and poured into a cylinder-shaped silicone mold (diameter: 4 mm; height: 4 mm) to 1 mm in height, and then frozen at -80°C for 2 h. Thereafter, the DBM with a height of 3 mm was stacked onto the DCM scaffold inside the mold, and frozen at -80°C for 2 h. Thereafter, the biphasic DCM/DBM scaffold was lyophilized for 24 h, crosslinked with a carbodiimide solution (48 mM EDC and 6 mM NHS in 50-mM MES buffer; pH = 5.5) at 4°C for 24 h, and disinfected by ethylene oxide. DCM (diameter: 4 mm; height: 1 mm), DBM (diameter: 4 mm; height: 1 mm), and biphasic DCM/DBM (diameter: 4 mm; height: 4 mm) were prepared for the following experiment use.



Characterization of the Biphasic Scaffold

The critical points of DCM, DBM and biphasic scaffolds were dried and scoped by scanning electron microscopy (SEM). The pore diameter in each scaffold was reckoned using ImageJ.

A Nicolet-Nexus 670 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, United States) was used to obtain FTIR spectra of the DCM, DBM, DCM/DCM scaffold over the range of 200–4000 cm–1 at a scanning resolution of 2 cm–1.

A liquid displacement method was used to determine the porosity of the scaffold. The original volume of ethanol was designated as V0, the volume after the scaffold was immersed in ethanol for 5 min was designated as V1, and the residual volume after taking out the wet scaffold was designated as V2. The scaffold porosity was reckoned by the equation: (V0−V2)/(V1−V2) × 100% (Li et al., 2020).

To test the mechanical properties of the DCM and DBM scaffolds, cylindrical-shaped samples (diameter: 4 mm; height: 2 mm) were compressed to 30% strain at a speed of 3 mm/min and its compressive modulus was reckoned according to the initial stress-strain curve (Xu et al., 2020b).

The dry weight of each scaffold was initial weighed as W0. Then, the scaffold was immersed in deionized water for 2, 4, 6, and 8 min, respectively, and weighed again as W1. The water absorption rate of the scaffold was reckoned by the equation: (W1−W0)/W0 × 100% (Xu et al., 2020a).

The protein adsorption capacity of the scaffolds was determined according to the BCA protein assay kit (Beyotime, China) as previously described methods (Jee et al., 2004).



Biocompatibility Testing

This experiment was approved by the Animal Care and Experiment Committee of the Shanghai Children’s Hospital. BMSCs were cultured as a conventional method (Xu et al., 2019). To test the biocompatibility of the scaffolds, both DCM and DBM scaffolds were implanted with BMSCs at passage two (5 × 105 cells/mL) and cultured in Dulbecco’s modified Eagle’s media (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin (routine culture media). BMSCs cultured in the routine culture media were served as control group. Cells viability in the scaffolds were determined using a Live and dead cell viability assay (Invitrogen, United States) and a Cell Counting Kit-8 (CCK-8) (Dojindo, Japan) after in vitro culture for 1, 5, and 9 days.



Cell Adhesion Rate

The total BMSCs seeded on to the scaffold were counted as N0. After incubation for 24 h, BMSCs in the culture dish were collected and counted as N1. The cell adhesion rates of the scaffolds were reckoned by the equation: (N0−N1)/N0 × 100% (Zhang et al., 2019).



Chondrogenic and Osteogenic Differentiation

Bone morrow stem cells at passage two (2 × 107 cells/mL) were seeded uniformly onto DCM and DBM scaffolds. After incubation for 4 h, the BMSC-laden DCM and DBM scaffolds were cultured in the routine culture media. After 7 or 14 days of maintenance under in vitro conditions, the gene expression of BMSCs in each scaffold group was determined by real-time polymerase chain reaction (qPCR) examination. BMSCs cultured alone in regular culture medium were used as the control group. Total RNA was extracted using Trizol reagent (TaKaRa, Shiga, Japan) and reverse transcribed into cDNA with a PrimeScript RT reagent kit (TaKaRa, Shiga, Japan). qPCR was conducted using a real-time qPCR system (LightCycler 480 II; Roche Diagnostics Ltd., Shanghai, China) to evaluate the expression of cartilage-related markers ACAN, Collagen II, and SOX9 with housekeeping gene β-actin for normalization. The data were analyzed using the ΔΔCt method to determine relative gene expression. Primers were obtained from Sangon Biotech (Shanghai, China). Primer sequences are listed in Supplementary Table 1.



In situ Surgical Implantation

Twelve healthy 4-month-old New Zealand white rabbits (Approximately 2.5–3 kg) were averagely divided into two groups: a biphasic DCM/DBM scaffold group and untreated group (no scaffold) as the control. Sutera (0.3 mL/kg) were used to anesthetize the rabbits and OCDs (diameter: 4 mm; height: 4 mm) were drilled on the trochlear groove of rabbit knee joints. The OCD samples were harvested at 6- and 12-weeks post-operatively and evaluated using the International Cartilage Repair Society (ICRS) macroscopic score as listed in Supplementary Table 2.



Histological Observation

Took samples and fixed these samples in 4% paraformaldehyde, in which the OCD samples were further decalcified in a 10% ethylenediaminetetraacetate dihydrate solution for 3 weeks. The paraffin section was prepared and then hematoxylin and eosin (H&E) staining were carried out to evaluate the tissue structure, Toluidine blue and Safranin-O and Fast Green (SO/FG) were performed to evaluate cartilage and bone ECM deposition. Expression of type II and I collagens was stained to confirm the cartilage-specific and bone-specific phenotype as described previously (Zhou et al., 2020). OCD sections were further accessed via the O’Driscoll histological score as listed in Supplementary Table 3.



Micro-Computed Tomography (micro-CT) Observation

Osteochondral defect samples were evaluated with a micro-CT scanner (μCT-80, Scanco Medical, Switzerland) in high-resolution scanning mode, and bone defects in harvested samples were visualized using 3D isosurface rendering at 6- and 12-weeks spatio-temporally and in bilayer sets. Micro-CT was applied to access trabecular thickness (Tb.Th) and the percentage of neo-bone volume relative to tissue volume (BV/TV).



Statistical Analyses

Statistical analyses were performed via Origin 8.0 software. For the two independent samples, we used t test. For the repeated measurement data from different groups, we used Two-way Repeated Measures ANOVA. P < 0.05 was deemed statistically significant. Values are reported as the mean ± standard deviation from five specimens.




RESULTS AND DISCUSSION


Morphology, Porosity, Mechanical Properties, and Absorption Capacity of DCM and DBM Scaffolds

Osteochondral tissue has a distinct structure consisting of superficial cartilage and underlying subchondral bone, integrates well with each other to achieve optimal weight-bearing and joint mobility functions. With a natural ECM architecture and inherent biological activity, DCM and DBM are considered to be ideal scaffolds for cartilage and bone regeneration, respectively. Considering that the osteochondral structure has two distinct phases, we employed an iterative layered lyophilization technique to prepare a biomimetic and biphasic DCM/DBM scaffold with two different substrates to simulate the biphasic composition of natural osteochondral tissue. We successfully prepared the biomimetic biphasic scaffold in a cost-effectiveness method, however, considering the underlying DBM scaffold comes from the cancellous bone, the pore size and stiffness is hard to be modulated (Liese et al., 2013; Man et al., 2016).

As shown in Figure 1, integration of the DCM and DBM scaffolds yielded the biphasic DCM/DBM scaffold with the features of each scaffold type and no apparent gap between them as evidenced by gross, SEM, and HE staining images, as well as FTIR analysis (Figure 1D), which confirmed seamless integration between each individual layer by the iterative layering process. The stable integration in the biphasic scaffold would facilitate layer-specific ECM formation including cartilage and bone. Additionally, DCM, DBM, and biphasic DCM/DBM scaffolds exhibited a white appearance with apparently porous sponge structures (Figures 1A1–C1). Further, SEM images (Figures 1A2–C2) and SO/FG staining images (Figures 1A3–C3) also confirmed that all those scaffolds possessed a high degree of pore interconnectivity with homogeneous pore structure. Notably, the SO/FG staining confirmed that the superficial layer was cartilage-specific ECM as evidenced by positive SO staining and the underlying layer was bone-specific ECM as evidenced by positive FG staining. Additionally, quantitative analysis revealed that both DCM and DBM scaffolds exhibited high levels of porosity (>90%) (Figure 2A), which were favorable for host BMSC infiltration, nutrition exchange, and matrix secretion.


[image: image]

FIGURE 1. Morphology and FTIR examinations of DCM, DBM, and biphasic DCM/DBM scaffolds. Gross images (A1–C1) of DCM, DBM, and biphasic DCM/DBM scaffolds; SEM images (A2–C2) of DCM, DBM, and biphasic DCM/DBM scaffolds; SO/FG staining images (A3–C3) of DCM, DBM, and biphasic DCM/DBM scaffolds. FTIR analysis of DCM, DBM, and biphasic DCM/DBM scaffolds (D).
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FIGURE 2. Characterization of individual DCM and DBM scaffolds. The pore size (A), porosity (B), compressive stress (C), Young’s modulus (D), water absorption (E), and protein absorption (F) of individual DCM and DBM scaffolds. ∗p < 0.05.


The pore size of a scaffold has been proved to regulate the differentiation direction and matrix deposition of BMSCs (Murphy et al., 2010; Levingstone et al., 2014). Additionally, the attachment and infiltration of cells could also be significantly affected by the scaffold pore size. Small pore sizes of approximately 100 μm facilitate chondrogenesis, whereas large pore sizes that exceed 300 μm promote osteogenesis (Karageorgiou and Kaplan, 2005; Gupte et al., 2018). The underlying mechanism is that small pores facilitate the induction of cartilage formation under hypoxic conditions, while large pores promote capillary proliferation and bone formation (Zhou et al., 2020). Additionally, on small islands where BMSCs adopted a rounded morphology, chondrogenesis is predominant, while on larger islands where BMSCs adopted a spread morphology, osteogenesis is favored (McBeath et al., 2004). The concentration of scaffold materials has a tremendous effect on the pore size in freeze-dried scaffolds in which the mean pore size decreases with increases DCM/DBM concentrations (Rowland et al., 2016). In the current study, by adjusting the DCM concentration, we customized the porous DCM scaffold with small pores (134 ± 28.8 μm) for chondrogenic differentiation, whereas the DBM scaffold showed an inherent porous structure with larger pores (336 ± 34.9 μm) for osteogenic differentiation (Figure 2B). Next, we prepared a biphasic DCM/DBM scaffold by an iterative layering freeze-drying technique that enabled control of the pore size within each layer of the biphasic scaffold.

Mechanical properties are also essential to design tissue engineering scaffolds. BMSC differentiation has been connected to the mechanical properties of the underlying scaffold, which affect mechanoreceptors and ultimately differentiation along specific lineages in response to these biomechanical cues (Her et al., 2013; Xue et al., 2013). Previous studies have suggested that BMSCs tended to chondrogenic differentiation on soft scaffolds and osteogenic differentiation on stiff scaffolds (Murphy et al., 2012; Olivares-Navarrete et al., 2017; Wu et al., 2018). The iterative layering process allowed tailoring the mechanical properties of each layer in the biphasic scaffold. Figures 2C,D show that the DCM and DBM scaffolds had different stress-strain curves and the DBM scaffold had a higher compressive modulus compared with the DCM scaffold. We speculated that BMSCs on the DCM scaffold with a lower compressive modulus would have elevated expression of ACAN, SOX9, and collagen II as well as GAG content, whereas BMSCs on DBM the scaffold with a relatively high compressive modulus may be able to differentiate into mature osteoblasts.

The adsorption capacity of scaffolds may also positively affect tissue regeneration (Li et al., 2020; Lin et al., 2020b). Deficient repair of an OCD is partly due to the insufficient amount of BMSCs released by the subchondral bone marrow and homing them to the defect. Additionally, load-bearing forces and fluid movement may physically prevent BMSCs from proliferating in the defect zone and hamper nutrition to sustain where they are required (Gomoll, 2012). Hence, scaffolds with an excellent water absorption rate facilitate cell attachment and desirable protein absorption efficiency promotes nutrition retention. Our results indicated that both the DCM and DBM exhibited satisfactory water and protein absorption capacities (Figures 2E,F). These favorable factors indicated that both DCM and DBM scaffolds could facilitate BMSC attachment and proliferation.



Cell Viability and Adhesion Rate of DCM and DBM Scaffolds

Scaffolds with satisfactory cytocompatibility and an adhesion rate are highly desirable for OCD tissue engineering. Both the DCM and DBM are native tissue-derived scaffolds and biocompatible (Tan et al., 2009; Chen et al., 2020). Both DCM and DBM scaffolds were seeded with BMSCs to evaluate their potential as scaffolds for osteochondral engineering. BMSCs survived and proliferated well on both DCM and DBM scaffolds at 1–9 days after cell seeding, as indicated by Live and dead staining images (Figure 3A) and was further validated by the CCK-8 cell proliferation assay (Figure 3C). Additionally, both DCM and DBM scaffolds showed comparable high adhesion rates (Figure 3B), which may be positive affected by their satisfactory absorption capacity as described above. The ability of BMSCs to adhere and proliferate on the scaffolds as evidenced by the in vitro assessments confirmed the biocompatibility of both DCM and DBM scaffolds. Little difference in the cell number was observed between DCM and DBM scaffolds, which indicated that the procedure to fabricate both porous DCM and DBM scaffolds do not affect their biocompatibilities. Homogenous cellular distributions on both DCM and DBM scaffolds were demonstrated in vitro, which indicated that both scaffolds had the potential to allow host BMSCs to distributed uniformly on biphasic DCM/DBM scaffolds after in situ implantation.
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FIGURE 3. Biocompatibility evaluation of individual DCM and DBM scaffolds. Live and dead staining (A), cell adhesion rate (B), and cell proliferation assay (C) in individual DCM and DBM scaffolds.




In vitro Chondrogenic and Osteogenic Differentiation on DCM and DBM Scaffolds

Appropriate processing of decellularized tissue preserves the biochemical, microstructure, and inductive properties of the natural ECM, which promotes in vitro generation of site-specific functional tissue (Lee et al., 2018). BMSCs have a high ability to expand and can differentiate into chondrogenic and osteogenic lineages. Many factors influence BMSC differentiation, such as mechanical properties, chemical cues, and biological cues. Extensive studies have demonstrated that a DCM provides a natural chondrogenic microenvironment for BMSCs (Xue et al., 2012), whereas a DBM maintains inherent biological cues for osteogenesis of BMSCs (Mattioli-Belmonte et al., 2019). Our results revealed that the DCM scaffold had obviously higher expression of cartilage-specific genes (Figures 4A–C), including ACAN, collagen II, and SOX9, and apparently promote a cartilage-specific ECM by sGAG secretion (Figure 4D) compared with the control group. In a similar fashion, the DBM scaffold displayed high expression of bone-specific genes (Figures 5A–C) including collagen I, OCN, RUNX2, and a noticeably enhanced bone-specific ECM by ALP deposition (Figure 5D). The underlying mechanisms of the DCM scaffold promoting chondrogenic differentiation may be related to the retained structural and functional proteins of the cartilage-specific ECM, small pore size, and soft stiffness, and the DBM scaffold inducing osteogenic differentiation could be associated with its bone-specific ECM with inherent biological cues, large pore size, and rigid stiffness.
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FIGURE 4. Chondrogenic differentiation of BMSCs cultured on the DCM scaffold for 7- and 14-days in vitro culture. Chondrogenic-related gene expression of ACAN (A), collagen II (B), and SOX9 (C). GAG content of BMSCs on the DCM scaffold (D). ∗p < 0.05.
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FIGURE 5. Osteogenic differentiation of BMSCs cultured on the DBM scaffold for 7- and 14-days in vitro culture. Osteogenic-related gene expression of collagen I (A), OCN (B), and RUNX2 (C). ALP content of BMSCs on the DBM scaffold (D). ∗p < 0.05.




In situ Regeneration of OCDs by the Biphasic DCM/DBM Scaffold

The in situ regeneration potential of the biphasic DCM/DBM scaffold with satisfactory in vitro chondrogenic and osteogenic efficacies was investigated in a rabbit OCD model. In order to access the feasibility of osteochondral repair in situ, the biphasic DCM/DBM scaffold was implanted into rabbit OCDs model. At 6 and 12 weeks post-implantation, the gross image of the osteochondral tissues indicted that the biphasic group had an apparently superior repair efficacy compared with the untreated control group (Figures 6A1–D1, A2–D2). Additionally, quantitative analyses of ICRS macroscopic and O’Driscoll histological scores confirmed that the biphasic group outperformed the control group (Figures 6E,F). Notably, complete filling of the defect with white cartilage-like tissue was displayed in the biphasic group at 12 weeks, whereas a clear unrepaired defect with thin fibrous tissue was still observed in the control group.
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FIGURE 6. Microscopic and quantitative evaluations of repaired defects in control and biphasic groups. Gross view (A1–D1) and its corresponding schematic (A2–D2) images of samples in control and biphasic groups. In the schematic images, yellow circles denote the defect border immediately after the operation and red circles outline the edge of the defect at 6- and 12-weeks post-operatively. ICRS macroscopic scores of the samples in control and biphasic groups (E). O’Driscoll histological scores of the samples in control and biphasic groups (F). Scale bars = 2 mm.∗p < 0.05.


Micro-CT observations were used to further evaluate the repair effect of OCDs post-implantation. Evidently, the biphasic group showed a better OCDs therapeutic effect compared with the control group, whereas the defects in control and biphasic groups presented an increasing recover trend from 6 (Figures 7A1,B1,A2,B2) to 12 weeks (Figures 7C1,D1,C2,D2). Additionally, the OCDs samples displayed a virtually complete OCD repair in the biphasic group at 12 weeks post-implantation, whereas the control group remained a large hollow at the defects (Figures 7A1–D1). The two-dimensional features of the OCDs showed that the control group still had a large area of non-regenerating subchondral bone in the defect, whereas the biphasic group had almost complete subchondral bone reconstruction in the defect. We also quantified the bone histomorphometric parameters of the neo-bone tissue in the region of interest. The mean Tb.Th (Figure 7E) and the BV/TV (Figure 7F) were much higher in the biphasic group compared with those in the control group after 6- and 12-weeks, indicating that the biphasic scaffold plays a considerable positive effect on promoting subchondral bone repair.
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FIGURE 7. Micro-CT analysis of the samples in control and biphasic groups. Three-dimensional (A1–D1) and two-dimensional (A2–D2) images of the repaired defect in control and biphasic groups post-operatively. Quantitative data of Tb. Th in the repaired defect post-operatively (E). Quantitative data of BV/TV in the repaired defect post-operatively (F). OCDs are outlined by red dotted circles and rectangles. Scale bars = 2 mm. ∗p < 0.05.


Histological images, including HE, toluidine blue, SO/FG, and immunohistochemical collagen II and I staining, showed significant improvement in the repair of OCDs in the biphasic groups at 6 (Figure 8) and 12 (Figure 9) weeks post-implantation, as evidenced by a nice interface with excellent healing between the neo-cartilage tissue and its adjacent normal cartilage and sufficient regenerated trabecular bone presented over the biphasic scaffold area. In the contrast, an evidently depressed condition of the regenerated tissues with cavern in superficial neo-cartilage tissue and few underlying trabecular bones regeneration in the control group.
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FIGURE 8. Histological evaluations of the samples in control and biphasic groups at 6 weeks post-operatively. HE staining images of control (A–A2) and biphasic (F–F2) groups. Toluidine blue staining images of control (B–B2) and biphasic (G–G2) groups. SO/FG staining images of control (C–C2) and biphasic (H–H2) groups. Collagen II immunohistochemical staining images of control (D–D2) and biphasic (I–I2) groups. Collagen I immunohistochemical staining images of control (E–E2) and biphasic (J–J2) groups. The black arrows separate native cartilage and neocartilage. The red arrow indicate neo-bone matrix.
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FIGURE 9. Histological evaluations of the samples in control and biphasic groups at 12 weeks post-operatively. HE staining images of control (A–A2) and biphasic (F–F2) groups. Toluidine blue staining images of control (B–B2) and biphasic (G–G2) groups. SO/FG staining images of control (C–C2) and biphasic (H–H2) groups. Collagen II immunohistochemical staining images of control (D–D2) and biphasic (I–I2) groups. Collagen I immunohistochemical staining images of control (E–E2) and biphasic (J–J2) groups. The black arrows separate native cartilage and neocartilage. The red arrow indicate neo-bone matrix.


The underlying mechanisms of the satisfactory reparative efficacy are as follows. After implantation of compositional and structural biphasic scaffolds, the excellent absorption capacity ensures enrichment of stem cells derived from bone marrow. Then, with the inherent tissue-specific chemical composition and gradient porous structure, the biphasic scaffold provides a suitable niche for stem cell differentiation, which finally achieves cartilage and bone tissue regeneration. In contrast, because of the lack of stem cell adhesion sites and regenerative environment in the control group, the regeneration of osteochondral tissue was limited. Compared with concurrently adopted autologous and allogenic osteochondral implants, the biphasic DCM/DBM scaffold retains the chemical composition and has a tissue-remolding ability, which indicates that the biphasic DCM/DBM scaffold may be an ideal scaffold to replace osteochondral grafts for OCD tissue engineering.




CONCLUSION

The current study fabricated a biomimetic biphasic DCM/DBM scaffold for OCD repair, which contains a superficial cartilaginous layer and underlying bone layer to mimic the inherent gradient structure of normal osteochondral tissue, with advantages in terms of the regeneration environment. The tissue-specific chemical composition coordinates with the gradient porosity and mechanical properties of biphasic scaffolds to promote space-dependent differentiation of stem cells by providing a tissue-specific environment as evidenced by the in vitro differentiation of stem cells and in situ OCD repair. Due to the composition of DCM/DBM scaffolds have been applied in clinical practice and well-studied, therefore the fabricated DCM/DBM scaffolds will take less time to achieve clinical application and translation. The current study provides a highly biomimetic scaffold composed with well-studied native-derived biomaterials for osteochondral tissue engineering in the future.
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Scaffold-free cartilage-sheet technology can stably regenerate high-quality cartilage tissue in vivo. However, uncontrolled shape maintenance and mechanical strength greatly hinder its clinical translation. Decalcified bone matrix (DBM) has high porosity, a suitable pore structure, and good biocompatibility, as well as controlled shape and mechanical strength. In this study, cartilage sheet was prepared into engineered cartilage gel (ECG) and combined with DBM to explore the feasibility of regenerating 3D cartilage with controlled shape and mechanical strength. The results indicated that ECG cultured in vitro for 3 days (3 d) and 15 days (15 d) showed good biocompatibility with DBM, and the ECG–DBM constructs successfully regenerated viable 3D cartilage with typical mature cartilage features in both nude mice and autologous goats. Additionally, the regenerated cartilage had comparable mechanical properties to native cartilage and maintained its original shape. To further determine the optimal seeding parameters for ECG, the 3 d ECG regenerated using human chondrocytes was diluted in different concentrations (1:3, 1:2, and 1:1) for seeding and in vivo implantation. The results showed that the regenerated cartilage in the 1:2 group exhibited better shape maintenance and homogeneity than the other groups. The current study established a novel mode of 3D cartilage regeneration based on the design concept of steel (DBM)-reinforced concrete (ECG) and successfully regenerated homogenous and mature 3D cartilage with controlled shape and mechanical strength, which hopefully provides an ideal cartilage graft for the repair of various cartilage defects.

Keywords: 3D cartilage regeneration, engineered cartilage gel, decalcified bone matrix, tissue engineering, nutrient efficiency


INTRODUCTION

The clinical treatment of cartilage defects is a significant challenge (Gomez et al., 2020; Mardones et al., 2020; Pattappa et al., 2020), as current methods do not provide an ideal graft for repairing the cartilage defects. Autologous cartilage transplantation is currently the most effective method for treating cartilage defects; however, there is limited source tissue, and the potential exists for irreversible damage to the donor area (Schinhan et al., 2013; Ruta et al., 2016). Tissue engineering provides a new approach for treating various cartilage defects and can be used to regenerate sufficient autologous viable cartilage tissue during in vitro proliferation with a small number of chondrocytes and minimal trauma (Zheng et al., 2014; He et al., 2018; Zhou et al., 2018).

Various animal and clinical experiments have demonstrated that scaffold-free cartilage-sheet technologies can stably regenerate high-quality cartilage tissue in vivo (Li et al., 2017, 2019; He et al., 2018). Our latest studies demonstrated that engineered cartilage gel (ECG) produced by cartilage-sheet technology have excellent ability to regenerate cartilage (unpublished data). However, the application of ECG is mainly limited to minimally invasive fillings, which are not suitable for repairing cartilage defects with specific shape and strength requirements because ECG cannot be shaped, ECG does not provide adequate mechanical strength, and ECG particles are too large to seed in conventional tissue regeneration scaffolds that have a relatively small pore size.

The above limitations greatly hinder the clinical application of ECG. A suitable framework with controlled shape, mechanical strength, and fine pore size is required to address these problems. Current scaffolds suitable for cell seeding cannot meet these requirements; therefore, here, we introduce DBM as a framework for ECG.

DBM is an ideal natural tissue regeneration scaffold with biocompatibility and immunogenicity, controllable shape, and mechanical strength that can be controlled by the degree of decalcification (Zheng et al., 2004; Liese et al., 2013; Meng et al., 2015; Xie et al., 2017). However, because of its large pore size and the difficulty in controlling its uniformity, DBM readily loses cells after seeding and cannot be directly used for cartilage regeneration (Man et al., 2016; Xu B. et al., 2017). Additionally, because of its rapid degradation (ten Koppel et al., 1998; van Osch et al., 1999), DBM cannot be used alone as a tissue regeneration scaffold, which greatly limits its application in the field of cartilage regeneration. However, the large pore size and controllable mechanical strength of DBM are precisely suitable for seeding ECG, which has a large particle size. Therefore, the current study investigated a novel mode of 3D cartilage regeneration based on the design concept of steel (DBM)-reinforced concrete (ECG). Although the combination of ECG and DBM can overcome their individual limitations and take full advantage of both materials, there are no reports on whether the steel (DBM)-reinforced concrete (ECG) concept can achieve 3D cartilage regeneration with controlled shape and mechanical strength. To prove the steel (DBM)-reinforced concrete (ECG) concept, the following scientific questions must be answered. (1) Can cartilage regeneration be realized using this concept? (2) Which mature stage of ECG is better for seeding DBM for cartilage regeneration? (3) Does the ECG need to be diluted, and if so, what proportion is optimal? These parameters not only affect the feasibility of the future clinical translation of ECG–DBM constructs and but also play an important role in the efficiency of cartilage regeneration in vivo.

To address these questions, goat chondrocyte suspensions with a high density were seeded in six-well cell culture plates and cultured for 3 days (3 d) to produce early ECG or 15 days (15 d) for mature ECG. The ECG–DBM constructs were formed by direct seeding (early ECG) or centrifuging (mature ECG) and implanted into nude mice and autologous goats to verify the feasibility and the proper parameter of cartilage regeneration. Furthermore, human chondrocyte ECG was suspended in gradient dilutions, seeded in DBM, and implanted into nude mice to determine whether the steel (DBM)-reinforced concrete (ECG) concept is suitable for human cartilage regeneration. The optimal ECG dilution for cartilage regeneration efficiency in future clinical applications was also evaluated.



MATERIALS AND METHODS


Animals

Three 6-month-old goats (Shanghai Jiagan Biological Technology Co., Shanghai, China) were used in this study. All animal experiments were approved by the Weifang Medical College Ethics Committee.



Isolation and Culture of Goat Chondrocytes

Auricular cartilage was obtained from autologous goat and cut into 1.0 mm pieces, washed using phosphate-buffered solution (PBS), and digested using 0.15% collagenase (Worthington Biochemical Corp., NJ, United States) for isolating chondrocytes, as previously reported (Rodriguez et al., 1999). Isolated chondrocytes were cultured in Dulbecco’s modified Eagle’s medium (DMEM) medium (Gibco BRL, Grand Island, NY, United States) containing 10% fetal bovine serum (Gibco BRL) and 1% antibiotic-antimycotic (Gibco BRL). Passage 2 chondrocytes were used to form cartilage sheets (Li et al., 2019).



Formation of Engineered Cartilage Gel

Cartilage sheets were prepared as previously established (Xue et al., 2018). Goat chondrocytes in the second passage were suspended and seeded in six-well cell culture plates at a density of 1.5 × 107 cells/well. The chondrocytes were then cultured in chondrogenic medium comprising DMEM, 10 ng/ml of TGF-β1 (R&D Systems Inc. Minneapolis, MN, United States), 40 ng/ml of dexamethasone (Sigma-Aldrich, St. Louis, MO, United States), 100 ng/ml of IGF-I (R&D Systems Inc. Minneapolis, MN, United States), 1% insulin-transferrin-selenium-linoleic acid (ITS, ScienCell, CA, United States), and 1% antibiotic-antimycotic (Gibco BRL) for 3 and 15 days. The 3 d ECG was prepared from 3 days cartilage sheets that were collected directly using a 5 ml syringe and mixed well with the 1.5-fold chondrogenic medium. The 15 d ECG was prepared from 15 days cartilage sheets that were minced into pieces and collected in a centrifuge tube without any further attenuation.



Harvest and Culture of Human Chondrocytes

The protocols for the use of human cells were approved by the Weifang Medical College Ethics Committee. Abandoned cartilage tissue was donated by patients. To isolate the chondrocytes, the cartilage pieces were washed by PBS and digested by 0.15% collagenase (Worthington Biochemical Corp., Freehold, NJ, United States) as previously described (Deng et al., 2009). The cells were then harvested and cultured as previously reported (Deng et al., 2009). Chondrocytes from passage 2 were used to form human cartilage sheets (Li et al., 2019).



Formation of Engineered Cartilage Gel With Different Dilution Ratios

Human cartilage sheets were prepared using a process that was similar to that used with the goat chondrocytes. Human chondrocytes from passage 2 were seeded in six-well cell culture plates at a density of 1.5 × 107 cells/well. The chondrocytes were cultured in chondrogenic medium for 3 days, and the 3 days cartilage sheets were collected using a 5 ml syringe and mixed with onefold, twofold, or threefold chondrogenic medium.



Formation of the Engineered Cartilage Gel–Decalcified Bone Matrix Constructs

DBM frameworks (Daqing Bio Co. LTD, Chongqing, China) were cut into cuboid constructs 7 mm long, 5 mm wide, and 2.5 mm thick. Different methods were used to form the chondrocyte ECG–DBM constructs. The 3 d ECG was directly seeded into the DBM and incubated for 2 h. The 15 d ECG and DBM were combined by centrifuging for 2 min at 500 rpm and then incubated for 2 h. The ECG with different dilution ratios were directly seeded into DBM and incubated for 2 h. All ECG–DBM constructs were then gently transferred to new six-well plates. After 3 days, the constructs were subcutaneously implanted into autologous goats and nude mice.



Biocompatibility Between Engineered Cartilage Gel and Decalcified Bone Matrix and the Engineered Cartilage Gel Adhesion Efficiency

After in vitro culture for 24 and 72 h, the ECG–DBM constructs were washed by PBS and fixed overnight at 4°C in 0.05% glutaraldehyde. Both the DBM framework and ECG–DBM constructs were critical point dried and examined by scanning electron microscopy (SEM; Philips XL-30, Amsterdam, Netherlands) to observe the pore size distribution of the DBM framework and attachment and distribution of ECG and to assess the ECG synthesis on the DBM (Xu Y. et al., 2017). The ECG adhesion rate was determined by the ratio of the DNA content of ECG that was seeded into the DBM and the DNA content of ECG–DBM constructs that were cultured for 24 h. The DNA content of the samples (n = 5 per group) was quantified by a Quant-iT PicoGreen dsDNA assay (Invitrogen, Carlsbad, CA, United States) as previously described (Schagemann et al., 2010).



Mechanical Analysis

The Young modulus of the regenerated cartilage was tested using a mechanical analyzer (Instron-5542, Instron, Canton, MA). As previously described (Liu et al., 2008), samples from different groups (n = 6 per group) were cut into 4 mm-diameter cylinders. A constant compressive strain at a speed of 0.5 mm/min was applied until 80% of the maximal deformation. The stress–strain curves were obtained from the first 40%. The Young modulus was calculated according to the stress–strain curves.



Histological and Immunohistochemical Analyses

To evaluate the structure and extracellular matrix (ECM) deposition of the regenerated cartilage, hematoxylin, and eosin (HE), Safranin-O, and type II collagen (mouse anti-human type II collagen monoclonal antibody, 1:100, Santa Cruz Biotechnology, Dallas, TX), staining was performed (Liu et al., 2008). The terminal deoxynucleotidyl transferase biotin dUTP nick end labeling assay (TUNEL) for apoptosis was analyzed using a TUNEL kit (Roche, Indianapolis, IN). CD3 was analyzed using mouse anti-human CD3 monoclonal antibody (1:200 in PBS, Santa Cruz Biotechnology, Santa Cruz, CA, United States). CD68 was analyzed using mouse anti-human CD68 monoclonal antibody (1:200 in PBS, Santa Cruz). Horseradish peroxidase (HRP)-conjugated anti-mouse antibody (1:200 in PBS, Santa Cruz) was then applied as a secondary antibody.



Quantitative Analysis

Quantitative analysis was performed as previously described (Enobakhare et al., 1996; Reddy and Enwemeka, 1996; Schagemann et al., 2010). Briefly, all samples (n = 5 per group) were weighed using an electronic balance. The volume of each sample (n = 5 per group) was measured using a water displacement method. The volume change rate was determined by the ratio of the volume of the samples that were cultured in vitro for 72 h and the volume of the samples after 12 weeks in vivo The total glycosaminoglycan (GAG) content of the samples (n = 5 per group) was quantified using the Alcian blue method. The total collagen content of the samples (n = 5 per group) was detected using a hydroxyproline assay.



Quantitative Reverse Transcription Polymerase Chain Reaction Analysis

The total RNA was extracted from 3 d and 15 d ECGs (n = 3 per group), and cDNA was obtained by reverse transcription (RT) according to a previously described method (Jiang et al., 2010). RT-qPCR was performed according to the manufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA, United States). The expression levels of the genes Aggrecan, COLIIA1, and Sox9 were analyzed. The housekeeping gene encoding β-actin was quantified as an internal control. Forward and reverse primer sequences are listed in Table 1. Expression levels were analyzed using the 2–ΔΔCT method, as previously described (Livak and Schmittgen, 2001).


TABLE 1. Primer sequences of related genes.
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Statistical Analysis

All values were expressed as mean ± standard. A t-test analysis of the variance was used to determine the statistical between groups using SPSS 23 software, and a value of ∗P < 0.05 was considered statistically significant.




RESULTS


Formation of the Engineered Cartilage Gel

As shown in Figure 1, both types of 3 days cartilage sheet—goat chondrocyte and human chondrocyte—had liquid properties and could be collected using a 5 ml syringe (Figures 1B1,B3 and Supplementary Videos 1, 2), and the 15 days cartilage sheets were relatively tough sheets that could not be directly collected (Figure 1B2). The 3 d ECG was successfully prepared by mixing 3 days cartilage sheets with 1.5-fold medium (Figure 1C1). The 15 d ECG was prepared from 15 days cartilage sheets that were minced into pieces (Figure 1C2). And as for the expression of cartilage-related genes, 15 d ECG was higher than 3 d ECG (Supplementary Figure 1). Different dilution ECGs exhibited different behaviors: the ECG in 1:1 and 1:2 groups stably maintained a suspension, while the ECG in the 1:3 group rapidly sedimented and presented obvious stratification (Figure 1C3).
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FIGURE 1. Formation of engineered cartilage gel. Gross (A1) and mature status (B1) images of 3 d goat cartilage sheet and gross images (C1) of 3 d engineered cartilage gel (ECG). Gross (A2) and mature status (B2) images of 15 d goat cartilage sheet and gross images (C2) of 15 d ECG. Gross (A3) and mature status (B3) images of a 3 d human cartilage sheet and 3 d cartilage-gel in different dilution ratios (C3).




Evaluation of the Biocompatibility Between Engineered Cartilage Gel and Decalcified Bone Matrix and the Engineered Cartilage Gel Adhesion Efficiency

The biocompatibility between ECG and DBM was evaluated using gross imaging and SEM. As shown in Figure 2, the pore size of DBM was too large and unsuitable for cell seeding (Figures 2A1,B1,C). However, both 3 d and 15 d ECGs showed biocompatibility with DBM, and the ECGs stably adhered to DBM. In the 3 days in vitro culture, the DBM pores of both groups were filled with ECG (Figures 2A2–A5,B2–B5). Both 3 d and 15 d ECGs had fine ECG adhesion efficiency (Figures 2D,E).
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FIGURE 2. Evaluation of the biocompatibility of engineered cartilage gel (ECG) and decalcified bone matrix (DBM), and the ECG adhesion efficiency. Gross (A1) and SEM (B1) images of the DBM framework. Gross (A2) and SEM (B2) images of the 3 d ECG–DBM constructs after culture in vitro for 24 h. Gross (A3) and SEM (B3) images of the 3 d ECG–DBM constructs after culture in vitro for 72 h. Gross (A4) and SEM (B4) images of the 15 d ECG–DBM constructs after in vitro culture for 24 h. Gross (A5) and SEM (B5) images of the 15 d ECG–DBM constructs after in vitro culture for 72 h. The pore size distribution of the DBM framework (C). The ECG adhesion rate of ECG (D). The DNA content of the ECG–DBM framework at different times (E).




Cartilage Regeneration in vivo

The feasibility of cartilage regeneration using ECG–DBM constructs was the first key point in the current study. After 12 weeks, both 3 d and 15 d ECG–DBMs successfully regenerated ivory white, cartilage-like tissues that maintained their shape in both nude mouse (Figures 3A1,B1) and autologous goat models (Figures 4A1,B1). Histological analysis performed at 12 weeks showed that both the 3 d and 15 d ECM–DBM constructs formed mature cartilage-like tissue in the outer areas of the sample with abundant lacuna structure and homogenous cartilage ECM distribution in both nude mouse (Figures 3A2–A8,B2–B8) and autologous goat models (Figures 4A2–A8,B2–B8). Additionally, some immature cartilage-like tissue (15 d) and fibrous-like tissue (3 d) were observed in the inner areas of all the samples (likely because of nutrient deficiency). Consistent with the histological staining, the quantitative analysis showed that the GAG content and total collagen content and the mechanical strength of the regenerated cartilage reached favorable levels at 12 weeks for both 3 d ECG–DBM and 15 d ECG–DBM (Figure 5).
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FIGURE 3. Gross view and histological examination of the cartilage regenerated by goat engineered cartilage gel (ECG) after 12 weeks in vivo in nude mice. Gross view, HE, Safranin-O, and collagen II immunohistochemical staining of 3 d ECG–decalcified bone matrix (DBM) (A1–A8) and 15 d ECG–DBM constructs (B1–B8). The red box represents the mature cartilage-like tissue areas, and the orange box represents the immature cartilage-like tissue.
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FIGURE 4. Gross view and histological examination of the cartilage regenerated by goat engineered cartilage gel (ECG) after 12 weeks in vivo in autologous goat. Gross view, HE, Safranin-O, and collagen II immunohistochemical staining of 3 d ECG–decalcified bone matrix (DBM) (A1–A8) and 15 d ECG–DBM (B1–B8) constructs. The red box represents the mature cartilage-like tissue areas, and the orange box represents immature cartilage-like tissue.
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FIGURE 5. Quantitative evaluations of the cartilage regenerated by goat engineered cartilage gel (ECG) after 12 weeks in vivo. Quantitative analysis of the wet weight (A), volume (B), Young’s modulus (C), total glycosaminoglycan (GAG) (D), and total collagen (E) in different groups. N-3-12 = the cartilage regenerated by 3 d ECG–decalcified bone matrix (DBM) constructs after 12 weeks in vivo in nude mice; N-15-12 = the cartilage regenerated by 15 d ECG–DBM constructs after 12 weeks in vivo in nude mice; G-3-12 = the cartilage regenerated by 3 d ECG–DBM constructs after 12 weeks in vivo in autologous goats; G-15-12 = the cartilage regenerated by 15 d ECG–DBM constructs after 12 weeks in vivo in autologous goats. *P < 0.05.




Immuno-Inflammatory Reaction and Apoptosis

To further clarify the reasons for the formation of the immature cartilage/fibrous-like tissue, immunohistological examinations of CD3 (T-cell marker), CD68 (monocyte/macrophage marker), and the TUNEL assay for apoptosis were conducted. As shown in Figure 6, both the outer cartilage-like tissue and inner immature cartilage/fibrous tissue showed negative CD3 (Figures 6A1–A3,D1–D3) and CD68 expression (Figures 6B1–B3,E1–E3), which indicates that no host inflammatory cells participated in the cartilage regeneration. TUNEL staining confirmed that a large number of apoptotic cells were detected in the inner areas but not in the outer areas (Figures 6C1–C3,F1–F3), which implies that the immature cartilage/fibrous-like tissue in the inner areas probably derived from implanted ECG, whose cells were dying because of nutrient deficiency caused by the continuous cartilage-like tissue on the periphery of the implant blocking nutrient transport.
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FIGURE 6. Inflammatory reactions characterized by CD3, CD68, and terminal deoxynucleotidyl transferase biotin dUTP nick end labeling assay (TUNEL) staining. CD3 staining of 3 d engineered cartilage gel–decalcified bone matrix (ECG–DBM) (A1–A3) and 15 d ECG–DBM constructs (D1–D3) after 12 weeks in vivo in autologous goat. CD68 staining of 3 d ECG–DBM (B1–B3) and 15 d ECG–DBM (E1–E3) constructs after 12 weeks in vivo in autologous goat. TUNEL staining of 3 d ECG–DBM (C1–C3) and 15 d ECG–DBM (F1–F3) constructs after 12 weeks in vivo in autologous goat. The red box represents the mature cartilage-like tissue areas, and the orange box represents immature cartilage-like tissue.




Cartilage Regeneration of Different Dilutions of Human Engineered Cartilage Gel

Enhancing cartilage regeneration efficiency is vital for the clinical translation of ECG. To explore the feasibility of enhancing cartilage regeneration efficiency, 3 d ECG was diluted at different ratios (1:3, 1:2, and 1:1) and combined with DBM followed by in vivo implantation. After 12 weeks, gross views showed that the samples in all groups formed mature cartilage-like tissues. However, the samples in the 1:1 group exhibited visible excessive proliferation and deformation compared with before implantation, while the samples in the 1:2 and 1:3 groups had relatively satisfactory shape maintenance (volume change rate < 30%, Figures 8A–C) and homogeneity of the regenerated cartilage (Figures 7A1,B1,C1, 8A–C). Histological examinations showed that the samples in the 1:2 and 1:1 groups regenerated continuous and mature cartilage-like tissue (Figures 7B2–B8,C2–C8), while only a small amount of mature cartilage-like tissue was observed in the inner areas in 1:3 group (Figures 7A2–A8). Quantitative analyses showed that all quantitative indexes, including the wet weight, volume, and cartilage ECM contents, increased significantly with decreasing dilution (Figure 8). These results indicate that an appropriate dilution is important for enhancing the cartilage regeneration efficiency and preventing excessive proliferation of the ECG–DBM constructs. In terms of efficiency, quality, homogeneity, and shape maintenance, a 1:2 dilution of ECG is appropriate for cartilage regeneration of the ECG–DBM constructs.
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FIGURE 7. Gross view and histological examination of the cartilage regenerated by human engineered cartilage gel (ECG) after 12 weeks in vivo implantation in nude mouse. Gross view, HE, Safranin-O, and collagen II immunohistochemical staining of 3 d ECG–decalcified bone matrix (DBM) constructs in 1:1 (A1–A8), 1:2 (B1–B8), and 1:3 (C1–C8) dilution ratios. The red box represents the mature cartilage-like tissue areas, and the orange box represents immature cartilage-like tissue.
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FIGURE 8. Quantitative evaluations of human engineered cartilage gel–decalcified bone matrix (ECG–DBM) constructs. Quantitative analysis of the wet weight (A), volume (B), and volume change rate (C) in different groups after 3-day culture in vitro (in vitro) and 12 weeks in vivo (in vivo). Total glycosaminoglycan (GAG) (D) and total collagen (E) in different groups after 12 weeks in vivo implantation (in vivo). 1:1 = ECG mixed well with onefold medium; 1:2 = ECG mixed well with twofold medium; 1:3 = ECG mixed well with threefold medium. *P < 0.05.





DISCUSSION

Although cartilage-sheet technology is a promising strategy for cartilage regeneration, an uncontrolled shape and poor mechanical strength greatly hinder further clinical application (Li et al., 2017, 2019). The results demonstrated that ECG produced by cartilage-sheet technology combined with DBM can regenerate 3D cartilage tissue with controlled shape and mechanical strength in both nude mice and autologous goats. Additionally, both 3 d and 15 d ECGs combined with DBM regenerated favorable cartilage tissue in vivo. More importantly, ECG–DBM constructed from human chondrocytes also successfully regenerated mature cartilage tissue in nude mice, and 3 days ECG at a 1:2 dilution provided the optimal conditions of those tested. The current study provides a new cartilage regeneration mode and predicts its potential in future clinical translation.

Whether ECG combined with DBM can successfully regenerate viable cartilage with a certain shape and mechanical strength is the first important issue. The current study showed that ECG of goat chondrocytes could regenerate fine cartilage tissue when combined with DBM, in both nude mice and autologous goats. Additionally, histological staining, immunohistochemical staining, and related quantification analyses confirmed that the regenerated cartilage had typical cartilage lacunae and cartilage specific ECM deposition. More importantly, these regenerated cartilages maintained their original shape and presented satisfactory mechanical strength (even greater than normal levels). These findings strongly support the concept of feasibility of steel (DBM)-reinforced concrete (ECG) to regenerate homogenous and mature 3D cartilage with controlled shape and mechanical strength. The regeneration process and principle should be as follows: At an early stage, DBM provides shape maintenance and mechanical support for cartilage regeneration. At a later stage, following DBM degradation, ECG-regenerated cartilage gradually matures and finally forms intact and continuous cartilaginous tissue, which contributes to stable shape maintenance and mechanical support. Importantly, the same results were verified using human ECG and demonstrated a high potential for future clinical applications.

After verifying the feasibility of the concept, identifying if the mature status of ECG was conducive to cartilage regeneration became the key step for future clinical application. Therefore, the cartilage tissues regenerated by short-term (3 days) and long-term (15 days) ECG–DBM constructs were systematically compared. The chondrocyte sheets cultured for 3 days were only preliminarily formed and were relatively immature. Consequently, the sheets could be directly collected to form ECG and seeded into DBM. After culture for 15 days, the formed chondrocyte sheets were mature, tough cartilage tissues could be picked up with tweezers, and they required being cut into pieces to form ECG for seeding into DBM by centrifugation. The in vivo results confirmed that both 3 d ECG–DBM and 15 d ECG–DBM constructs could regenerate mature cartilage tissue, and there was no significant difference, although 15 d ECG had higher expression of cartilage-related genes before seeding into the DBM construct. Nevertheless, compared with 15 d ECG, 3 d ECG had obvious advantages, including a shorter culture period, less medium requirements, easier seeding operation, higher ECG seeding efficiency, and lower contamination risk. Therefore, 3 d ECG was more suitable for the current mode of 3D cartilage regeneration.

After confirming the suitable mature status of ECG, the optimal ratio of ECG dilution was the next key parameter. To determine the effect of ECG dilution on cartilage regeneration, 3 d human ECG was diluted by gradient, and the differences in cartilage regeneration among the various dilution ratios were compared. According to the results, the samples in the 1:2 dilution group showed relatively satisfactory cartilage regeneration in terms of homogeneity, shape maintenance, and efficiency of the regenerated cartilage. In the 1:1 dilution group, although relatively mature and homogenous cartilage was successfully regenerated, the samples presented visible excessive proliferation and deformation on the surface. ECG at this dilution ratio had a high viscosity, which led to local accumulation on the surface of the construct liquidity that caused excessive proliferation and deformation on the surface. Alternatively, in the 1:3 dilution group, the samples showed heterogeneous cartilage regeneration, and mature cartilage was mainly observed in the inner areas. ECG at this dilution ratio had a relatively low viscosity, which led to ECG loss in the outer areas of the construct because of the low viscosity and low adhesion efficiency after seeding, which resulted in inferior cartilage regeneration in the outer areas. These findings suggested that appropriate ECG dilution is vital for satisfactory cartilage regeneration using ECG–DBM constructs.

Although the feasibility of the cartilage regeneration was verified using the current mode, most of samples showed inferior cartilage formation inside, which led to an obviously heterogeneous structure of the sample. The inferior cartilage formation inside was possibly caused by nutrient deficiency. After implantation in vivo, ECG in the outer areas of the samples easily obtained sufficient nutrients and rapidly formed a relatively mature and continuous cartilage layer, which severely blocked nutrient diffusion that led to nutrient deficiency in the inner areas and caused cell apoptosis and inferior cartilage formation (Wu et al., 2010). The results of CD3, CD68, and TUNEL staining further verified that the immature cartilage/fibrous-like tissue in the inner areas was mainly composed of apoptotic chondrocytes rather than host inflammatory cells. Alternatively, when the outer layer cartilage was discontinuous (nutrients could freely diffuse into inner areas), as shown in the 1:3 dilution group, mature cartilage was also observed in the inner areas. It is accepted that cartilage regeneration has a thickness limitation because of its avascular feature (Bonzani et al., 2006; Ge et al., 2012). Therefore, to realize homogeneity of a whole regenerated cartilage, multiple module cartilage regenerations, and a multi-layer assembly might be a feasible strategy for future clinical applications.



CONCLUSION

This study established a new concept for cartilage regeneration—analogous to steel-reinforced concrete—based on ECG and DBM and demonstrated its feasibility. Additionally, the formation method and relative parameters were investigated and optimized. However, some important issues, including how to precisely control the shape and realize homogeneity of the whole regenerated cartilage, still need to be investigated. The presented results provide a new cartilage regeneration strategy with potential for future clinical translation.
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For cosmetic and reconstructive purposes in the setting of small-volume adipose tissue damage due to aging, traumatic defects, oncological resections, and degenerative diseases, the current strategies for soft tissue replacement involve autologous fat grafts and tissue fillers with synthetic, bioactive, or tissue-engineered materials. However, they all have drawbacks such as volume shrinkage and foreign-body responses. Aiming to regenerate bioactive vascularized adipose tissue on biomaterial scaffolds, adipose tissue engineering (ATE) has emerged as a suitable substitute for soft tissue repair. The essential components of ATE include scaffolds as support, cells as raw materials for fat formation, and a tolerant local environment to allow regeneration to occur. The commonly loaded seeding cells are adipose-derived stem cells (ASCs), which are expected to induce stable and predictable adipose tissue formation. However, defects in stem cell enrichment, such as donor-site sacrifice, limit their wide application. As a promising alternative approach, cell-free bioactive scaffolds recruit endogenous cells for adipogenesis. In biomaterials without cell seeds, the key to sufficient adipogenesis relies on the recruitment of endogenous host cells and continuous induction of cell homing to scaffolds. Regeneration, rather than repair, is the fundamental dominance of an optimal mature product. To induce in situ adipogenesis, many researchers have focused on the mechanical and biochemical properties of scaffolds. In addition, efforts to regulate an angiogenic and adipogenic microenvironment in cell-free settings involve integrating growth factors or extracellular matrix (ECM) proteins onto bioactive scaffolds. Despite the theoretical feasibility and encouraging results in animal models, few of the reported cell-free biomaterials have been tested in humans, and failures of decellularized adipose tissues in adipogenesis have also been reported. In these cases, the most likely reason was the lack of supporting vasculature. This review summarizes the current status of biomaterials without cell seeds. Related mechanisms and influencing factors of in situ adipogenesis in cell-free biomaterials, dilemma in the development of biomaterials, and future perspectives are also addressed.
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INTRODUCTION

For cosmetic and reconstructive applications in the settings of adipose tissue damage due to aging and congenital or pathological conditions, such as traumatic defects, oncological resections, and degenerative diseases (Khan et al., 2012; Philips et al., 2014), the current strategies for delicate soft tissue replacement include autologous fat grafts, tissue fillers with synthetic materials, and adipose tissue engineering (ATE) (Gomillion and Burg, 2006; Choi et al., 2010). Autologous fat grafts have been acknowledged as comparatively ideal fillers because of their biocompatibility and lack of rejection immunoreaction. However, these drawbacks are also prominent. After autologous fat grafting, delayed revascularization, subsequent necrosis, and occupation of grafts by the host lead to oil cyst formation and progressive volume resorption up to 90% over time (Gomillion and Burg, 2006; Tanzi and Farè, 2009). Moreover, transplanted fat cells rarely proliferate. As a result, it is unreliable to obtain and maintain sufficient tissue augmentation only through free fat grafts. Tissue fillers remit the sacrifice of donor sites, but they often result in infection, allergic reactions, or foreign-body responses (Friedman, 1994; Gomillion and Burg, 2006; Sano et al., 2014). Similar to autologous fat grafts, they only temporarily augment volume without active self-regeneration of missing adipose tissue despite improvements in operative techniques and its popularity in the plastic market (Saylan, 2003; Itoi et al., 2010).

Aiming to regenerate bioactive vascularized adipose tissue on biomaterial scaffolds, ATE strategies have emerged as a suitable substitute for soft tissue repair (Tanzi and Farè, 2009). As outlined by Patrick (2000, 2001)) the three essential components of ATE include scaffolds as support, cells as raw materials for fat formation, and a tolerant local environment to allow these to happen. Adipogenesis can occur either in situ or de novo (Ahmed et al., 2008). In situ adipogenesis relies on pre-existing preadipocytes in the body, either from the surroundings or from other origins. The main techniques include fabricating and delivering biomaterials with or without bioactive factors and modifying a suitable microenvironment for the migration, proliferation, and differentiation of innate cells. This type of adipogenesis does not involve exogenous transplantation of cell seeds. De novo adipogenesis is based on encapsulating and transplanting cell seeds with the potential to proliferate and differentiate into adipose tissue and subsequent partial restoration of tissue functions at the expected body site (Hiraoka et al., 2006). Although preliminary research has revealed the clinical value of cell seeds, defects of stem cell enrichment, such as donor-site sacrifice, and most importantly, standardization, regulation, and concerns about biosafety, limit its wide application (Müller et al., 2020). As a promising alternative approach, cell-free bioactive scaffolds recruit endogenous cells for adipogenesis. This review summarizes the current status of biomaterials without cell seeds.



CURRENT STRATEGIES AND CLINICAL APPLICATIONS OF SOFT TISSUE RECONSTRUCTION

In clinical practice, soft tissue reconstruction can be used for cosmetic purposes and tissue defect repair. Common defect fillers include prostheses, autologous fillings, and bioactive materials. In addition, emerging tissue engineering techniques assist the above materials to improve the efficacy of reconstruction. The advantages and disadvantages of the major strategies used for the reconstruction of soft tissue defects are listed in Table 1.


TABLE 1. Advantages and disadvantages of major strategies for soft tissue reconstruction.
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Prosthesis

Breast reconstruction is the most common strategy for soft tissue reconstruction for both esthetic and pathological repair purposes. Implants, including saline and silicone gel, have the advantages of low complication morbidity, mature technology, and the possibility of immediate reconstruction (Chang and Hammond, 2018). However, commercial implants may result in complications, such as infections (2.9%), capsular contracture (15–45%), and rupture (2–3.8%), and very low morbidity of implant-associated cancer, which could lead to implant loss (Prasad et al., 2019). This is due to the attachment and colonization of microorganisms and the formation of biofilms. However, the implants are also likely to suffer from migration and extrusion a long time after the procedure, which could cause patients to undergo a secondary surgery. More importantly, implants may only deal with soft tissue defects of certain shapes with available commercial products. The repair of irregular soft tissue defects or fine reconstruction of small-volume defects is less likely to be resolved by the prosthesis.



Autologous Fillings

Autologous fillings are also widely used in soft tissue reconstruction, including autologous fat grafting and flaps. Autologous fat is considered an ideal filler because it is economical, accessible, and free of allergic reactions. It is used not only as a lipofiller but also for inducing adipose stem cells in tissue regenerative repair (Kling et al., 2013). As a result, it is widely used in facial, breast, and limb reconstruction (Simonacci et al., 2017). Moreover, the oncologic safety was also confirmed in a mouse residual breast cancer model (Silva et al., 2019). Nevertheless, the Achilles heel of fat grafting is necrosis, tissue resorption, and graft retention, with a high rate of weight and volume loss of less than 1 year after transplantation. Flap transplantation seems a better choice as it takes advantage of the vasculature of flaps and the recipient sites, which could guarantee long-term nutrition for the flaps (Abraham and Saint-Cyr, 2017). Despite the strengths of this technique, the decision regarding the size and location of the flap can only be roughly made, and the procedure always leaves obvious scars (Mohan et al., 2016; Abraham and Saint-Cyr, 2017). More importantly, the requirements of surgeons and the healthcare system limit its application (Alderman et al., 2011; Panchal and Matros, 2017).



Bioactive Materials

Bioactive materials may also serve as soft tissue fillers, and some have already been approved by the Food and Drug Administration (FDA) and are commercially available. These materials, including hyaluronic acid, poly-L-lactic acid, calcium hydroxylapatite, and collagens, are absorbable and generally used in esthetic surgeries for small defects such as those of limbs and faces (Cohen et al., 2006; Ferneini and Ferneini, 2016). The surgical procedures using these soft tissue fillers are simple and rarely result in rejection reactions, although there are still risks of inflammation (Ferneini and Ferneini, 2016). However, these bioactive materials cannot be used to fill large volumes, such as the reconstruction of breasts (Lemperle et al., 2003). In addition, these fillers are gradually absorbed and cannot achieve long-term soft tissue reconstruction, which requires repeated injections (Ferneini and Ferneini, 2016).



Tissue Engineering

Tissue engineering is an emerging technique for soft tissue reconstruction after the regeneration of adipose-derived stem cells (ASCs) in grafted fat. In current clinical applications, cell-assisted lipotransfer (CAL) and extracellular matrix (ECM)-based materials, based on tissue engineering techniques, can be used to compensate for the deficiencies of other materials.

Adipose-derived stem cells, along with autologous fat grafting, are the most used to improve the survival rate and reduce postoperative retention through cell enrichment. The efficiency was reported by a meta-analysis study in which 696 patients in 25 studies were reviewed and analyzed (Laloze et al., 2018). Furthermore, the advantage of CAL is only prominent in small-volume fat grafting. Kokai et al. (2019) applied an allograft adipose matrix (AAM) injection in the dorsal wrist of 15 patients, and all the patients displayed thickened wrist skin and diminished imprint of veins and tendons. However, wrist pain, injection site redness, and swelling were mostly reported in patients, and an average of 47% retention of the graft was observed.

In soft tissue regeneration, the clinical practice of the acellular dermal matrix (ADM) as a cell-free matrix dates back to as early as the 1990s. Similar to CAL, ADM is also applied with implants to overcome problems such as capsular contracture, seroma, and infection (Hunsicker et al., 2017). The matrix extract, as a soft tissue covering and prosthesis-based structural support, is sutured to the surface of the muscle, and then the prosthesis is fixed between the ADM and the muscle, which also provides an opportunity for immediate soft tissue reconstruction (Salzberg, 2012; Hadad et al., 2015). However, ADM is expensive, which limits its clinical application (Glasberg, 2017).




ROLES AND LIMITATIONS OF CELL SEEDS IN ATE

Adipose-derived stem cells are commonly loaded seeding cell populations in bioscaffolds (Bauer-Kreisel et al., 2010; Choi et al., 2010; Khan et al., 2012; Philips et al., 2014). Having been well described with the capacity to induce stable and predictable adipose tissue formation, ASCs within the stromal vascular fraction of adipose tissue have been suggested as a rational strategy to engineer mature adipose tissue (Zielins et al., 2016; Brett et al., 2017). In vitro studies have shown that human ASCs (hASCs) are capable of self-assembly in the presence of serum, ascorbic acid, and rosiglitazone and form dense adipocyte-containing cell sheets with an organized ECM (Vallee et al., 2009). In vivo experiments in animal models have comprehensively demonstrated the beneficial effects of ASC-loaded scaffolds on adipogenesis (Baglio et al., 2012). For example, when a scaffold composed of decellularized human adipose tissue and methacrylated glycol chitosan was seeded with 1 × 106 allogeneic rat ASCs isolated from the epididymal fat pad, the rate of scaffold degradation and inflammatory cell infiltration and angiogenesis in the scaffold regions were enhanced as compared with those for unseeded control scaffolds (Cheung et al., 2014). hASCs showed similar properties in that mature adipose tissue was formed after hASCs were subcutaneously implanted into nude mice (Tsuji et al., 2009). Another widely researched type of cell seed is stem cells derived from bone marrow (BMSCs) isolated from mature adult tissue (Pittenger et al., 1999; Brett et al., 2017). In in vitro studies, human BMSCs have been found to undergo adipogenic differentiation when cultured with basic fibroblast growth factor (bFGF), also known as fibroblast growth factor-2 (FGF-2) or fibroblast growth factor-beta (FGF-β), on gelatin scaffolds or polylactide-co-glycolide (Hong et al., 2005; Neubauer et al., 2005). In animal studies, rabbit BMSCs treated with adipogenic medium generated new adipose tissue after they were implanted in immunocompromised mice (Choi et al., 2005). Moreover, Alhadlaq et al. (2005) subcutaneously implanted poly(ethylene glycol) dacrylate-scaffold-encapsulated human BMSCs into SCID mice after in vitro adipogenic differentiation and observed de novo lipid-containing tissue. However, although mesenchymal stem cells (MSCs) have revealed potential in ATE in animal models, results from clinical studies have scarcely been reported. Apart from serving as a reservoir for the generation of new adipocytes, cell-rich fillers also reduce wound contraction and advance wound healing, in addition to promoting adipogenesis (Debels et al., 2017).

While the value of cell seeds in adipogenesis has been well described, the shortcomings of cells are intractable. First, since seeded cells are preferably homologous, donor-site injury is unavoidable. It could be troublesome for patients with low body weight where donor-site local liposuction is unwanted (Badylak, 2002; Gomillion and Burg, 2006). In this circumstance, multiple surgical procedures consume more time before the final cosmetic results are obtained, and patients need to bear an additional financial burden. Second, the isolation and culture techniques of ASCs have not been standardized, while ASCs are very sensitive to the manufacturing processes and might be profoundly influenced, thus wrecking the predictability of cell-seeded bioactive scaffolds (Bourin et al., 2013). Moreover, the high manufacturing cost of stem cell processes has limited its application in clinical use (Lee et al., 2014). Most crucially, difficulties in cell fate control are yet to be overcome in stem cell-assisted biomaterials (Baglio et al., 2012). Especially for patients with soft tissue defects resulting from malignant tumor resection, oncological safety could be the priority when considering accepting reconstruction. However, no study has achieved long-term observation of cell culture systems for a definite proof of safety or risks for in vivo applications to date (Lee et al., 2014).

Furthermore, the enhancement of adipogenesis through ASCs is believed to be contemporary. CAL, that is, ASC-enriched lipotransfer, has been promoted to address the variability in fat graft retention in autologous fat grafting (Kølle et al., 2013). In autologous fat grafting, adipocytes are predisposed to apoptosis and cell death due to ischemic conditions. However, with ASC assistance, a process of dynamic remodeling of adipose tissue after non-vascularized grafting was suggested (Eto et al., 2012). Fu et al. (2013) isolated green fluorescence protein (GFP)-positive ASCs from C57BL/6J-GFP mice, mixed them with minced inguinal adipose tissue harvested from wild-type C57BL/6J mice, and then co-implanted them into BALB/c nude mice. GFP-labeled adipocytes were observed 7 days after implantation. However, the fluorescence signal intensity fell drastically within the first 14 days and continued to drop thereafter (Fu et al., 2013), suggesting insufficient durability of these new adipocytes.



CURRENT APPLICATIONS OF BIOMATERIALS WITHOUT CELL SEEDS

As a promising alternative approach, cell-free bioactive scaffolds overcome the limitations of stem cell seeding and recruit endogenous cells for adipogenesis (Hiraoka et al., 2006; Ju et al., 2014; Lih et al., 2016). The rationality and feasibility of in situ adipogenesis without cell seeds have been discussed (Lee et al., 2008).

Previous research has indicated that neovascularization is exclusively derived from endogenous cells through vascular remodeling, instead of exogenous cells in tissue-engineered vascular grafts (Marra et al., 2008). Rather than directly differentiating into blood vessels, exogenous cells of tissue-engineered grafts promoted the regeneration of endogenous cells (Hibino et al., 2011). Theoretically, soft tissue substitutions without seeding of exogenous cells could induce in situ adipogenesis and would be adequate for defect repair (Neels et al., 2004; Kelly et al., 2006; Marra et al., 2008). To induce in situ adipogenesis, many researchers have focused on the mechanical and biochemical properties of the adopted scaffolds. In addition, efforts have been made to regulate an angiogenic and adipogenic microenvironment in cell-free settings. The main strategies involved integrating growth factors or ECM proteins onto bioactive scaffolds (Yuksel et al., 2000a, b; Neels et al., 2004; Nillesen et al., 2007).


Extracellular Matrices

Extracellular matrices, a microenvironment with membrane proteins and growth factors, are closely associated with the induction of cell proliferation, migration, and differentiation. In natural processes, ECMs provide an environment that facilitates cell migration and nutrient diffusion. Based on the characteristics of ECMs, acellular adipose-derived matrix is the most common seed-free scaffold used in vivo, as it could provide a more biomimetic environment for adipogenesis and vascularization by promoting cell adhesion and proliferation, forming neo-formative adipose tissue similar to the natural morphology of adipocytes in native adipose tissue (Wu et al., 2012) and ensuring the long-term viability of adipose stem cells inside (Rossi et al., 2018).


Physical Property of ECMs

Extracellular matrices are loose, porous structures composed of architectural and biochemical cues. The ECM derived from adipose tissue appears to be a white soft tissue and is always prepared with other compounds to form a hydrogel that can provide a stable cell niche and mechanical transduction pathway for adipose stem cell migration, proliferation, and differentiation (Kim et al., 2017). Flynn (2010) described the architecture of decellularized adipose tissue, which is composed of collagen fibers, decellularized vascular structures, and void spaces. The main components of the derived ECM structure include collagens, glycosaminoglycan elastin, and laminin. The structure determines the basic physical properties and basic functions of ECMs (Song et al., 2018; Thomas-Porch et al., 2018). As a physiological structure for cell activity, its porosity and extensive surface area play vital roles in cell penetration, adhesion, and proliferation (Song et al., 2018).

In addition, cell-free ECMs are highly biocompatible. According to Young et al. (2014), after the injection of decellularized adipose matrix hydrogels in mice, the mice showed high tolerance, presenting few adverse signs, and capsule formation was not observed.



Bioactive Components of ECMs

The bioactive components in ECMs are essential for the initiation and progression of adipogenesis and regulate the surrounding cell activities. The biochemical cues contain a widely distributed basement membrane of ECMs, including laminin, elastin, fibronectin, and glycosaminoglycans (GAGs), which promote the structural adhesion and integrity of cells, as well as endogenous growth factors, including bFGF, vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), insulin-like growth factor 1 (IGF-1), and transforming growth factor-beta 1(TGF-β1) (Flynn, 2010; Lu et al., 2014; Kim et al., 2015; Rossi et al., 2018).



Mechanism of ECMs Inducing in vivo Adipogenesis

The regulation of cell recruitment, preadipocyte induction, and cell proliferation and differentiation depends on the bioactive cues inside the ECM. An effective ability to promote angiogenesis, adipo-induction, and lipid accumulation has been detected in decellularized ECM scaffolds (Jeon et al., 2020). Regardless of the addition of ASCs, the newly formed adipocytes were all host derived, suggesting that the ECM itself can recruit preadipocytes from hosts (Young et al., 2014). As observed by Kim et al. (2017), migration of host cells to the ECM scaffold was observed after angiogenesis, indicating the adipo-inducing function of vascularization factors. And this was confirmed by a study on DAT, which suggested that an enhanced concentration of bFGF could significantly improve adipogenesis (Lu et al., 2014). As one of the basic components of adipose-derived ECMs, bFGF not only promotes early angiogenesis by mobilizing endothelial cell infiltration for vascular network construction but also serves as an adipogenic-stimulating factor by inducing surrounding preadipocytes by enhancing the activity of factors that regulate both enhancer-binding protein-alpha (C/EBPα) and peroxisome proliferator-activated receptor-γ (PPAR-γ) expressions (Prusty et al., 2002; Marquez et al., 2017). Simultaneously, they compared the gene expression in endogenous adipose tissue with that in newly formed adipose tissue, and in addition to natural gene expression of PPAR-γ, adipocyte protein-2 (AP-2), pre-adipocyte factor-1 (Pref-1), and tumor necrosis factor α (TNF-α), the levels of C/EBP α, adiponectin, and glucose transporter-4 (Glut-4) were detected. ECMs can induce endogenous cell migration, proliferation, and differentiation by relying on a sequential multistep process that activates several transcription factors. In gene analysis, ECMs express major transcription factors in adipogenic differentiation including the expression of C/EBPα, which is able to induce adipogenesis in precursor cell lines that are susceptible to the expression of PPAR-γ, critical for adipogenesis promotion, as well as marker genes of the terminal process in adipogenic differentiation (Sarjeant and Stephens, 2012; Rossi et al., 2018; Hoefner et al., 2020; Figure 1). In addition, other adipogenic genes, such as aP2, adiponectin, leptin, and lipoprotein lipase, were observed in ECMs (Cheung et al., 2014; Jeon et al., 2020). These adipogenic genes may help promote a quicker induction of adipogenesis (Hoefner et al., 2020). Moreover, the increase in glycerol-3-phosphate dehydrogenase (GPDH) enzyme activity, representing the adipogenesis process, is closely associated with the adipogenic differentiation potential of ECMs without exogenous adipogenic factors (Cheung et al., 2014; Jeon et al., 2020).
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FIGURE 1. Adipogenic flow in ECMs. ECMs express major transcription factors in the adipogenic differentiation including C/EBPα and PPAR-γ and induce endogenous cell migration, proliferation, and differentiation (ECM: extracellular matrix; PPARγ: peroxisome proliferator-activated receptor gamma; C/EBPα: CCAAT/enhancer-binding protein α).




Extracellular Matrices as Cell-Free Scaffolds

With better biocompatibility and biodegradability compared with synthetic polymers, ECMs derived from living tissues provide a suitable microenvironment that interacts with cellular components and integrates with the surrounding tissues of recipient sites (Choi et al., 2014; Sano et al., 2014). As a natural bioscaffold, the microenvironment created by ECMs is tissue specific (Choi et al., 2012; Gattazzo et al., 2014). In particular, adipose-derived ECMs naturally consist of collagen, elastin, adhesion peptides, and sophisticated substances released by adipose tissue that facilitate cell recruitment, attachment, proliferation, and differentiation (Ramirez and Rifkin, 2003). Thus, both the adipo-inductive and adipo-conductive properties are preserved (Yu et al., 2013; Han et al., 2015). The current mainstream manufacturing technique for extracting ECMs from adipose tissues is decellularization (Tanzi and Farè, 2009; Choi et al., 2010). Ideally, decellularization eliminates cells and lipids in fat, while fully preserving the three-dimensional (3D) structural and adipose-like properties of ECMs (Tanzi and Farè, 2009). However, altered decellularization methods can result in varied structural and proteomic characteristics, and all current decellularization methods inevitably result in the disruption of the ECM structure and composition to some extent. Comparison among the three decellularization measures, including enzymatic-based, detergent-based, and solvent-based methods, showed varied and inadequate decellularization and breakage of tissue architecture in the solvent agent (Thomas-Porch et al., 2018), although the composition of the functional components was similar among the three different scaffolds. It should also be noted that none of the current decellularization strategy ensures the entire removal of cell and antigen components. After decellularization, the remaining adipose matrix has pore sizes ranging from 50 to 150 μm, which is optimum for cells to migrate and settle (Yannas et al., 1989; Roehm et al., 2016). Furthermore, ECMs can be made into injectable hydrogels to fill irregularly shaped defects (Young et al., 2011; Turner et al., 2012; Giatsidis et al., 2019). At present, both porcine and human adipose tissue-derived ECMs have been reported as cell-free scaffolds for adipogenesis.

Kim et al. (2015, 2017) manufactured a soluble ECM from human adipose tissue and prepared hydrogels by mixing it with a methylcellulose solution (Choi et al., 2011). After subcutaneous injection into the backs of nude mice, accumulated intracellular lipid droplets emerged, and their levels increased significantly from weeks 2 to 3, and well-organized lobule-like structures of adipose tissue and microvessel formation were observed at week 3 (Kim et al., 2017). As tested by RT-PCR, the expression of adipocyte protein 2 (aP2), the mouse gene for adipogenesis, as well as other adipogenic genes, PPARγ, adiponectin, and leptin were expressed. In addition, angiogenesis in such cell-free hydrogels can be strengthened by angiogenic factors, such as VEGF, by recruiting and activating endogenous endothelial cells (Kim et al., 2017). Another study implanted a human acellular adipose-derived matrix in rats. Adipogenesis was observed at the periphery of the implant, and satisfying fat integration was achieved starting at the edges of the scaffold (Wu et al., 2012). In an in vivo study, human decellularized adipose tissue was combined with methacrylated glycol chitosan or chondroitin sulfate forming hydrogels and injected subcutaneously into Wistar rats. By week 12, scanty adipocytes were still present in the unseeded arm (Cheung et al., 2014). According to Kokai et al. (2019), a human-derived, injectable allograft adipose matrix (AAM) extracted from cadaveric human adipose contains essential collagens and growth factors that play vital roles in adipogenesis, and the implantation of the matrix in mice could support adipose regeneration in situ. The AAM used in this experiment was obtained from the processed human adipose tissue of cadaveric donors, where cells were removed to minimize the immune reaction, which was also used by Giatsidis et al. (2019) to reconstruct soft tissue defects in mice. The advantages of injecting AAM to induce adipogenesis were reflected in the satisfactory quality of graft and neo-formative adipocytes, where the formation of cystic areas representing adipocyte necrosis was not observed, as well as a higher density of blood vessels. Researchers also introduced an external volume expansion (EVE) model, performed as skin preconditioning using a 1–3 cm silicone cup connected to a vacuum pump and applied to the dorsum of animals to suction at 25 mmHg six times per day. Compared to AAM alone, incorporation of both EVE and AAM resulted in better adipogenesis, presenting as a greater number of adipocytes and satisfactory angiogenesis. The application of the graft was also studied in humans, and satisfactorily enhanced skin and subcutaneous tissue was harvested with some minor observations, including wrist pain, redness, and swelling, as well as graft retention (Kokai et al., 2019). Easily available with no need for donor-site sacrifice, the acellular porcine adipose matrix has been thought to provide properties comparable to those of acellular human adipose matrices (Roehm et al., 2016). Tan et al. (2019) introduced a hydrogel from acellular porcine adipose tissue (HAPA) as a novel allogenic biomaterial that could induce adipocyte regeneration in wound tissue. Compared with those in the control group, better adipogenesis, angiogenesis, and wound healing were observed in mice injected with HAPA. Although neogenetic adipocytes and vessels in the ASC-seeded HAPA group were more satisfactory in this study than those for HAPA alone, the angiogenesis microenvironment that HAPA provided could trigger adipogenesis, probably by activating the associated transcription factors and inducing adipocyte regeneration. A novel adipogenic matrix, Adipogel, is derived from the ECMs of decellularized porcine adipose tissue and can also be manufactured from other species, including rats and humans (Debels et al., 2017). Subcutaneous thoracic implantation of Adipogel in rats depicts the clinical setting where soft tissue defects are adjacent to existing fat. Eight weeks after thoracic implantation, the majority of Adipogel implants demonstrated large clusters of adipocytes, although not as closely packed as in mature neighboring fat (Debels et al., 2017). After lumber implantations that mimicked defects where there was minimal adjacent fat, such as scarred tissue, implants were hardly found. However, adipocytes were observed wherever the implants were identified. At both implantation sites, differentiating preadipocytes were found among mature adipocytes, as depicted by perilipin staining. Thus, this cell-free biomaterial effectively maintained a space for tissue ingrowth and induced adipogenic differentiation from migrated endogenous cells (Debels et al., 2017).




Natural or Synthetic Cell-Free Bioactive Scaffolds

Biosynthetic polymers have been widely investigated as scaffolds for ATE because their physical properties are modifiable and can be scalable. However, synthetic scaffolds can result in fibrous encapsulation or a severe inflammatory response and adverse events such as extrusion, cyst formation, and overlying skin ulceration. These inherent shortcomings have limited its development (O’Brien, 2011; Brett et al., 2017).


Gelatin Cryogel Scaffold

Chang et al. (2018) reported a synthetic cell-free Gelatin Cryogel (GC) scaffold coated with polydopamine (PDA) and immobilized platelets (Plts) that formed an injectable and safe chamber to regenerate large adipose tissues. This chamber sustained high levels of PDGF and VEGF released from Plts, which indicates more blood supplementation and less hypoxia. Moreover, GC is degradable, and the host cells can migrate into scaffolds after degradation and start a natural fiber network generation, which forms a natural ECM and induces less inflammatory reaction. These factors resulted in a large volume of adipose tissue.



Hyaluronan Hydrogel

Hyaluronan (HA) hydrogels have been widely used as defect fillers and have been used for tissue engineering in bones (Hulsart-Billström et al., 2018), cartilage (Toh et al., 2010), intervertebral disc (Calderon et al., 2010), and soft tissue (Sarkanen et al., 2012). Several injectable HA hydrogel materials have been approved by the FDA for clinical use, and HA hydrogel-related adverse events have been minimal (Rohrich et al., 2007). Sarkanen et al. (2011) incorporated adipose tissue extracts, a blend of a wide variety of components of mature adipose tissue, including VEGF, bFGF, adiponectin, angiogenin, and interleukin 6, into HA hydrogel to develop an acellular implant, namely, the ATE-HA implant. The implant gradually released bioactive factors ex vivo. In in vivo studies, the implants were placed under the dorsal subcutis of rodents, and triglyceride accumulation emerged as early as 1 week after implantation. Eventually, well-vascularized and nerved adipose tissues were observed at 40 weeks. The fat within the biomaterials was densely integrated and vessel accompanied, which was very similar to the native adipose tissue (Sarkanen et al., 2012). This acellular implant was considered to have performed well in terms of compatibility, bioactivity, and sustainability and has considerable potential for use in tissue engineering for sustained reconstruction of soft tissue defects.



3D-Bioprinted Scaffold

In a study with 3D-printed biomaterials, polycaprolactone (PCL) particles were melted and 3D-printed as cylinders. Neutralized type I collagen solution was infused into the microchannels of the PCL scaffold, followed by gelation. PCL scaffolds were implanted in the inguinal fat pad in vivo in mice, and in situ adipogenesis was observed 4 weeks after implantation (Shah et al., 2017). However, such adipogenesis relied on the seeding of Pyrintegrin, an assisting substance that will be described in detail later in this review.





FAILURES IN IN SITU ADIPOGENESIS

Despite the theoretical feasibility and encouraging results in animal models as well as in vitro experiments, failures of decellularized adipose tissues in adipogenesis have also been reported (Friedman, 1994; Yu et al., 2013). For example, an ECM product, Matrigel, was adipogenic only when it is in direct contact with adjacent fat in a mouse model (Kelly et al., 2006). The researchers inferred that the autograft could provide ECM components, paracrine factors, or chemokines that promote adipogenesis. For the chamber without cell seeding, the lack of a microenvironment for cell migration, adhesion, and proliferation was the probable reason for the failure. In an in vivo study, no vacuolated fat-like cells were found in bare bovine type I collagen 3 weeks after implantation in rat dorsal muscle if unseeded. Similarly, unsatisfactory adipogenic induction from direct implantation of decellularized adipose tissues alone was also reported (Zhang et al., 2016). In these cases, the most proposed reasons were a lack of supporting vasculature because of inadequate angiogenesis factors such as bFGF. A similar result was also observed for the decellularized ECM hydrogel that lacks bFGF, which could result in the disappearance of existing adipose tissue, indicating the vital role of bFGF during adipogenesis (Lu et al., 2014). In another study, hydrogel alone could induce little adipogenesis, while the addition of ASCs and/or TG could greatly improve adipogenesis by promoting vascularization, as stimulation of adipogenesis was observed following the formation of blood vessels. As a result, angiogenesis is closely associated with adipogenesis (Young et al., 2014). In summary, adipogenesis in unseeded materials should possess the ability to provide an appropriate environment and induce enough angiogenesis.



FACTORS THAT AFFECT IN SITU ADIPOGENESIS IN CELL-FREE BIOMATERIALS

In biomaterials without cell seeds, the key to sufficient adipogenesis relies on the recruitment of endogenous host cells and continuous induction of cell homing to scaffolds because no exogenous mesenchymal cells could be utilized. Regeneration, rather than repair, is the fundamental dominance of an optimal mature product. In addition, it is expected to degrade smoothly and eventually be replaced by healthy functional host fat tissue. To achieve such properties, the adipogenic mechanisms in cell-free biomaterials should be explored. Influencing factors, including but not limited to recruiting potency, growth factor integration, biocompatibility, and mechanical characteristics, should be adequately considered and balanced.


Recruitment and Origin of Host Cells

In vivo studies have revealed better adipogenic efficacy of adipose-derived acellular matrix at fat-rich implantation sites than at fat-bare sites (Debels et al., 2017). For quite some time, it was widely believed that the cells migrating to cell-free scaffolds mainly come from the surrounding tissues. An up-to-date research suggested that hydrogels of decellularized porcine adipose tissue induce host-derived adipogenesis in nude mice. Unlike the ASC-seeded hydrogel, where islet-like adipocyte clusters seen with adipogenesis in the basal region deteriorated over time, adipocytes were scattered in the unseeded hydrogel with more adipogenesis observed on the basal side (Tan et al., 2017). As proposed by the authors, this disparity in the patterns of adipose tissue remodeling between seeded and unseeded matrices might be associated with differences in the cell origins of adipocytes. While little fat tissue existed subcutaneously in nude mice, adipocytes that emerged in the unseeded hydrogel were less likely to come from the surrounding fat.

Nearly any tissue in the body harbors some sort of progenitor cells, including, but not limited to, fat, muscle, dermis, brain, liver, heart, placenta, and circulating blood (Gage, 2000; Liu et al., 2009; Kalinina et al., 2011). The alternative origin of precursor cells could be bone marrow other than the direct addition of preadipocytes in an invasive way. The exact sources and migration routes of host cells remain unsolved. More specifically, are there any BMSCs homing to the cell-free scaffolds? If any, what percentage of cells was involved, and how did it occur? Answers to these questions are priceless for the development of bioactive fillers because bone marrow remains hemopoietic throughout the life span of a person and could be a natural inexhaustible cell reservoir for sustainable adipogenesis. Clinically, this might lead to a very stable long-term volume maintenance at the implant site.

The recruitment of BMSCs to regenerate the expected tissue is a sophisticated cascade of interactions. The remote signal is sensed before BMSCs are mobilized from niches in the bone marrow into the circulation. Then, BMSCs transit in the vascular system, adhere to the surface of endothelial cells across the vessels, and migrate toward the target areas. Subsequently, BMSCs proliferated and differentiated into mature adipocytes in situ (Liu et al., 2009; Figure 2).
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FIGURE 2. Hypothetic sources of host cells in cell-free biomaterials. Around the biomaterials implanted in the soft tissue defects, ADSCs migrate from surrounding tissues toward the scaffolds and differentiate. BMSCs mobilize from niches in bone marrow into circulation, migrate to and colonize on the scaffolds, proliferation and differentiation into mature adipocytes. Other types of progenitor cells from other body parts may also serve as origins of host cells (ADSC: adipose-derived stem cell; BMSC: bone marrow-derived mesenchymal cell).


Cytokines and chemokines as chemoattractants largely influence the mobilization and homing of progenitor cells (Agrawal et al., 2011; Sicari et al., 2014). These chemoattractants can be released from the ECM scaffolds. Stem cell-activating molecules such as VEGF, HGF, IGF-1, and PDGF promote the recruitment of host ASCs from the nearby adipose tissue (Hu et al., 2015; Stuermer et al., 2015). While stromal cell-derived factor (SDF)-1a and its receptor, chemokine receptor type 4 (CXCR4), construct the most important functioning pathway in the homing of BMSCs (Liu et al., 2009), designing cell-free biomaterials that regulate the SDF-1-CXCR4 axis has not yet been attempted. Adipocytes are not the only type of cells in fat, and other types include inflammatory cells, pericytes, and fibroblasts (Eto et al., 2009; Yoshimura et al., 2011). Even though they constitute less than 10% of the fat volume summed up, they are indispensable in the whole picture of adipose tissue remodeling, and thus, they should not be neglected in the development of bioscaffolds.

In addition, implantation of unseeded materials induces the infiltration of immune cells such as neutrophils and macrophages from hosts. Adipose tissue macrophages, especially the M2 phenotype, are closely associated with working as major immune cell types in adipose tissues that are thought to play important roles in adipose tissue remodeling, which is an essential procedure during adipogenesis (Brown et al., 2012). Lilja et al. (2013) established a chamber to induce adipogenesis and found that the first host cells that migrated were macrophages and that adipose precursor cells accounted for only a minority of the migrated cells. Furthermore, the macrophages recruited from the host to ECM hydrogels induced adipose tissue remodeling and adipogenic activities (Kim et al., 2017).



Enrichment of Growth Factors and Cytokines

Endogenous adipokines include bFGF, VEGF, TGF-β1, placental growth factor (PGF), IGF-1, HGF, and PDGF (Kim et al., 2017). One of the most widely adopted angiogenic factors to be enriched in biometric is bFGF (Lu et al., 2014). BFGF is naturally expressed in adipose tissue, and subcutaneous and omental adipose tissue mass can be regulated by bFGF, which is locally produced by adipocytes (Gabrielsson et al., 2002; Brett et al., 2017). Zhang et al. (2016) loaded allogeneic decellularized adipose tissue with bFGF and stem cells. Twelve weeks after injection in mice, only the bFGF-loaded implants resulted in significant in situ formation of adipose tissue that closely resembled the inherent fat in tissue architecture, whereas all the non-loaded implants degenerated (Zhang et al., 2016). bFGF was also incorporated onto minced collagen sponges and gelatin microspheres for release control. In the rabbit model, the histological area of in situ adipogenesis was enhanced over time by repeated administration (Lu et al., 2014). Furthermore, bFGF induced the formation of adipose tissue accompanied by microvasculature when subcutaneously injected into BALB/c mice with gelatin microspheres and Matrigel (Tabata et al., 2000).

Several other growth factors have been used in animal models. In a study by Yuksel et al., soluble IGF-1 was bound to poly(lactic-co-glycolic) acid (PLGA)/PEG microspheres and injected subcutaneously into the deep muscular fascia of the abdominal muscle wall in rats. Four weeks after injection, adipocyte formation was observed within the non-adipocyte cell depots (Yuksel et al., 2000c). Furthermore, the combination of growth factors (e.g., combination of bFGF, VEGF-A, and PDGF-BB) also significantly improved the formation of adipose tissue within subcutaneously implanted chambers in immunocompromised mice (Ting et al., 2014).

The effects of the incorporated growth factors on adipogenesis are dose sensitive. In an in vivo study on bFGF-loaded scaffolds, in situ adipogenesis accompanied with angiogenesis was observed in the implanted scaffold with 1.0 μg of bFGF per defect, and the extent was less at lower and higher bFGF doses. Presumably, an inadequate dose of bFGF was insufficient to exert its angiogenic or adipogenic effect, while bFGF overdose caused an inflammatory response at the implanted site and led to accelerated infiltration of fibrous tissues into the scaffold (Hiraoka et al., 2006). Therefore, finding an optimal concentration rather than simply adopting a maximal dose is pivotal in the development of biomaterials without cell seeds (Agrawal et al., 2011).



Supporting Role of Structural Proteins

A considerable portion of efforts in the development of biomaterials has been devoted to enriching biomaterials with structural ECM components (Badylak, 2002). In ECM biomaterials, structural proteins offer architectural support to cells. Collagen types I–VI are dominant in structural proteins of adipose-derived ECM (Divoux and Clement, 2011). Interacting with other molecules, collagen VI regulates the extension of fat and insulin sensitivity (Mariman and Wang, 2010). Other structural proteins, including elastin, fibronectin, and glycosaminoglycans, may profoundly regulate cellular behaviors during adipogenesis (Nakajima et al., 2002). When structural proteins are applied, it should be noted that the effects of incorporated structural proteins in adipogenesis are dose sensitive. Specifically, while maintaining structural integrity and facilitating in vivo adipogenesis, excessive deposition of collagen is associated with pathological fibrosis during fat remodeling (Chun, 2012).



Incorporation of Other Substances

Other substances or particles have been suggested to assist adipogenesis in cell-free biomaterials. Pyrintegrin is a 2,4-disubstituted pyrimidine that induces the activation of β1 integrin and multiple growth factor receptors, including FGF receptor 1 (FGFR1), IGF-1 receptor (IGFR1), epidermal growth factor receptor 1 (EGFR1), and human epidermal growth factor receptor 2 (HER2) (Xu et al., 2010). It is capable of improving the survival of human embryonic stem cells (Xu et al., 2010), which upregulates PPARγ and C/EBPα, a pair of molecules that promote adipose cell differentiation toward fibroblasts or myoblasts (Kawai et al., 1985). Shah et al. (2017) implanted Pyrintegrin-adsorbed 3D-bioprinted PCL scaffolds in the inguinal fat pad in vivo in C57BL/6 mice and observed the formation of adipose tissue that was positive for Oil Red O. Moreover, mouse PPARγ was significantly overexpressed in the harvested tissue within the PCL collagen gel scaffolds (Shah et al., 2017). Given that no cell seeds were transplanted, the new adipose tissue formed by host cells in the native environment demonstrated in situ adipogenesis with no need for stem cell assistance.




CONCLUSION AND FUTURE PERSPECTIVES

On the one hand, cell-seeded materials remain the mainstream with great potential in the field of fine soft tissue reconstruction with biomaterials. On the other hand, the inherent shortcomings of stem cells make cell-free biomaterials an important alternative option. Adipogenic biomaterials without cell seeds overcome the limitations of stem cell enrichment, including donor-site sacrifice, potential oncological concerns, troublesome manufacturing processes, and extra cost.

While bearing notable advantages, the most significant restriction of cell-free bioscaffolds lies in the recruitment of endogenous host cells. Owing to the difficulties in cell labeling, the origins and mobilizing routes of host cells in in situ adipogenesis remain ambiguous. Once the potential pathways of BMSC homing are sufficiently explored and steadily manipulated in implanted biomaterials, long-term clinical volume maintenance could be realistic. In the research of cell-free biomaterials, apart from the extensively attempted importation of structural proteins and growth factors, some other influencing factors have been mentioned but have yet to be thoroughly investigated, including stiffness and pore diameters of scaffold and genetic homology of ECMs.

Despite the encouraging results of in vivo studies, only a few of the reported cell-free biomaterials have been tested in humans. Therefore, more efforts are needed to create practical and affordable biomaterials with optimal long-term cosmetic outcomes.
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The management of diabetic wounds is a therapeutic challenge in clinical settings. Current tissue engineering strategies for diabetic wound healing are insufficient, owing to the lack of an appropriate scaffold that can load a large number of stem cells and induce the interaction of stem cells to form granulation tissue. Herein we fabricated a book-shaped decellularized dermal matrix (BDDM), which shows a high resemblance to native dermal tissue in terms of its histology, microstructure, and ingredients, is non-cytotoxic and low-immunogenic, and allows adipose-derived stromal cell (ASC) attachment and proliferation. Then, a collagen-binding domain (CBD) capable of binding collagen was fused into basic fibroblast growth factor (bFGF) to synthetize a recombinant growth factor (termed as CBD–bFGF). After that, CBD–bFGF was tethered onto the collagen fibers of BDDM to improve its endothelial inducibility. Finally, a functional scaffold (CBD–bFGF/BDDM) was fabricated. In vitro and in vivo experiments demonstrated that CBD–bFGF/BDDM can release tethered bFGF with a sustained release profile, steadily inducing the interaction of stem cells down to endothelial differentiation. ASCs were cultured to form a cell sheet and then sandwiched by CBD–bFGF/BDDM, thus enlarging the number of stem cells loaded into the scaffold. Using a rat model, the ASC sheets sandwiched with CBD–bFGF/BDDM (ASCs/CBD–bFGF/BDDM) were capable of enhancing the formation of granulation tissue, promoting angiogenesis, and facilitating collagen deposition and remodeling. Therefore, the findings of this study demonstrate that ASCs/CBD–bFGF/BDDM could be applicable for diabetic wound healing.
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INTRODUCTION

As a worldwide health concern, diabetes affects approximately 420 million people (American Diabetes and Association, 2013; Cho et al., 2019; Li et al., 2020). Diabetic foot ulcers (DFUs), a major complication of diabetes mellitus and a type of chronic wound, occur in 15–25% of patients with diabetes (Shrestha et al., 2013; Liu et al., 2017; Atosona and Larbie, 2019; Grennan, 2019). More seriously, greater than 14–24% of these patients will require amputation as a result of progressive disease (Okonkwo and DiPietro, 2017; Grennan, 2019). The current standard of treatment includes debridement of the wound, infection control, and application of various wound dressings to facilitate healing (Brem et al., 2004; Wu et al., 2007). Regrettably, in many patients, these curative treatments are not efficient in facilitating rapid wound healing; thus, non-healing diabetic ulcers cause an extremely heavy burden on their families and the healthcare system (2013; Zhang et al., 2020). Therefore, it is urgent to develop an affordable and efficacious treatment strategy.

Over the past decades, the emergence and development of tissue engineering has provided a promising treatment strategy for diabetic wound healing, utilizing a combination of scaffolds, seeding cells, and growth factors (GFs) to replace or repair wounded skin (Rahmani Del Bakhshayesh et al., 2018; Cho et al., 2019; Nour et al., 2020; Yang et al., 2020). Among these three factors, scaffolds can be fundamentally essential since they provide structural support and signals to modulate cellular responses for tissue regeneration (Cho et al., 2019). In recent years, decellularized scaffolds have attracted wide attention in tissue engineering, owing to their low immunogenicity, high biocompatibility, good biodegradability, and high similarity to target tissue in terms of their morphology and ingredients (Cheng et al., 2014; Jakus et al., 2017; Chen et al., 2019). More importantly, decellularized scaffolds can provide a natural three-dimensional environment with tissue-specific extracellular matrix (ECM) that can directly regulate the migration, proliferation, and even differentiation of the attached cells (Cheng et al., 2014; Jakus et al., 2017; Chen et al., 2019). Currently, clinical studies have shown that several kinds of commercial decellularized dermal matrix (DDM) can significantly decrease the wound area and promote the healing of DFUs (Guo et al., 2017; Zelen et al., 2018). However, in a large proportion of DFU patients treated with commercial DDM, the skin lesions remained unclosed at 16 weeks (Brigido, 2006), indicating that the efficacy of these DDMs on DFU healing still needs enhancement. To improve this, simultaneously adding exogenous GFs and loading stem cells onto the DDM may be a promising and possible solution to improve the efficiency of DDMs in clinical settings.

Basic fibroblast growth factor (bFGF) is a canonical member of the fibroblast growth factor family, which potently stimulates the proliferation of fibroblasts and capillary endothelial cells that give rise to granulation tissue (Zubair and Ahmad, 2019; Tan et al., 2020). Theoretically, bFGF could be loaded onto the DDM to improve its angiogenic functions. However, bFGF laden on DDMs using conventional approaches, such as hydrogels, nanoparticles, or liposomes (Xiang et al., 2011; Losi et al., 2013; Zhang et al., 2018), always show an inhomogeneous distribution, which may hinder the rapid regeneration of skin tissue. Given that collagen is the main component of DDMs, increasing the collagen binding ability of bFGF may be a good choice for homogeneous bFGF laden on DDMs. Recently, a heptapeptide (TKKTLRT), termed collagen-binding domain (CBD), showed affinity for collagen (Wahyudi et al., 2016), which was fused onto the N-terminus of bFGF to synthesize recombinant bFGF (named CBD–bFGF). CBD–bFGF not only exhibits endothelial inducibility but also can specifically bind collagen and be released in a sustained manner (Hao et al., 2018). Thus, we intended to use CBD–bFGF to improve the angiogenic functions of DDMs.

Apart from the scaffold, the source of seed cells, as well as their loading mode, is another critical factor in tissue engineering (Yin et al., 2013; Font Tellado et al., 2015). Adipose-derived stromal cells (ASCs) are the most commonly used cell source in the field of tissue engineering, owing to their rapid proliferation ability, multi-differentiation potential, and ease of harvest (Li et al., 2018; Luck et al., 2020; Mazini et al., 2020), and they have been widely used in combination with different scaffolds for diabetic wound healing in preclinical and clinical studies. Herein ASCs were selected as the seed cells for constructing tissue-engineered skin grafts. Considering that the cell sheet technique not only achieves highly efficient cell delivery but also preserves cell–cell contact, the secreted ECM and various factors during culture exert a significantly better effect on tissue regeneration than the administration of seed cells via suspension or microspheres (Harada et al., 2017). Therefore, we intended to load ASCs on a DDM in the form of a cell sheet. To better load the ASC sheets on the DDM (Chen et al., 2019), a novel book-shaped decellularized dermal matrix (BDDM) would be fabricated, and the ASC sheets would be uniformly sandwiched by the book-shaped scaffold, following a previous study. This mode could enlarge the number of seed cell loadings and facilitate the uniform distribution of seed cells in the scaffold.

In this study, inspired by the “book” appearance, we intended to prepare a DDM with a book-like appearance (termed BDDM). In order to promote the angiogenic inducibility of the BDDM, recombinant bFGF (named as CBD–bFGF) was tethered onto the collagen fibers of BDDM to fabricate a functional scaffold (CBD–bFGF/BDDM). After in vitro testing of the bFGF release dynamics and angiogenic functions of CBD–bFGF/BDDM, ASCs were cultured to form a cell sheet and sandwiched by CBD–bFGF/BDDM to construct a tissue-engineered skin graft (ASCs/CBD–bFGF/BDDM). Finally, we tested the ability of ASCs/CBD–bFGF/BDDM to heal full-thickness wounds in a streptozotocin-induced diabetic rat model. This study may provide a promising tissue engineering strategy for DFU healing.



MATERIALS AND METHODS


Ethics Statement

The experimental protocol for the use of Sprague–Dawley (SD) rats in this study was approved by the Animal Ethics Committee of Chenzhou No. 1 People’s Hospital.



Preparation and Evaluation of the Book-Shaped Decellularized Dermal Matrix


Preparation of BDDM

According to the rules on harvesting and processing tissues at Chenzhou No. 1 People’s Hospital, fresh skin tissues were acquired from donors who were undergoing traumatic amputation caused by car accidents. Samples from donors with transmittable diseases, including human immunodeficiency virus, hepatitis, syphilis, and human T-cell lymphotropic virus were excluded. In brief, the skin tissue pieces were incised into rectangular shapes, 2 cm in width and 3 cm in length, and then trimmed into a book shape with three pages (page thickness = 300 μm) (Supplementary Figure 1). After the book-shaped skin samples were rinsed with phosphate buffer solution (PBS), they were rinsed in decellularization solution A (10 mM Tris buffer and 5 mM ethylenediaminetetraacetic acid) for 12 h at room temperature. Then, the epidermal layer was mechanically detached from the dermis and processed within decellularization solution B (1% Triton X-100, 1.5 M potassium chloride, and 50 mM Tris buffer) for 12 h. After that, the samples were digested by 100 μg/ml RNase and 150 IU/ml DNase at 37°C for 2 h, followed by washing with PBS for 12 h. After the samples were lyophilized with a vacuum freeze-drier (FD8-5T, SIM, FL, United States), BDDM was acquired. During decellularization, the aforementioned solutions were supplemented with 1% penicillin–streptomycin–amphotericin B (03-033-1B, BioInd, Israel). Protease inhibitor (one tablet/300 ml, S8820-20TAB, Sigma, United States) was added to all solutions except the nuclease solution. Commercialized DDM was purchased from Beijing Jayyalife Biological Technology Co., Ltd., which has been authorized for clinical application by the Chinese Food and Drug Administration.



Evaluating the Histological and Ultrastructural Characteristics in the BDDM

Book-shaped decellularized dermal matrix and natural dermal tissue (NDT) were fixed in 4% neutral paraformaldehyde for 24 h and then embedded in paraffin. After the paraffin-embedded tissue blocks were sectioned at a thickness of 5 μm, the slices were stained with hematoxylin and eosin (H&E), 4′,6-diamidino-2-phenylindole (DAPI), Masson’s trichrome (MT), or anti-fibronectin (Rabbit Anti-Rat, ab268020, Sigma, United States). H&E staining was used together with DAPI to evaluate the elimination of cellular components in BDDM. MT staining combined with anti-fibronectin staining was used to observe the preservation of collagen and fibronectin in the BDDM. To comparatively observe the ultrastructural difference between the BDDM and NDT, the BDDM and NDT were fixed with 0.25% glutaraldehyde solution and sputter-coated with gold for scanning electron microscopy (SEM) (S-3400 N; Hitachi, Japan).



Preparation of the ASC Sheet


ASC Isolation and Identification

After inguinal subcutaneous adipose tissue was harvested from 3-week-old SD rats, the adipose tissues were extensively washed with PBS and then minced aseptically using sterilized surgical scissors, followed by 0.1% type I collagenase digestion (Gibco, United States) for 1.5 h at 37°C in a water bath shaker. Next, complete medium (DMEM/F12 + 10% FBS + 1% antibiotics; Gibco, United States) was added to neutralize the collagenase. After that, the suspension was centrifuged at 1,000 rpm for 5 min, and then the cell aggregate was washed with PBS, resuspended in complete medium, and incubated at 37°C in 5% CO2. Upon reaching 70–80% confluence, the cells were passaged. Isolated cells were identified by flow cytometry analysis using antibodies against CD11b, CD29, CD34, CD45, CD90, and CD105 (RAXMX-09011 Kit, Cyagen, United States). In vitro osteogenic differentiation, chondrogenic differentiation, and adipogenic differentiation were also used to identify the isolated cells. The passaged three cells were used for further experiments.



ASC Sheet Preparation and Evaluation

Adipose-derived stromal cells isolated from SD rats were seeded at 400,000 cells/cm2 on temperature-responsive culture dishes (3.5 cm in diameter, UpCell, ThermoFisher Scientific, United States) and cultured in complete medium with 20 μg/ml L-ascorbic acid (Sigma, United States) to form a coherent cell sheet. After spontaneous detachment at room temperature, the ASC sheet was either used to engineer grafts for patching diabetic wounds or histologically evaluated with H&E staining.



CBD–bFGF/BDDM Fabrication and Evaluation


Synthesis of CBD–bFGF

CBD–bFGF was synthesized according to a method described previously in the literature (Zhao et al., 2007; Shi et al., 2017). The CBD–bFGF protein expression vector was transplanted into the BL21 (DE3) strain of Escherichia coli and induced by isopropyl β-D-thiogalactopyranoside at 25°C for 8 h. The expressed recombinant protein was purified from the supernatant by pulling down the 6 × His tag. Purified CBD–bFGF was determined by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting (Rabbit Anti, ab213204, Abcam, United States). Natural bFGF (NAT-bFGF) expressed in E. coli was purchased from PeproTech (100-18B, PeproTech, United States) as a control. The amino acid sequences of CBD–bFGF and NAT-bFGF are listed in Supplementary Table 1.



Bioactivity Evaluation of CBD–bFGF

Adipose-derived stromal cells were used to evaluate the activities of CBD–bFGF. For the endothelial inducibility of CBD–bFGF or NAT-bFGF, ASCs were seeded in 12-well plates (Costar) at a density of 105 per well and cultured in complete medium (DMEM/F12 + 10% FBS + 1% antibiotics; Gibco, United States) at 37°C in 5% CO2. After 24 h of culture, the medium was changed to DMEM/F12 with 10% FBS with the addition of NAT-bFGF (10 ng/ml) or CBD–bFGF (10 ng/ml). After culturing for 10 days, qRT-PCR was applied to detect the expression of endothelial marker genes (CD31, vWF, and CD144). The primer sequences are listed in Supplementary Table 2. To further assess the endothelial inducibility of CBD–bFGF or NAT-bFGF, CD31 expression in ASCs was evaluated by immunofluorescence assay using an anti-CD31 antibody (ab24590, Abcam, United States). In addition, a Matrigel-based capillary-like tube formation assay was used to evaluate the tube forming capacity of ASCs stimulated by CBD–bFGF or NAT-bFGF. The stimulated ASCs were seeded on a Matrigel (BD Biosciences, United States) substrate and incubated at 37°C in 5% CO2 for up to 12 h. The cord-like structures were captured and counted by phase-contrast microscopy. ASCs cultured on tissue culture polystyrene (TCP) without stimulation were used as the control group.



CBD–bFGF on BDDM Binding Assay

Considering that the BDDM is full of collagen, we used it as a collagen scaffold to evaluate the binding ability of CBD–bFGF. A reference for the collagen binding assay can be found in published literature (Shi et al., 2017). Briefly, the BDDM (weighing approximately 122.71 ± 1.87 mg) was plated in a 48-well plate and then incubated with gradients of equal molar amounts of NAT-bFGF or CBD–bFGF for 2 h at 37°C. A primary antibody (ab208687, anti-bFGF, Rabbit, Abcam, United States) was added to the plates for 1 h at 37°C. Unbound antibody was removed by three washes with PBS. A secondary antibody (ab97048, goat anti-rabbit IgG H&L, Abcam, United States) was then added, followed by incubation for 1 h at 37°C. After washing with PBS, P-NPP disodium (2 mg/ml) was added for 10 min at room temperature, followed by termination of the reaction by the addition of an equal volume of 0.2 M NaOH. The absorbance was measured at 405 nm using a plate reader.



Controlled Release Assay of CBD–bFGF From CBD–bFGF/BDDM in vitro

After the BDDM (weighing approximately 120.23 ± 0.37 mg) was loaded with 1 μM NAT-bFGF or CBD–bFGF, it was suspended in 500 μl of PBS with 1% antibiotics at 37°C under continuous shaking. The PBS was collected and changed every 24 h. At each time point from day 0 to day 14, the concentration of bFGF in solution was analyzed by a human bFGF ELISA kit (70-EK1119-96, MultiSciences, China).



Cell Viability and Proliferation

Adipose-derived stromal cells (1.2 × 104/cm2, passage 3) were seeded onto CBD–bFGF/BDDM or T (as a control group). After 3 days of culture, a live/dead assay kit (40747ES76, Yeasen, Shanghai, China) was used to stain the ASCs cultured on CBD–bFGF/BDDM or TCPs. Images of the green-stained (live) cells and red-stained (dead) cells were captured by fluorescence microscopy with an excitation wavelength of 488/594 nm. Cell viability was calculated as follows: (live cells/total cells) × 100%. Additionally, a CCK8 kit (70-CCK8100, MultiSciences, China) was used to assess ASC proliferation on CBD–bFGF/BDDM on post-seeding days 1, 3, 5, 7, 9, and 11.



In vitro Endothelial Inducibility of CBD–bFGF/BDDM

The endothelial differentiation of ASCs induced by CBD–bFGF/BDDM, NAT-bFGF/BDDM, and TCPs was evaluated using 24-well Transwell inserts with 8-μm-pore-size filters (Costar 3422, Corning, United States) (n = 4). Briefly, CBD–bFGF/BDDM or NAT-bFGF/BDDM was transferred to the upper chamber. An upper chamber without a scaffold was set as a control group (TCPs). ASCs (5 × 104 cells/well, passage 3) were seeded into the lower chamber and cultured in complete medium (DMEM/F12 + 10% FBS + 1% antibiotics, Gibco, United States) at 37°C in 5% CO2. After culturing for 10 days, qRT-PCR was applied to detect the expression of endothelial marker genes (CD31, vWF, and CD144). The primer sequences are listed in Supplementary Table 2. To further assess the endothelial inducibility of CBD–bFGF/BDDM or NAT-bFGF/BDDM, CD31 expression in ASCs was evaluated with an immunofluorescence assay using an anti-CD31 antibody (ab182981, Abcam, United States). Additionally, a Matrigel-based capillary-like tube formation assay was used to evaluate the tube forming capacity of ASCs co-cultured with CBD–bFGF/BDDM or NAT-bFGF/BDDM. The co-cultured ASCs were seeded on a Matrigel (BD Biosciences, United States) substrate and incubated at 37°C in 5% CO2 for up to 12 h. The cord-like structures were captured and counted by phase-contrast microscopy.



Immunogenicity of CBD–bFGF/BDDM

The low immunogenicity of CBD–bFGF/BDDM was determined using 24-well Transwell inserts with 8-μm-pore-size filters (Costar 3422, Corning, United States) (n = 3). Briefly, RAW 264.7 cells at a density of 5.0 × 104 cells/well were cultured with complete medium (high-glucose DMEM + 10% FBS + 1% antibiotics; Gibco, United States) in the lower compartment. In the upper compartment, only complete medium was used as a negative control (TCP), while complete medium with 10 μg/ml lipopolysaccharide (LPS) was used as a positive control. Complete medium with CBD–bFGF/BDDM was set as the CBD–bFGF/BDDM group. After 7 days of culture, we collected the culture supernatant to detect TNF-α, IL-6, and IL-1β levels using ELISA kits (Multi Sciences, China).



In vivo Assessment in a Diabetic Rat Model


Tissue-Engineered Skin Graft Construction

Based on the saturation binding amount of CBD–bFGF on the BDDM, we immersed the BDDM in CBD–bFGF solution (1 μM), followed by incubation at 4°C for 12 h to acquire CBD–bFGF/BDDM. Additionally, two slices of ASC sheets were inserted into the page gaps of CBD–bFGF/BDDM, and then one ASC sheet slice was used to cover the button of CBD–bFGF/BDDM. Hence, a tissue-engineered skin graft was constructed (termed ASCs/CBD–bFGF/BDDM).



The Streptozotocin-Induced Diabetic Rat Model

In order to acquire diabetic rats, a single dose (75 mg/kg) of streptozotocin solution was injected into the abdominal cavity of adult male SD rats (weight: 200–250 g). After that, an electronic glucometer was used to measure the blood glucose levels on days 0, 3, and 7. Animals with blood glucose levels higher than 15 mM and that showed weight loss, polyuria, and polydipsia were considered diabetic and prepared for in vivo wound healing experiments. At 1 week later, the rats were anesthetized with pentobarbital (3%, 1.2 ml/kg) and then shaved with an electric clipper to clear the hair on the dorsal surface. Then, the dorsal surface of the animal was disinfected with 5% povidone–iodine solution, and a rounded full-thickness wound with a diameter of 20 mm was produced on the dorsal surface of the diabetic rats. The wounds of these operated rats were patched with four different tissue-engineered skin grafts: commercial DDM (DDM group), BDDM (BDDM group), CBD–bFGF/BDDM (CBD–bFGF/BDDM group), or ASCs/CBD–bFGF/BDDM (ASCs/CBD–bFGF/BDDM group). The implanted grafts were sutured into the wound site using black silk suture (SK526; Teleflex MedicalOEM, South Korea).



Wound Healing Assay

On postoperative days 0, 7, 14, and 21, the skin wounds of each rat were photographed, and these images were imported into Image-Pro Plus (version 6.0.0; Media Cybernetics Inc.) for calculation of wound closure by two independent investigators (Xin Shi and Xin Zhao). The percentage of wound closure was calculated as follows: (A0−At)/A0 × 100%, where “A0” indicates the area of the original wound, and “At” is the area of the wound at the measured timepoint.



Histological Evaluation

The rats were sacrificed 14 and 21 days after surgery (eight animals per group per time point) to harvest tissue samples by excising the graft together with a surrounding rim of normal skin. After fixation in 4% neutral paraformaldehyde for 24 h, the samples were dehydrated in ethanol, cleared in xylene, and then embedded in paraffin. The paraffin-embedded samples were sectioned at a thickness of 5 μm and then stained with H&E and MT for histological evaluation, including wound re-epithelization and collagen deposition. In the H&E-stained sections, the percentage of re-epithelialization (E%) was calculated according to previously described methods: E% = Wt/Wo × 100, where “Wo” is the length of the original wound, and “Wt” is the length of the neo-epithelium across the surface of the wound. In the MT-stained sections, the degree of collagen maturity in the wound beds was calculated by detecting the mean staining intensity for Masson (three random visual fields per section) using Image-Pro Plus 6 software.



Angiogenesis Evaluation

On postoperative day 7, wound samples from each group were used to detect whether angiogenesis had occurred in the granulation tissue of the wound bed. Briefly, the wound samples were sectioned and incubated with mouse anti-CD31 antibody (ab24590, Abcam, United States) and rabbit anti-αSMA (ab124964, Abcam, United States) at 4°C overnight, and then the sections were incubated with goat anti-mouse IgG H&L secondary antibody (ab150116, Abcam, United States) and goat anti-rabbit IgG H&L secondary antibody (ab150077, Abcam, United States) for 90 min at room temperature. The nuclei were stained with DAPI (Sigma Aldrich, no. D9542, United States). Images were captured with a fluorescence microscope (ApoTome 2, Carl Zeiss, Germany). The numbers of blood vessels in the four groups were determined by counting in three random fields/section between the wound edges using Image-Pro Plus 6.



Statistical Analysis

All data are expressed as mean ± standard deviation. We used Student’s t-test for the comparison between two groups and one-way ANOVA with a post hoc test for the comparison above two groups. P < 0.05 was considered statistically significant. All the analyses were performed using SPSS 25.0 software (SPSS, United States).



RESULTS


Identification of ASCs and Morphology of the ASC Sheet


Isolation and Identification of ASCs

The isolated cells in the culture plate showed a spindle-shaped morphology under a phase-contrast microscope (Figure 1A). Under osteogenic, chondrogenic, or adipogenic induction, the isolated cells were differentiated into osteocytes, chondrocytes, or adipocytes as shown by positive staining for alizarin red, alcian blue, and oil red O, respectively (Figure 1B). As determined by flow cytometry analysis, these isolated cells were positive for CD29, CD90, and CD105 but negative for CD11b, CD34, and CD45 (Figure 1C).


[image: image]

FIGURE 1. (A) Morphology of rat adipose-derived stromal cells (ASCs) at P2. Bar = 100 μm. (B) Osteogenic differentiation, chondrogenic differentiation, and adipogenic differentiation of ASCs revealed by alizarin red, alcian blue, and oil red O staining. Bar = 100 μm. (C) Flow cytometry analysis of the expression of cell surface markers related to stem cell phenotype in ASCs, which were positive for CD29, CD90, and CD105 and negative for CD11b, CD34, and CD45. (D) Macroscopic morphology and H&E-stained image of the ASC sheet. Bar = 50 μm.




Morphology of the ASC Sheet

The ASC sheet presented a homogeneous membrane structure, was composed of a large number of cells, and secreted ECM in the H&E-stained image (Figure 1D).



Characteristics of the CBD–bFGF/BDDM


Gross Observations and Morphology of the BDDM

As shown in Figure 2, the lyophilized BDDM presented a book-shaped appearance with three pages, each approximately 300 μm thick. Histologically, H&E- and DAPI-stained sections of the BDDM showed that all the cellular content had been clearly removed from the dermis. MT staining and immunohistochemistry staining using anti-fibronectin determined that our decellularization process did not deteriorate the structural integrity of the normal dermis but completely removed the epidermal layer-affiliated hair ducts and sweat glands. The SEM images showed a well-preserved NDT microstructure of the BDDM.


[image: image]

FIGURE 2. Gross observation, cellular components, collagen and fibronectin preservation, the microstructure of the native dermal matrix, and book-shaped decellularized dermal matrix. Bar = 100 μm.




CBD–bFGF Has a Similar Bioactivity to That of NAT-bFGF

Collagen-binding domain was fused to the N-terminus of bFGF with a linker sequence (Figure 3A). CBD–bFGF was identified by SDS-PAGE and western blotting (Figure 3B). The endothelial differentiation of ASCs was measured by evaluating CD31, vWF, and CD144 mRNA transcript levels using qRT-PCR. After 10 days of culture, ASCs (n = 4) in the NAT-bFGF group or CBD–bFGF group expressed significantly higher endothelial cell-specific markers (CD 31, vWF, and CD144) than those in the TCP group (Figure 3C). Furthermore, immunofluorescence staining assays confirmed the protein expression of CD31 in ASCs after NAT-bFGF or CBD–bFGF induction (Figure 3D). In addition, more capillary-like structures formed when the ASCs were plated onto Matrigel after induction by NAT-bFGF or CBD–bFGF (Figure 3E).
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FIGURE 3. (A) Schematic illustration of the full chemical structure of the collagen-binding domain–basic fibroblast growth factor (CBD–bFGF). (B) CBD–bFGF was identified by SDS-PAGE together with western blotting. (C) The expression of CD31, vWF, and CD144 in the adipose-derived stromal cells (ASCs) after having been induced by CBD–bFGF or natural (NAT)-bFGF for 10 days as evaluated using qRT-PCR. (D) The expression of CD31 in the ASCs after culturing with CBD–bFGF or NAT-bFGF for 10 days, stained with anti-CD31 antibody. Bar = 50 μm. (E) Phase-contrast photomicrographs of the differentiated ASCs subsequently plated onto Matrigel for 12 h demonstrate more formation of capillary-like structures under the stimulation of CBD–bFGF and NAT-bFGF for 10 days. Bar = 100 μm. Data are shown as means ± standard deviation (*P < 0.05, **P < 0.01, and ***P < 0.001).




Collagen Binding Ability of CBD–bFGF to BDDM

As shown in Figure 4A, CBD–bFGF showed a stronger binding ability to the BDDM than NAT-bFGF in a dose-dependent manner. At lower concentrations, similar amounts of NAT-bFGF and CBD–bFGF were bound to the collagen of the BDDM, indicating that NAT-bFGF possesses some collagen binding ability, which was demonstrated by other studies (Kanematsu et al., 2004; Miyoshi et al., 2005). At a concentration of 1.0 μM, the binding of NAT-bFGF and CBD–bFGF nearly reached their maximum. At concentrations of 0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 μM, the amount of CBD–bFGF bound on the BDDM was significantly higher than the amount of NAT-bFGF bound. These results indicated that the fused CBD significantly increased the collagen binding ability of bFGF.
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FIGURE 4. (A) The binding curves of collagen-binding domain–basic fibroblast growth factor (CBD–bFGF) or natural (NAT)-bFGF on the collagens of book-shaped decellularized dermal matrix (BDDM). (B) The curves showed the residual proportions of CBD–bFGF or NAT-bFGF in CBD–bFGF/BDDM or NAT-bFGF/BDDM after rinsing in phosphate-buffered solution every day. Data (n = 4) are shown as means ± standard deviation (*P < 0.05, **P < 0.01, and ***P < 0.001).




Sustained Release of CBD–bFGF From CBD–bFGF/BDDM

As shown in Figure 4B, the sustained release of CBD–bFGF or NAT-bFGF was evaluated over 14 days after binding with the BDDM. Our results determined that NAT-bFGF was rapidly released from the BDDM, while CBD–bFGF was slowly released from the BDDM. These results indicated that CBD–bFGF can specifically tether BDDM, resulting in a more sustained release from BDDM than NAT-bFGF.



Endothelial Inducibility of CBD–bFGF/BDDM in vitro

After the ASCs were cultured with TCPs, NAT-bFGF/BDDM, or CBD–bFGF/BDDM for 10 days, the ASCs cultured with CBD–bFGF/BDDM expressed the highest mRNA for endothelial cell-specific genes (CD31, vWF, and CD144) among the three groups, while the ASCs cultured with NAT-bFGF/BDDM also showed increased mRNA levels of CD31, vWF, and CD144 (Figure 5A). Immunofluorescence assays further validated that the level of the endothelial marker CD31 was upregulated in ASCs cultured with CBD–bFGF/BDDM, indicating that these cells successfully differentiated into endothelial cells (Figure 5B). In addition, a Matrigel tube formation assay was used to evaluate the ability of the ASCs to form capillaries (Figure 5C). Our results indicated that the ASCs cultured with CBD–bFGF/BDDM had tube formation ability.
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FIGURE 5. (A) Endothelial cell-specific markers’ (CD31, vWF, and CD144) expression quantified by qRT-PCR demonstrates that natural (NAT)–basic fibroblast growth factor (bFGF)/book-shaped decellularized dermal matrix (BDDM) or collagen-binding domain (CBD)–bFGF/BDDM induced the expression of these endothelial molecular markers. (B) Immunofluorescence staining assays for CD31 expression in the adipose-derived stromal cells (ASCs) cultured with tissue culture polystyrenes (TCPs), NAT-bFGF/BDDM, or CBD–bFGF/BDDM for 10 days. Bar = 50 μm. (C) Phase-contrast photographs of the differentiated ASCs subsequently plated onto Matrigel for 12 h show more formation of capillary-like structures under the stimulation of CBD–bFGF/BDDM for 10 days. Bar = 100 μm. (D) Comparative cell proliferation assay of ASCs seeded on the TCPs and CBD–bFGF/BDDM using CCK8 assay (n = 4). (E) Representative photographs show the live (green) and dead (red) ASCs after culturing with ASCs for 3 days and the viability analysis for the cells on the TCPs and CBD–bFGF/BDDM. Bar = 100 μm. (F) Pro-inflammatory cytokine (TNF-α, IL-6, and IL-1β) secreted by RAW 264.7 in the supernatant of TCPs, CBD–bFGF/BDDM, or lipopolysaccharide group. Data are shown as means ± standard deviation (*P < 0.05, **P < 0.01, and ***P < 0.001).




ASC Proliferation and Viability on CBD–bFGF/BDDM

As shown in Figure 5D, the ASCs seeded on CBD–bFGF/BDDM showed increased proliferation compared with the ASCs cultured on TCPs using a CCK8 assay. Additionally, using a live/dead assay, most of the ASCs on CBD–bFGF/BDDM displayed green fluorescence (live cells) after 3 days of culture, while a few ASCs displayed red fluorescence (dead cells). Statistically, the viability of ASCs on CBD–bFGF/BDDM was lower than that on TCPs, but the difference was not significant (Figure 5E).



Immunogenicity of CBD–bFGF/BDDM

After RAW 264.7 cells were cultured with TCPs, CBD–bFGF/BDDM, and LPS, the supernatants of the TCP and CBD–bFGF/BDDM groups showed similar levels of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β), and both of these groups showed significantly lower expression levels than those in the LPS group (Figure 5F). These results indicated that CBD–bFGF/BDDM is a biomaterial with low immunogenicity.



In vivo Performance of ASCs/CBD–bFGF/BDDM on Diabetic Wound Healing


Morphology of ASCs/CBD–bFGF/BDDM

CBD–bFGF/BDDM showed a book-like appearance with three pages. For ASCs/CBD–bFGF/BDDM (Figure 6), three slices of ASC sheets were interleaved into the page gaps of CBD–bFGF/BDDM. Histologically, the ASC sheet was composed of a large number of ASCs that secreted ECM.
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FIGURE 6. Gross appearance and histological morphology of adipose-derived stromal cells/collagen-binding domain–basic fibroblast growth factor/book-shaped decellularized dermal matrix. Bar = 100 μm.




ASCs/CBD–bFGF/BDDM Accelerate Diabetic Wound Healing

In order to evaluate the in vivo performance of ASCs/CBD–bFGF/BDDM on diabetic wound healing, we covered the full-thickness skin incisions created on the back of diabetic rats with the prepared materials (DDM, BDDM, CBD–bFGF/BDDM, and ASCs/CBD–bFGF/BDDM). As shown in Figure 7, no sign of inflammation or infection formation was observed in the material-covered wounds at different time points. New epidermis grew from the edge of the skin wound and gradually extended to the center, resulting in a reduction in the wound area. After 21 days, the skin wounds in the ASCs/CBD–bFGF/BDDM group were almost healed, while there were obvious wounds in the DDM, BDDM, or CBD–bFGF/BDDM groups. At 7 days after transplantation, the wound closure rates in the DDM and BDDM groups were similar without a significant difference, but both were significantly lower than those of the CBD–bFGF/BDDM and ASCs/CBD–bFGF/BDDM groups. The wound closure rate in the ASCs/CBD–bFGF/BDDM group presented a significantly higher value than that of the CBD–bFGF/BDDM group. At 14 days after transplantation, the ASCs/CBD–bFGF/BDDM group showed a significantly increased wound closure rate compared with the DDM, BDDM, and CBD–bFGF/BDDM groups. Histologically, H&E staining was used to evaluate the extent of re-epithelialization of the wound defects. As shown in Figure 8, the double-headed arrows indicate the length without re-epithelialization in the wound. The rate of re-epithelialization in the ASCs/CBD–bFGF/BDDM group was the highest among the four groups at postoperative days 14 and 21, and the difference was statistically significant. Additionally, MT staining and quantitative analysis were used to evaluate collagen deposition and maturation. As shown in Figure 8, on postoperative day 14, immature collagen could be seen surrounding the skin fibroblasts in the DDM and BDDM groups, while extensive deposition of collagen fibers was observed in the wound beds of the CBD–bFGF/BDDM and ASCs/CBD–bFGF/BDDM groups. Moreover, on postoperative day 21, there were more collagen deposition and thick wavy collagen fibers in the CBD–bFGF/BDDM and ASCs/CBD–bFGF/BDDM groups than in the DDM and BDDM groups, in which the collagen fibers showed an ordered arrangement pattern with the regeneration of some hair follicles. Quantitative analysis revealed that the collagen contents in the CBD–bFGF/BDDM and ASCs/CBD–bFGF/BDDM groups were significantly higher than those in the DDM and BDDM groups, and the collagen content in the ASCs/CBD–bFGF/BDDM group was significantly higher than that of the CBD–bFGF/BDDM group. These data indicated that ASCs/CBD–bFGF/BDDM could efficiently promote the repair of diabetic wounds.
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FIGURE 7. (A) Overview of the size change of the wounds made in the dorsal skin of diabetic mice among the four groups at postoperative days 0, 7, 14, and 21. (B) Traces of wound bed closure for each treatment group in vivo. The red area indicates the wound area at day 0, and the blue area indicates the wound area at postoperative days 7, 14, and 21. (C) Statistical analysis of the wound area in each group at postoperative days 0, 7, 14, and 21. Data are shown as means ± standard deviation (*P < 0.05, **P < 0.01, and ***P < 0.001).
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FIGURE 8. (A) H&E and Masson’s trichrome (MT) staining of wound sections in the decellularized dermal matrix (DDM), book-shaped decellularized dermal matrix (BDDM), collagen-binding domain–basic fibroblast growth factor (CBD–bFGF)/BDDM, or adipose-derived stromal cells (ASCs)/CBD–bFGF/BDDM groups at 14 or 21 days after the operation. The double-headed black arrows indicate the edges of the scars. Bar = 100 μm. (B) Quantitative analysis of the re-epithelialization extent and the mean intensity of MT staining in the histological sections of the DDM, BDDM, CBD–bFGF/BDDM, or ASCs/CBD–bFGF/BDDM groups. Data are shown as means ± standard deviation (*P < 0.05, **P < 0.01, and ***P < 0.001).




ASCs/CBD–bFGF/BDDM Stimulates Angiogenesis in Diabetic Wounds

Considering that CBD–bFGF/BDDM showed superior endothelial inducibility in vitro, we evaluated new blood vessel formation at the wound site at day 7 post-wounding to explore the efficacy of ASCs/CBD–bFGF/BDDM on the stimulation of angiogenesis. Thus, the total number of blood vessels and the number of mature blood vessels in the wound sites covered with DDM, BDDM, CBD–bFGF/BDDM, and ASCs/CBD–bFGF/BDDM were identified by CD31 immunostaining and double-staining for CD31 and αSMA, respectively (Figure 9A), from which the average densities of the total and mature vessels were quantified (Figure 9B). Our results showed that CBD–bFGF/BDDM- or ASC/CBD–bFGF/BDDM-covered wounds significantly enhanced the number of total and mature blood vessels compared to DDM- or BDDM-covered wounds, and significantly more vessels were detected in the ASC/CBD–bFGF/BDDM-covered wounds than in the CBD–bFGF/BDDM-covered wounds.
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FIGURE 9. (A) Double immunofluorescent staining for CD31 and αSMA in wounds covered with decellularized dermal matrix, book-shaped decellularized dermal matrix (BDDM), collagen-binding domain (CBD)–basic fibroblast growth factor (bFGF)/BDDM, adipose-derived stromal cells/CBD–bFGF/BDDM at day 7 post-wounding. Bar = 50 μm. (B) Quantitative analysis of the number of total blood vessels and mature blood vessels in wounds at day 7 post-wounding. Data are shown as means ± standard deviation (*P < 0.05, **P < 0.01, and ***P < 0.001).




DISCUSSION

Several kinds of commercialized DDMs have been authorized to patch DFUs in the clinic (Guo et al., 2017; Zelen et al., 2018). However, for a large proportion of DFU patients treated with these commercialized DDMs, their skin lesions remain unclosed at 16 weeks (Brigido, 2006), indicating that the efficacy of these DDMs on DFU healing still needs enhancement. To improve the efficiency of DDMs, BDDM, which is highly biomimetic to native dermal tissue in its histology, microstructure, and ingredients, was fabricated. The in vitro results indicated that BDDM has no biotoxicity and low immunogenicity and is suitable for ASC attachment and proliferation. Then, an engineered bFGF capable of binding collagen was synthesized and tethered onto the collagen of BDDM to fabricate CBD–bFGF/BDDM with superior endothelial inducibility. Lastly, an ASC sheet was interleaved into the page gaps of CBD–bFGF/BDDM to construct a tissue-engineered graft (ASCs/CBD–bFGF/BDDM). The in vivo performance of ASCs/CBD–bFGF/BDDM or CBD–bFGF/BDDM on DFU healing was elucidated using a diabetic rat model. The in vivo results indicated that ASCs/CBD–bFGF/BDDM can release tethered bFGF, stimulate laden ASCs down into the entheogenic lineage, and consequently improve angiogenic responses in diabetic wound sites, eventually enhancing the number of blood vessels in the wounds (Figure 10). This study provides a new covering graft for the treatment of DFUs.
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FIGURE 10. Schematic illustrating the application of adipose-derived stromal cells (ASCs)/collagen-binding domain–basic fibroblast growth factor (CBD–bFGF)/book-shaped decellularized dermal matrix (BDDM) in diabetic wound healing and their potential mechanisms. The CBD–bFGF/BDDM releases the tethered bFGF in a controlled pattern and then stimulates the implanted ASCs, and the endogenous cells migrated into the wound site down into the endothelial lineage, thus promoting diabetic wound healing, including enhancing the angiogenesis, granulation tissue formation, collagen deposition, and re-epithelialization.


Generally, skin wound healing is characterized by a series of sequential stages, including inflammation, proliferation, and remodeling, which involve multiple cells, growth factors, and extracellular signals (Martin, 1997). In the case of diabetes, skin wounds usually occur in combination with continuous inflammation, cell dysfunction, and limited angiogenesis, leading to delayed wound healing (Cho et al., 2019). Conventional treatments for DFUs include pressure offloading, surgical debridement, infection management using antibiotics, and surgical treatment to restore blood flow to wounds (Brem et al., 2004; Cavanagh et al., 2005). However, these treatments are mainly focused on how to close the wounds instead of addressing the underlying pathophysiology of the wounds; thus, their efficacy in improving DFU healing is limited, resulting in the frequent recurrence of wounds and even amputation. To address these shortcomings, various cell-based therapies have been investigated to enhance the healing of DFUs (Kirby et al., 2015; Cho et al., 2019), in which the transplanted cells may replace the resident cells in the diabetic wound and contribute to immune modulation, cell differentiation, angiogenesis, ECM production, growth factor production, and wound contraction (Kirby et al., 2015). In cell-based strategies for wound healing, stem cells are the most commonly used cell source. Currently, stem cells isolated from adipose tissue (ASCs), bone marrow (BMSCs), or umbilical cord blood (UCB-MSCs) have witnessed success in accelerating diabetic wound healing, with the enhancement of wound closure and microvessel density (Luo et al., 2010; Lu et al., 2011; Kuo et al., 2016; Shi et al., 2016). Among these types of stem cells, ASCs are relatively abundant and easily accessible (Kirby et al., 2015; Cho et al., 2019), making them the most suitable and convenient for clinical transplantation. However, the mode of ASC transplantation, such as in situ injection or intravenous injection, leads to ASC loss and uneven distribution, which cannot realize the on-site local delivery of abundant ASCs, thus compromising the efficacy and functions of ASCs (Sukho et al., 2017). To maximize the therapeutic effects of ASC transplantation, we used a temperature-responsive culture dish supplemented with ascorbic acid in the culture medium to create ASC sheet and then developed CBD–bFGF/BDDM to sandwich these ASC sheets. The ASC sheets showed good preservation of the cell–cell interactions within the multicellular aggregates along with secreted factors, which provide protection from the harsh chronic wound microenvironment, thus increasing the survival rate of transplanted cells (Yang et al., 2005; Neo et al., 2016). In addition, this CBD–bFGF/BDDM provides a temporary residence for maintaining the viability and activating the angiogenic functions of ASCs.

Apart from the mode of cell transplantation, the in situ environment also plays a critical role in the therapeutic effects of transplanted cells. In diabetic wounds, the chronic pro-inflammatory state with the constant infiltration of neutrophils and macrophages disrupts the balance of cytokine and growth factor production, which can directly impair the transplanted cells responsible for angiogenesis, ECM deposition, and granulation tissue formation (Gurtner et al., 2008; Eming et al., 2014). Among them, neovascularization and sufficient blood flow are critical for the process of wound healing since they function in the delivery of oxygen and nutrients into the healing site and create an accelerating effect for subsequent granulation tissue formation (Ren et al., 2018). Considering that ASCs have the potential to enter endothelial lineage under the stimulation of bFGF (Ning et al., 2009; Khan et al., 2017), CBD–bFGF/BDDM, which is capable of sustained bFGF release, was developed for sandwiching the ASC sheets in our study, which can yield the homogeneous distribution and alignment of a large number of ASCs and support their differentiation toward endothelial lineage. As shown in Figure 2, no detectable cellular components were present in the BDDM. Histological images also showed that the BDDM was highly biomimetic to NDT in terms of its histology, microstructure, and ingredients. In addition, the in vitro results showed that CBD–bFGF/BDDM has the ability to sustain the release of bFGF, thus providing a microenvironment to stimulate ASCs to differentiate into endothelial lineages. In our study, sectioning NDT into a book shape before decellularization could enlarge the tissue surface area for acellular reagent permeation, thus achieving rapid decellularization while preserving the morphological and compositional properties of the dermis. Moreover, the page gaps in the prepared BDDM could provide a physical channel facilitating the ASC sheet laden into the scaffold homogeneously, thus exposing most of the sandwiched ASCs to bFGF stimulation. This is one of the reasons why the diabetic rats in the ASCs/CBD–bFGF/BDDM group showed significantly better angiogenesis than the rats in the other groups. In addition, the implanted ASC sheets can release bioactive substances in a paracrine manner, including cytokines, growth factors, signaling lipids, and nucleic acids (Torres-Torrillas et al., 2019; Câmara et al., 2020), to optimize the local immune environment at the healing interface and promote angiogenesis and stromal cell migration. As a result, more granulation tissue formed at the healing site.

Using a streptozotocin-induced diabetic rat model, we found that the speed of skin wound closure increased gradually and significantly in the DDM, BDDM, CBD–bFGF/BDDM, and ASCs/CBD–bFGF/BDDM groups. Histologically, the wound re-epithelialization and collagen contents presented an increasing pattern similar to that of wound closure among the four groups. The reasons for this difference may be that (1) skin wound healing in the four groups undergoes a complex process, which successively includes endogenous cell infiltration, scaffold internalization and vascularization, and the formation of granulation tissues. The page gaps of BDDM, CBD–bFGF/BDDM, and ASCs/CBD–bFGF/BDDM could provide a physical channel that facilitates the migration of endogenous cells into the graft, thus accelerating scaffold internalization and vascularization. This may be the main reason why the skin wounds in the BDDM, CBD–bFGF/BDDM, and ASCs/CBD–bFGF/BDDM groups showed significantly better repair than those in the DDM group; (2) compared with the BDDM, CBD–bFGF/BDDM, and ASCs/CBD–bFGF/BDDM were capable of releasing tethered bFGF in a controlled manner. The migrated endogenous cells, especially MSCs, endothelial cells, and fibroblasts, were continuously stimulated by the released bFGF, which was more conducive to angiogenesis and epithelization. Consequently, the CBD–bFGF/BDDM group and the ASCs/CBD–bFGF/BDDM group showed better wound healing qualities than the BDDM group; (3) additional ASCs in ASCs/CBD–bFGF/BDDM could release a broad spectrum of biomolecules to optimize the local immune environment at the wound site (Shen et al., 2016; Sukho et al., 2018), thus attracting endogenous stem/progenitor cell infiltration and promoting ECM synthesis, resulting in an improvement in wound healing. Moreover, a large number of ASCs were loaded on the FBDDM and then transplanted into the wound lesions. The ASCs may act as a cell source that is directly differentiated into endothelial cells or fibrocytes, thus accelerating the formation of granulation tissue at the skin wound. Further in-depth studies are needed to prove these explanations.

Taken together, these results confirm that ASCs/CBD–bFGF/BDDM is a suitable covering graft for diabetic wounds. Nevertheless, there remain several limitations in our study. First, although NDT has suitable tensile strength, regretfully, a tensile strength test of the BDDM was not conducted in our study. According to published literature (Milan et al., 2016; Terzini et al., 2016), NDT could be decellularized without any deterioration of its tensile properties. Considering that our protocol of sectioning NDT into a book-like appearance does not influence the Langer lines of skin (Ottenio et al., 2015), BDDM may have similar tensile properties to NDT. Second, the in vivo functions of the implanted ASCs were not elucidated in this study. According to the literature (Frese et al., 2016; Luck et al., 2020), the regenerative effects of these implanted ASCs may be attributed to two aspects. (1) ASCs have multipotent differentiation potential (Frese et al., 2016; Luck et al., 2020), and our in vitro results determined that ASCs can differentiate into endothelial cells under the influence of CBD–bFGF/BDDM. We speculate that some implanted ASCs participate in skin wound healing by directly differentiating into endothelial cells, fibroblasts, and so on; and (2) the implanted ASCs secret a series of bioactive substances (cytokines, soluble proteins, growth factors, nucleic acids and membrane-bound vesicles) (Kapur and Katz, 2013; Pallua et al., 2014), which regulate some implanted cells and migrated endogenous progenitor cells involved in the formation of granulation tissue. In the future, further research is needed to reveal the detailed roles of the implanted ASCs. Third, we only comparatively evaluated the in vivo efficacies of the DDM, BDDM, CBD–bFGF/BDDM, and ASCs/CBD–bFGF/BDDM on wound healing. Rigorously speaking, we should include a group of diabetic rats without graft covering of their wounds. Because DDM has been authorized for clinical applications, its in vivo efficacy for wound healing has been proven at the stage of preclinical research. Thus, we did not include a group of diabetic rats without any skin wound treatment as a negative control in this study. This design is more compliant with the ethical requirements for laboratory animals. Despite these limitations, our results provide a basis for the clinical application of ASCs/CBD–bFGF/BDDM to accelerate diabetic wound healing.



CONCLUSION

In summary, a book-shaped decellularized dermal scaffold (termed BDDM) with a high resemblance to NDT in histology, microstructure, and ingredients was developed, and then recombinant bFGF (termed CBD–bFGF) capable of binding collagen was tethered onto this BDDM to improve its angiogenic functions, This functional scaffold (termed CBD–bFGF/BDDM) could largely load stem cells and sustainably release bFGF to stimulate stem cells through endothelial differentiation, Additionally, cells were interleaved into the page gaps of CBD–bFGF/BDDM to develop a novel tissue-engineered graft (termed ASCs/CBD–bFGF/BDDM), which was beneficial for enhancing diabetic wound healing via angiogenesis coordination. Furthermore, this study indicates that ASCs/CBD–bFGF/BDDM is a very promising graft for accelerating DFU healing in the future.
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Mesenchymal stem cells (MSC) have shown promise in restoring the vision of patients in clinical trials. However, this therapeutic effect is not observed in every treated patient and is possibly due to the inefficacies of cell delivery and high cell death following transplantation. Utilizing erythropoietin can significantly enhance the regenerative properties of MSCs and hence improve retinal neuron survivability in oxidative stress. Hence, this study aimed to investigate the efficacy of conditioned medium (CM) obtained from transgenic human erythropoietin-expressing MSCs (MSCEPO) in protecting human retinal pigment epithelial cells from sodium iodate (NaIO3)-induced cell death. Human MSC and MSCEPO were first cultured to obtain conditioned media (CM). The IC50 of NaIO3 in the ARPE-19 culture was then determined by an MTT assay. After that, the efficacy of both MSC-CM and MSC-CMEPO in ARPE-19 cell survival were compared at 24 and 48 h after NaIO3 treatment with MTT. The treatment effects on mitochondrial membrane potential was then measured by a JC-1 flow cytometric assay. The MTT results indicated a corresponding increase in cell survivability (5–58%) in the ARPE-19 cell cultures. In comparison to MSC-CM, the use of conditioned medium collected from the MSC-CMEPO further enhanced the rate of ARPE-19 survivability at 24 h (P < 0.05) and 48 h (P < 0.05) in the presence of NaIO3. Furthermore, more than 90% were found viable with the JC-1 assay after MSC-CMEPO treatment, showing a positive implication on the mitochondrial dynamics of ARPE-19. The MSC-CMEPO provided an enhanced mitigating effect against NaIO3-induced ARPE-19 cell death over that of MSC-CM alone during the early phase of the treatment, and it may act as a future therapy in treating retinal degenerative diseases.
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INTRODUCTION

The application of stem cells in treating retinal degenerative diseases is a growing niche in the regenerative medicine field (Ng et al., 2014; Tang et al., 2017). Over the years, different types of stem cells have been used in various transplant procedures, including embryonic stem cells (Schwartz et al., 2012, 2015) and retinal progenitor cells (Liu et al., 2017). Mesenchymal stem cells (MSC), in particular, have huge potential as a cellular therapeutic agent. This is in regards to its ease of procurement (Ng et al., 2014), non-controversial ethical use (Tang et al., 2017), and most importantly, the cells’ ability to differentiate and repair wounded tissue (Wang et al., 2014). These cells can be harvested from the umbilical cord, bone marrow, dental pulp, adipose tissue, etc., without inflicting grievous harm to the donors (Hass et al., 2011). MSCs are also capable of mediating the immune response and promoting tissue regeneration through the release of paracrine effectors (Berglund et al., 2017; Saldaña et al., 2017). To date, there are numerous ongoing clinical trials that are exploring the possible benefits of MSC transplants in treating several eye disorders (e.g., NCT02330978 and NCT02016508). However, the employment of transgenic stem cells in this particular field of study is relatively new. Such a method has previously been used in other cases, for example, to regenerate a patient’s skin using epidermal stem cells that have been engineered to express laminin (Bauer et al., 2017; Hirsch et al., 2017). This two-pronged approach is thought to elicit a better therapeutic effect.

Erythropoietin (EPO) is the principal hormone required for the body to produce red blood cells. It is also known to possess several non-hematopoietic functions (Ding et al., 2016), most notably in promoting anti-apoptotic property (Lombardero et al., 2011) and neurogenesis (Sasaki et al., 2000). This hormone has been implicated in human fetal eye development, and the expression of EPO receptors in the human retina (Patel et al., 2008), including other mammals such as mice (Caprara et al., 2014) and rats (Xie et al., 2007), are well-retained after birth (Ding et al., 2016). Additionally, it is believed that EPO is capable of modulating the inflammatory response within the eye by reducing the levels of reactive nitrogen/oxygen species (RNS/ROS) (Bond and Rex, 2014), and suppressing the expression of pro-inflammatory cytokines, e.g., tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) (Luo et al., 2015). Such inflammation is common in eye disorders, including retinitis pigmentosa (RP) (Hanus et al., 2016) and age-related macular degeneration (AMD) (Kauppinen et al., 2016).

In a normal physiological environment, the exposure of photoreceptors to light rays results in a harmful oxidative environment that is neutralized by the RPE to ensure the survival of both tissues (Sparrow et al., 2010). However, a dysfunction in the RPE will lead to the build-up and consequently, death of photoreceptors from oxidative stress (Kevany and Palczewski, 2010). Currently available treatment aimed to alleviate such tissue loss, as observed in RP and AMD, is such as recombinant anti-vascular endothelial growth factor (VEGF) therapy (Jo et al., 2014). More recently, researchers are exploring the application of genetically modified MSCs to enhance graft survival and cellular reparative mechanisms to recover lost retinal tissue. In our previous study, we have successfully demonstrated that cytotoxicity of glutamic acid on Y79 retinal cell line of photoreceptor origin could be significantly reduced by exposure of cells to conditioned medium collected from recombinant EPO-expressing MSCs (MSC-CMEPO) (Ding S. L. et al., 2018). Hence, we hypothesized that MSC-CMEPO could also have the same rescue effect on RPE cells undergoing necroptosis. Necroptosis is a cell death mechanism that contributes to retinal degeneration in known ocular disorders such as AMD (Hanus et al., 2016). To elucidate this, we exposed ARPE-19 cell lines to sodium iodate and then incubated the cells with MSC-CMEPO. The survivability of ARPE-19 cells was then assessed and compared with that of conditioned media collected from unmodified cells (MSC-CM) using colorimetric and flow cytometric analysis.



MATERIALS AND METHODS


Cell Culture of ARPE-19, MSC, and MSCEPO

The human RPE cell line ARPE-19 (ATCC, Virginia, United States) were cultured from P3 onwards in complete culture medium consisting of DMEM/F12 (Thermo Fisher Scientific, Massachusetts, United States), 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Massachusetts, United States), and 1% penicillin-streptomycin (Thermo Fisher Scientific, Massachusetts, United States). A short-tandem-repeat (STR) profiling for ARPE-19 authentication was performed by matching twenty-two STR loci plus the gender determining locus, Amelogenin and male-specific DYS391 locus of ARPE-19 against the reference ARPE-19 (ATCC® CRL-2302TM) STR profile. The loci were D3S1358, D1S1656, D2S441, D10S1248, D13S317, Penta E, D16S539, D18S51, D2S1338, CSF1PO, Penta D, TH01, vWA, D21S11, D7S820, D5S818, TPOX91, DYS391, D8S1179, D12S391, D19S433, FGA, D22S1045. The sample was processed using the ABI PRISM® 3100 Genetic Analyzer, and the resulting data was analyzed using the GeneMapper® v5.0 software (Applied BiosystemsTM). The percent match was 100% (Supplementary Figure 1). The human Wharton’s Jelly-derived MSCs were kindly donated by Cryocord Sdn. Bhd. (Cyberjaya, Selangor, Malaysia), and cultured from P1 onwards in complete culture medium consisting of DMEM/F12, 10% FBS, and 1% penicillin-streptomycin. Upon reaching 70% confluency, the respective cells were passaged by trypsinization using 0.25% trypsin-EDTA (Thermo Fisher Scientific, Massachusetts, United States) and centrifugation at 1,000× g. MSCsEPO were generated from the MSCs according to the protocol outlined in our previous study by Ding S. L. et al. (2018). In brief, recombinant lentiviral particles containing the pReceiver-Lv183-EPO plasmid (NCBI accession number: NM_000799.2) (GeneCopoeia, Maryland, United States) were added into the MSC (P3 to P6) complete culture medium supplemented with 8 μg/ml of polybrene (Sigma-Aldrich, Missouri, United States). After an 8 h incubation, the viral particles were removed and fresh complete growth culture medium was added. The transduced cells (MSCEPO) were then culture expanded. Flow cytometry was used to assess transduction efficiency, which was determined at 11.9%, followed by cell sorting (Ding et al., 2019). The pReceiver-Lv183-EPO plasmid comes with an upstream CMV promoter and a GFP expression tag downstream of EPO. It also contains neomycin and ampicillin as selection markers. All cell cultures were maintained under standard culture conditions (5% CO2 at 37°C in a humidified cell culture incubator).



Determination of EPO Secretion From the Transduced Cells

The transduced cells were culture-expanded for three sub passages before being sorted by a flow cytometer (Ding et al., 2019). The sorted cells were used in the present study. The secretion of EPO was determined by using an EPO ELISA kit according to the product specification (eBioscience, California, United States). The procedures to measure the EPO secretion have been described previously in Ding S. L. et al. (2018).



IC50 Determination of Sodium Iodate

Sodium iodate powder (NaIO3) (Alfa Aesar, Massachusetts, United States) was dissolved in DMEM/F12 media to obtain a stock solution of 100 mM, and filter-sterilized using a 0.22 μm polyethersulfone syringe filter (Nanogene, Selangor, Malaysia). Cellular toxicity in ARPE-19 cells was induced in a 24-well plate by spiking 0–40 mM of NaIO3 (n = 9 per dose) into the culture medium. The induced cultures were observed under a phase-contrast microscope throughout the study. After 48 h, the cell viability was then analyzed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. In brief, the NaIO3-treated ARPE-19 cells were incubated with 0.05 mg/ml of MTT reagent (Sigma-Aldrich, Missouri, United States) for 4 h. After that, the media was discarded and dimethyl sulfoxide (DMSO) was added into the wells to dissolve the formazan crystals. The solution was then transferred to a 96-well plate for optical density (OD) measurement using an absorbance wavelength of 570 nm. The reference wavelength of 630 nm was used. The IC50 was determined by analyzing the dose-response data using the four parameter logistic model (Sebaugh, 2011).



Determination of Survivability of ARPE-19 Cells Following Exposure to NaIO3 and Treatment With MSC-CM and MSC-CMEPO

Before preparing the CM, ARPE-19 cells were seeded at 3,000 cells/cm2 and incubated until about 50% confluency. Then, the media was refreshed and NaIO3 was added (6.8 mM final concentration). After a 24 h incubation, the media was removed. Following that, the NaIO3-induced ARPE-19 cell cultures were added with either 50% of MSC-CM or MSC-CMEPO in complete culture medium. The cells were incubated for 48 h under standard culture conditions. The conditioned media were collected from MSCs (MSC-CM) and MSCEPO (MSC-CMEPO) cultures. The description was as follows. The cells were first grown in complete culture medium for 48 h until reaching about 60% confluency. After that, the medium was changed to a serum-free version of the culture medium and the cells were incubated for another 48 h. The conditioned media were then collected and centrifuged at 1,000 × g for 10 min. The supernatant was extracted to yield a stock volume of conditioned media. After the incubation the cell viabilities were then determined by using an MTT assay according to the procedure stated above and compared with that of a sham treatment (without the addition of conditioned media).



Determination of ARPE-19 Mitochondrial Membrane Potential (ΔΨm) Changes Following Stem Cell CM Treatment

The ARPE-19 ΔΨm was measured using a JC-1 Flow Cytometry assay kit (Cayman Chemical, Czech Republic, Germany) according to the provided protocol. After treatment with conditioned medium according to the methods stated in above paragraph at 48 h, ARPE-19 cells were trypsinized and centrifuged under standard culture methods, and washed with PBS (pH 7.4) for up to three times. The cells were resuspended and incubated in 100 μl assay buffer for 5 min, and then added with an equal volume of 100 μl JC-1 staining solution. The samples were analyzed using a BD FACSCanto II flow cytometer with 488 and 525 nm channels.



Statistical Analysis

One and two-way analysis of variance (ANOVA) together with Tukey’s multiple comparison test post-hoc were used to compare the mean differences between each respective treatment groups (n >3 per dose) in the study. For the flow cytometric analysis, a one-way ANOVA was performed followed by Tukey’s multiple comparison test (n = 3). Significance was defined as p <0.05.



RESULTS


Cytotoxicity of NaIO3 Toward ARPE-19

The inhibitory concentration (IC50) of NaIO3 on the growth of ARPE-19 cells were determined by MTT assay following exposure to 0–40 mM of NaIO3 (Figure 1A). The cell viabilities reduced drastically when incubated in 5–40 mM concentration, resulting in a sigmoid curve that plateaus from 10 mM onwards at near 0% viability. Using GraphPad Prism 6, the IC50 was determined to be 6.8 mM. At this concentration, the cells exhibited losses of cell-to-cell adhesion, and shrinkage in cell size (Figures 1C,E). Meanwhile, untreated ARPE-19 cells demonstrated normal epithelial morphology, which is characterized by the formation of a monolayer of highly regular polygonal-shaped cells (Figures 1B,D).


[image: image]

FIGURE 1. Sodium iodate toxicity on human ARPE-19 cell line was determined by MTT assay and its effects on cell morphology were observed under a bright-field microscope. (A) The IC50 of the compound was determined through an MTT assay and was found to be 6.8 mM. The data were shown as mean ± SEM, n = 9. (B,C) ARPE-19 cells were cultured in serum-supplemented basal media and 6.8 mM NaIO3. (D,E) ARPE-19 cells were cultured in serum-supplemented basal media without NaIO3 (control) treatment. The scale bars denote 500 and 200 μm at 40× and ×100 total magnification, respectively.




Determination of EPO Secretion From the Transduced MSCs

The secretion of EPO in the MSC-CMEPO conditioned medium was validated by measuring its amount using an ELISA kit (Figure 2). Compared to the non-transduced cells, the transduced MSCs showed presence of EPO in the collected medium. The amount of EPO in MSC-CMEPO conditioned medium was found to be 1 mIU/ml.
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FIGURE 2. The amount of erythropoietin secreted by MSCEPO in the conditioned medium was quantified using a sandwich ELISA assay. The cells were seeded into a 6-well plate to achieve a seeding density of approximately 30 000 cells/cm2, n = 3. Once 80% confluency was achieved, the media was refreshed and the cells were incubated for 24 h under standard culture conditions (37°C, 5% CO2). The media was then collected for ELISA assay, and the amount of EPO in MSC-CMEPO conditioned medium was found to be 1 mIU/ml. The Student’s T-test was used to calculate the significant difference between the MSC-CMEPO and MSC-CM group. *⁣*⁣**p < 0.0001.




Dose-Dependent Effect of Conditioned Media on Treated ARPE-19 and Enhanced Survivability With MSC-CMEPO

The viability of ARPE-19 in NaIO3-treated cultures was then observed under a brightfield microscope and assessed by MTT assay after the addition of MSC-CM or MSC-CMEPO. The MSC-CMEPO-treated cells exhibited a morphology that was very similar to the untreated cells, which grew as regular patches of epithelia. The MSC-CM-treated cells also retained a similar morphology; however, the cells were sparse compared to the MSC-CMEPO group (Figure 3). At 24 h, the MSC-CM was not able to revive the ARPE-19 cells against oxidative damage by NaIO3. A statistically significant rescue (p < 0.0001) was only achievable after 48 h. Meanwhile, MSC-CMEPO could increase the cell viability significantly at 24 h (p < 0.001) and 48 h (p < 0.0001) in comparison to the control (Figure 4). NaIO3 induces mitochondrial depolarization in ARPE-19 cells. When treated with its IC50 and a vehicle (sham), approximately 40% of the cells experienced early apoptosis. Addition of MSC-CM and MSC-CMEPO into the NaIO3-ARPE cell culture reduced cell death to 10.30 and 7.93%, respectively (Figure 5).


[image: image]

FIGURE 3. Observation of sodium iodate-induced cell death of ARPE-19 cells in MSC-CM and MSC-CMEPO conditioned medium over a 48 h period. (A) Non-treated (NT) culture of ARPE-19 cells. (B) ARPE-19 cells induced with sodium iodate. (C) Sodium iodate-induced ARPE-19 cells treated with a sham control. (D) Sodium iodate-induced ARPE-19 cells were treated with MSC-CMEPO conditioned medium. (E) Sodium iodate-induced ARPE-19 cells were treated with MSC-CM conditioned medium. The treated cultures were observed under a brightfield microscope at 40× total magnification, and representative images were captured. The scale bars denote 500 μm.
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FIGURE 4. The mitigating effect of MSC-CM and MSC-CMEPO on sodium iodate-induced cell death of ARPE-19 cells over a 24 and 48 h period. The effects of 50% MSC-CM and MSC-CMEPO on ARPE-19 survivability were measured using an MTT assay and the data were shown as mean ± SEM, n = 4. Two-way ANOVA was used to calculate the significant difference, followed by Tukey’s multiple comparisons test where measurements were compared using sham as the reference. ∗p < 0.001, ∗∗p < 0.0001.
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FIGURE 5. The positive effects of stem cell conditioned medium on ARPE-19 survivability following addition of NaIO3. ARPE cells were added with NaIO3 and treated with MSC-CM or MSC-CMEPO. The viability at 48 h was then measured by determining the change in mitochondrial membrane potential (ΔΨm) of ARPE-19 cells. Two control tests were also performed. One control group contains ARPE cells alone without addition of NaIO3 and stem cell CM. Meanwhile, sham control group was induced with NaIO3 and treated with PBS only. Live cells were labeled as green dots while early apoptotic cells were labeled red. The JC-1 stains were detected by both 525 nm (JC-1 orange) and 488 nm (JC-1 green) channels, respectively. The results were presented as mean ± SEM, n = 3. One-way ANOVA was used to determine statistical significance between sham and the treated groups. ∗p < 0.0001. NT, no-treatment.




DISCUSSION

In this study, the NaIO3-induced RPE degeneration model was used to assess the treatment efficacy of MSC-CMEPO and MSC-CM. The compound is a cytotoxic agent that causes RPE necroptosis by inducing aggregation of receptor-interacting serine/threonine-protein kinase 3 (RIPK3), which triggers a form of cell death known as necroptosis (Hanus et al., 2016). It is also possible that cell death may occur by induction of oxidative stress (Sachdeva et al., 2014). Previous study have shown that it can react specifically with this cell type in many animal species [e.g., and rabbits (Shen et al., 2010), rats (Alsaeedi et al., 2019), and sheep (Nilsson et al., 1977)]. When added into the ARPE-19 cell culture, a loss of epithelial cell morphology could be observed within 24 h (Figure 1). The current in vitro model can be used to represent age-related macular degeneration, which is an incurable ocular disorder that is characterized by the loss of RPE cells (Fernández-Robredo et al., 2014). In order to prevent further loss of RPE cells, MSCs can be used as a cell source for treatment (Cislo-Pakuluk and Marycz, 2017). Recently, the production of synthetic MSCs through the packaging of MSC-secreted factors into carriers have shown high promise in animal models of osteoporosis (Shen et al., 2018) and acute myocardial infarction (Lee et al., 2017). This method replaces the direct use of MSC in treatment with the secretome, and thus, circumventing certain drawbacks such as reduced transplant survivability (English and Wood, 2013), undesired differentiation (Volarevic et al., 2018), and tumor promotion (Volarevic et al., 2018).

These MSCs are able to release extracellular vesicles (i.e., exosomes and microvesicles) and secrete soluble factors that promote tissue regeneration (Baraniak and McDevitt, 2010). A large number of such factors were previously identified, including but not limited to, vascular endothelial growth factor (VEGF), transforming growth factor beta 1 (TGFβ1), nerve growth factor (NGF), and insulin-like growth factor-1 (IGF1), etc. (Baraniak and McDevitt, 2010). In addition to that, the vesicles are a host to non-coding RNA species such as miRNA (Fatima et al., 2017; Ferguson et al., 2018). These have been found to target pathways of proliferation and apoptosis, such as the Wnt signaling pathway. Several studies have correlated the improvement of tissue repair with the use of MSC-CM. In an animal study, Jiang et al. (2017) were able to promote the healing of chemically injured corneal epithelium in a mouse model using MSC-CM (Jiang et al., 2017). While in a clinical study, Dahbour et al. (2017) found an improvement in patients with multiple sclerosis after combining bone marrow-MSCs and MSC-CM in their treatment regime (Dahbour et al., 2017). By using this treatment, they found a reduction in symptoms and overall improvement in prognosis. In our previous study, we have characterized the Wharton’s Jelly-derived MSCs by differentiation into the characteristic mesodermal lineages as well as validation of CD90, CD73, CD105, CD29, CD44, and HLA-ABC expression (Ding S. L. et al., 2018). Furthermore, we have transduced EPO gene into these cells and showed that exposure of conditioning medium harvested from these cells had a magnifying rescue effect over unmodified cells on the degeneration of retinal neurons due to oxidative stress (Ding S. L. et al., 2018). Hence, in the current study, we further tested the efficiency of the conditioning medium containing EPO protein for its ability to promote cell survivability in ARPE cell line when exposed to the cytotoxic agent.

Prior to our experiments, the secretion of EPO in the human MSCEPO cell culture was confirmed again by ELISA (Figure 2). Our results indicated that the collected medium from these cells was able to significantly enhance ARPE-19 survival than MSC-CM within 24 h post-treatment (p < 0.001) (Figure 4). At 48 h, the MSC-CM treatment cell group was found capable of exhibiting equal rescue effect of MSCEPO-CM. Meanwhile, the treatment of MSCEPO-CM showed a higher positive implication on the mitochondrial dynamics of ARPE-19, where more than 90% of the cells were found viable at 48 h (Figure 5). Both treatment groups exposed to MSCEPO-CM and MSC-CM were not showing significant difference in the number of apoptotic cells in the mitochondrial depolarization assay (Figure 5), which corresponded to our MTT cell viability assay. Taken together, our results indicated the potential of EPO protein to enhance the intrinsic regenerative potential in MSC in the early phase of treatment. The effect was not observed in the later 48 h, probably due to its low concentration. Our preliminary results may show potential significance in a clinical setting, in which immediate treatment is vital to reduce further damage to RPE cells, thereby preventing severity in visual dysfunction progression. Our results also point to the need to employ a higher EPO concentration for treating RPE cells when compared to neural photoreceptors.

The main limitation in the present study was that the amount of EPO in MSCEPO-CM was limited. The transduction protocol needs further optimization to improve the secretion of EPO by the cells. Modifying the protocol to a co-culture experiment with MSCEPO and ARPE-19 cells would likely have produced a much more significant result by the continuous supply of EPO, hence, eliciting a constant pro-survival effect. Also, we recommend changing the ARPE-19 cell line to a more physiologically relevant RPE cells, such as primary RPE culture or induced pluripotent stem cell (iPSC)-derived RPE cells, to generate a more accurate result in the near future (Poon et al., 2015; Zhang et al., 2020b). In the present study, Wharton’s jelly MSC was used because these cells boast enhanced proliferative markers and immunomodulatory capabilities (Kamal and Kassem, 2020). However, the use of Wharton’s jelly MSC may also lead to inconsistent results as these postnatal cells are prone to donor-specific variations, such as increased senescence, that can limit its therapeutic efficacy (Zhang et al., 2020a). Using other cell types, such as iPSC-derived MSCs have been shown to have enhanced proliferation as well as safety in human trials (Zhang et al., 2012; Lian and Zhang, 2016; Bloor et al., 2020).

EPO may have promoted cell survivability by activation of NF-κB (Li et al., 2004), phosphoinositide 3-kinase (PI3-K) (Günter et al., 2013), or protein kinase B (Akt) (Wang et al., 2009) which antagonized the damage signals brought about by NaIO3. Indirectly, the hormone may have also initiated cell survival activity via the stimulation of effectors such as hypoxia-inducible factors alpha (HIF-1α) and inhibition of pro-apoptotic factors such as caspase-3 (Güven Bağla et al., 2018). The application of EPO on ROS-induced RPE cytotoxicity in vitro have been shown to provide protective effects (Wang et al., 2009). Not only that, the EPO was also shown to act on the MSC itself by preserving stemness (Güven Bağla et al., 2018) and even protecting the cells from hyperglycemic injury (Cui et al., 2019). Furthermore, the application of rat MSCsEPO against retinal degeneration were shown to be effective in vivo (Guan et al., 2013). On the other hand, EPO was also found to activate the RAP1 signaling pathway (Arai et al., 2001), which also involved the regulation of NF-κB. Downregulation of NF-κB could lead to reduction of paracrine secretion from the MSCs (Zhang et al., 2015; Ding Y. et al., 2018), and this might be responsible for the reduced cell survivability percentage at 48 h. Therefore, it warrants further investigation on how this interaction will affect the treatment efficiency of MSCEPO in the future. More investigations on the involving signaling pathways to reveal the molecular events in ARPE cells upon interaction with EPO protein needs to be done too.



CONCLUSION

In brief, sodium iodate is an oxidative agent that results in ARPE-19 cell death. The study showed that MSC-CMEPO was able to significantly improve the viability of ARPE-19 upon the induction of cell death by sodium iodate3 in the early treatment phase. The mitigation in cell death was comparably higher than that of MSC-CM. The improvement in early treatment efficacy is likely due to synergistic effects between EPO and paracrine effectors in MSC-CMEPO. The current study has demonstrated a proof-of-concept where conditioned medium harvested from erythropoietin-expressing mesenchymal stem cells can be used to rescue retinal pigment epithelial cell death.
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Transplanted Erythropoietin-Expressing Mesenchymal Stem Cells Promote Pro-survival Gene Expression and Protect Photoreceptors From Sodium Iodate-Induced Cytotoxicity in a Retinal Degeneration Model
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Mesenchymal stem cells (MSC) are highly regarded as a potential treatment for retinal degenerative disorders like retinitis pigmentosa and age-related macular degeneration. However, donor cell heterogeneity and inconsistent protocols for transplantation have led to varied outcomes in clinical trials. We previously showed that genetically-modifying MSCs to express erythropoietin (MSCEPO) improved its regenerative capabilities in vitro. Hence, in this study, we sought to prove its potential in vivo by transplanting MSCsEPO in a rat retinal degeneration model and analyzing its retinal transcriptome using RNA-Seq. Firstly, MSCsEPO were cultured and expanded before being intravitreally transplanted into the sodium iodate-induced model. After the procedure, electroretinography (ERG) was performed bi-weekly for 30 days. Histological analyses were performed after the ERG assessment. The retina was then harvested for RNA extraction. After mRNA-enrichment and library preparation, paired-end RNA-Seq was performed. Salmon and DESeq2 were used to process the output files. The generated dataset was then analyzed using over-representation (ORA), functional enrichment (GSEA), and pathway topology analysis tools (SPIA) to identify enrichment of key pathways in the experimental groups. The results showed that the MSCEPO-treated group had detectable ERG waves (P <0.05), which were indicative of successful phototransduction. The stem cells were also successfully detected by immunohistochemistry 30 days after intravitreal transplantation. An initial over-representation analysis revealed a snapshot of immune-related pathways in all the groups but was mainly overexpressed in the MSC group. A subsequent GSEA and SPIA analysis later revealed enrichment in a large number of biological processes including phototransduction, regeneration, and cell death (Padj <0.05). Based on these pathways, a set of pro-survival gene expressions were extracted and tabulated. This study provided an in-depth transcriptomic analysis on the MSCEPO-treated retinal degeneration model as well as a profile of pro-survival genes that can be used as candidates for further genetic enhancement studies on stem cells.

Keywords: mesenchymal stem cells, erythropoietin, sodium iodate, transcriptome, photoreceptors, pro-survival genes


INTRODUCTION

Regenerative medicine is a fast-paced field that has contributed heavily to stem cell research. A variety of stem cells have been utilized in clinical trials to replace wounded tissue and treat many degenerative diseases. Mesenchymal stem cells (MSCs) are highly potent cells that are not heavily restricted by ethical guidelines, such as those involving embryonic (Mintrom, 2013) and fetal stem cells (Ishii, 2014). But like other cell-based therapies, MSC treatment is presented with its own set of limitations. Cell donor heterogeneity arising from epigenetic modifications and health conditions can result in varied clinical benefits that reduce the overall effectiveness of the treatment (McLeod and Mauck, 2017; Kang et al., 2018; Lee, 2018). As a result, younger donors tend to have more robust cells compared to older donors. Although allogeneic transplants are an option for older patients, the risks of graft rejection also cannot be ignored (Trounson and McDonald, 2015). Apart from these, inconsistent transplantation procedures and poor cell engraftment is also a common issue (Kean et al., 2013; Baldari et al., 2017; Ezquer et al., 2017). Hence, researchers have developed a workaround solution by pre-treating MSCs with growth factors/cytokines to stimulate cellular proliferation, growth, and enhance regenerative potential (Kavanagh et al., 2015; Wang et al., 2019). Erythropoietin (EPO) is one such factor that is known to exert anti-apoptotic (Lappin, 2003; Wang et al., 2015) and proliferative (Gawad et al., 2009; Günter et al., 2013) properties through its binding with non-erythroid EPO receptors (EPOR). Additionally, EPO can interact with MSCs to promote the secretion of microvesicles for stronger paracrine wound healing (Wang et al., 2015). It also confers a protective effect on these cells in the harsh microenvironment of wounds, thereby improving graft survivability (Ercan et al., 2014; Ding et al., 2018). As such, we sought to genetically enhance MSCs by combining them with EPO as a single treatment via genetic modification. This could result in an improved therapeutic outcome. To date, genetically modifying MSCs to express EPO is not widely explored.

In this study, we aimed to investigate the therapeutic potential of MSCsEPO in a rat retinal degeneration model that was established using NaIO3 (Koh et al., 2019). Firstly, MSCsEPO were cultured and expanded until the cells were sufficient enough for intravitreal transplantation into the sodium iodate-induced model. Once the procedure was done, electroretinography (ERG) was performed bi-weekly for 30 days. Histological analyses were then performed at the end of the time-point analysis. After that, the retina samples were harvested for RNA-Seq. Salmon and DESeq2 were used to process the data for downstream applications. The generated dataset was analyzed using over-representation analysis (ORA), functional enrichment analysis (GSEA), and pathway topology analysis (SPIA) tools to identify key enriched pathways, such as phototransduction and cell death. Based on these pathways, a set of pro-survival gene expressions were able to be extracted and tabulated. In this study, we provided an in-depth transcriptomic analysis on the MSCEPO-treated retinal degeneration model and also revealed a unique profile of genes that likely contributed to the survival of retinas exposed to sodium iodate.



MATERIALS AND METHODS


Animal Handling and Ethics

The study was conducted in full compliance with the rules and regulations set by the Universiti Kebangsaan Malaysia Animal Ethics Committee (UKMMAEC) (UKM FPR.4/244/FF-2014-376). Adult Sprague-Dawley rats (N 28), aged at post-natal weeks 8–9, were used in this study. The rats were reared in Individually Ventilated Cages (IVC) under a strict 12 h light and dark cycle throughout the study except during overnight dark adaptation prior to an electroretinography test.



Culture and Expansion of MSCs and MSCsEPO

The mesenchymal stem cells used in this study were harvested from human Wharton’s jelly. In brief, the Wharton’s jelly was rinsed in fresh phosphate-buffered saline (PBS) and transferred into T25 tissue culture flasks containing DMEM/F12 medium (Invitrogen, CA, United States) supplemented with 10% fetal bovine serum (Invitrogen, CA, United States) and 1% penicillin-streptomycin (Invitrogen, CA, United States). The culture was incubated in a humidified cell culture incubator at 37°C, 5% CO2. After reaching 80% confluency, the flasks were rinsed with PBS and the adherent cells were harvested with 0.25% trypsin-ethylene diamine tetra acetic acid (EDTA) (Invitrogen, CA, United States). The process was repeated to remove any remaining floating cells. In brief, 1 × 106 MSCs were transferred from an ampoule into a 15 ml tube with 10 mL of complete culture medium. The cells were centrifuged at 1,000 × g for 10 mins and resuspended in complete culture medium. The cells were then plated at 3,000 cells/cm2 in plastic tissue culture flasks and incubated in a humidified cell culture incubator at 37°C, 5% CO2. Characterization of MSCs has been published in our previous studies (Ding et al., 2018, 2019). The characterization included immunophenotyping and differentiation into the three mesodermal lineages. In brief, immunophenotyping was performed to identify the positive expression of the key MSC markers CD90, CD73, CD105, CD29, CD44, and HLA-ABC. Several non-MSC markers were also tested to ensure MSC purity, and this included CD34, CD14, CD45, CD80, and CD86, which were not detected. Cytochemical staining was performed to confirm the differentiation into adipogenic, chondrogenic, and osteogenic lineages. The previously characterized MSCs were used in the present study. The genetic modification of MSCsEPO was performed in our previous study at Ding et al. (2019). In short, lentiviral particles containing the pReceiver-Lv183 plasmid (GeneCopoeia, MD, United States) and human EPO gene (NCBI accession number: NM_000799.2) was used to transduce the MSCs (P3 – 6). The plasmid contained a GFP marker immediately downstream of the EPO construct. The efficiency was up to 11.9%, as measured with flow cytometry. Following that, sorting was performed using CD44-specific antibodies (BD Biosciences, CA, United States) and GFP as expression markers with the FACSAria III system. Up to 90% MSCsEPO were sorted and re-characterized (Ding et al., 2018, 2019). The sorted cells were plated at 6,000 cells/cm2 in plastic tissue culture flasks with complete culture medium. Measurement of EPO secretion was also performed in our previous study (Ding et al., 2018). In brief, MSCsEPO were grown in complete culture medium for 72 h. The conditioned medium was then collected and filtered through a 0.22 μM syringe filter. The ELISA was then performed according to the manufacturer’s protocol, whereby 450 nm was used to obtain the optical density values for estimating EPO concentration based on the standard curve. The concentration was approximately 110 mIU/ml from an initial seeding density of 3,000 cells/cm2.



Intravitreal Transplantation

Intravitreal injection of stem cells was performed as described by Ji et al. (2018) 4 days before the induction of retinal degeneration. MSCs and MSCEPO were trypsinized, centrifuged, and resuspended in Hank’s balanced saline solution (HBSS) (Invitrogen, CA, United States) to achieve a final injection concentration of about 1 × 104 cells/μl. Before loading into the syringe, 10 μl of the cells were first subjected to gentle mechanical dissociation. Then, 2 μl of the cell suspension was loaded into a sterilized Hamilton syringe once the operation was ready to minimize cell clumping (Leow et al., 2015). During the transplantation, the rats were first anesthetized with an intramuscular administration of ketamine (80 mg/ml) and xylazine (8 mg/ml) at a dose of 0.001 ml/g. The pupils were then dilated with Mydriacyl (1% tropicamide) (Alcon, TX, United States). Alkaine (0.5% proparacaine hydrochloride) (Alcon, TX, United States) anesthetic eyedrops were then given. During the injection, a tract was formed by carefully puncturing the right cornea with a sharp insulin needle. After that, 2 μL of cells were slowly deposited with the blunt Hamilton syringe. To avoid excessive leakage of cells, the syringe was carefully withdrawn 30 s later. Maxitrol antibiotic eyedrops (1 mg dexamethasone, 6000 IU polymyxin B sulfate, and 3500 IU neomycin sulfate) (Alcon, TX, United States) were then applied to the eyes. There was a total of 4 groups in the study, i.e., healthy control (N = 8), NaIO3-administered vehicle/sham control (N = 8), MSC (N = 6), and MSCEPO-transplanted (N = 6) groups. In the vehicle control group, HBSS was injected without cells. After the operation, the rats were observed daily for any signs of surgical complications. Dexamethasone immunosuppressant (Novartis, Basel, Novartis) was injected intraperitoneally at a 2 mg/kg dose for 3 days before transplantation. After transplantation, it was replaced with cyclosporin A-infused (Novartis, Basel, Switzerland) drinking water (100 μg/mL). This was given ad hoc until day 30 of the study.



Sodium Iodate Degeneration Model

Retinal degeneration in post-transplanted (4-day) Sprague-Dawley rats (herein designated as day 0 in the present study) were induced using a systemic administration of sodium iodate (NaIO3) as per our previous study (Koh et al., 2019). The compound was prepared fresh by diluting NaIO3 (Alfa Aesar, MA, United States) in sterile Hank’s balanced salt solution (10% w/v) and stored at RT before administration. Prior to the administration, the rats were completely anesthetized and rested on warm heating pads. The compound was then injected systemically via the caudal vein at a dose of 40 mg/kg.



Electroretinography Test

Electroretinography was conducted bi-weekly post-operation until the end of the study on day 30. Before it was carried out, the rats were dark-adapted overnight. Electroretinography was conducted in a dark room throughout the test. Firstly, the rats were completely anesthetized. The pupils were dilated with Mydriacyl (1% tropicamide) (Alcon, TX, United States), and Alkaine (0.5% proparacaine hydrochloride) (Alcon, TX, United States) anesthetic eyedrops were then given. Silver chloride loop electrodes were placed on each eye, while the reference and ground electrodes were attached to the ear and tail, respectively. After carefully wheeling the rat onto the platform of the RETI-port Roland Consult ERG instrument, the test was initiated. Five light intensities were used for the full-field scotopic measurement, i.e., the 0.003, 0.03, 0.03 (9 hz flicker), 0.3, and 3.0 cd.s/m2 flash intensities. An average of 10–20 flashes per intensity was averaged and processed using the RETI-port system.



Enucleation, Histology, and Immunohistochemistry

At the end of the study, the rats were euthanized with an overdose of sodium pentobarbitol (150 mg/kg) (Zoetis, NJ, United States). The eyeballs were immediately enucleated by excising the surrounding connective tissue and then snap-frozen in liquid nitrogen. The eyes were then dissected using a cryostat (Sakura, CA, United States) into sections of 4 microns. General hematoxylin & eosin staining was performed on several sections while immunohistochemistry was performed on several others, as described by Koh et al. (2019). For quantitative histological analysis of transplanted retinas, visual fields along the section were taken to measure the thickness of the entire retina. This included the peripheral and central retina. For immunohistochemistry, the primary antibody used was anti-STEM121 (1:400) (Takara Bio, Japan), while DAPI acted as the counterstain. The antibodies (in 1% BSA solution) were added to the sections and incubated overnight at 4°C. During the next day, the slides were washed thrice with PBS solution. Then, secondary antibodies were added and incubated for 1 h (AF594, 1:400) (Abcam, United Kingdom). After three more washing steps with PBS, the coverslips were mounted with a DAPI containing mounting medium and viewed under a fluorescence microscope.



RNA Extraction and NGS Library Preparation

Once the eyes were harvested, the retinas were isolated and immediately incubated in RNAlater (Qiagen, Germany) at 4°C overnight. After centrifuging and removing excess RNAlater the next day, the tissues were stored at −80°C or processed immediately. RNA extraction was carried out using the RNeasy Plus Universal Kit (Qiagen, Germany) according to the manufacturer’s protocol. In brief, the tissue was lysed in QIAzol lysis reagent and mixed with a gDNA Eliminator solution. After centrifuging the mixture at maximum speed for 15 min at 4°C, the resulting upper aqueous layer was transferred to a fresh tube containing 70% ethanol at an equal volume. The samples were then spun through an RNeasy Mini Spin column, washed several times, and finally eluted into a fresh RNase-free tube with 50 μL of RNase-free elution buffer. Quality control was then performed with the Qubit fluorometer (Thermo Fisher Scientific, MA, United States) and Bioanalyzer 2100 system (Agilent Technologies, CA, United States). All samples (N = 3 per group) had RIN ≥ 8.5. NGS library construction was performed using the QIAseq Stranded mRNA Select kit (Qiagen, Germany) according to the manufacturer’s protocol. In brief, 15 samples were mRNA-enriched using 1 μg of total RNA. The mRNA samples were fragmented and converted to cDNA. First and second-strand syntheses were then performed before the samples were barcoded with Illumina-compatible adapters. Once the libraries were constructed, another quality control check was performed with the Qubit fluorometer and Bioanalyzer 2100 system. The libraries were pooled and from that, 1.6 pM was transferred for RNA-seq using the NextSeq 500 system (Illumina, CA, United States). Paired-end sequencing was performed (2 × 75 bp) for a minimum of 25 million expected reads per sample.



RNA-Seq Data Quality Control, Alignment, and Quantification

Upon completion of RNA-Seq, the de-multiplexed output files were concatenated to yield individual forward and reverse FASTQ files per library (91% sequence quality ≥ Q30, average no. of reads = 55 million). The FASTQ output files were then examined using FastQC (version 0.11.9) in interactive mode. No Illumina adapter contamination was present after trimming, and the data was of good quality. Selective alignment was then performed by mapping the reads to the Rattus norvegicus transcriptome and genome assembly from Ensembl (Rnor_6.0) using Salmon (version 1.1.0)(Srivastava et al., 2020). A k-mer of 31 was used for the construction of the reference index. After that, transcript abundance values were converted to the gene level using Tximport (version 3.12) to generate an input file for normalization using DESEq2 (Love et al., 2014). The data were transformed using the regularized-logarithm (rlog) function. Annotation was done based on the Ensembl Rnor_6.0 assembly.



Exploratory Data and DEG Analysis of RNA-Seq Data

Exploratory data analysis was performed after normalization with DESeq2. The pcaExplorer tool was used to construct a principal component analysis PCA plot using the rlog-transformed dataset for data visualization. Hierarchical clustering was performed after pairwise correlation using Pearson’s correlation coefficients. Differential gene expression analysis was performed using DESeq2, where Padj < 05 and fold change > ± 2.0 were set as the arbitrary cutoff threshold statistical significance. Volcano plots were constructed for data visualization in R. An over-representation analysis was performed with the online g:Profiler tool (Raudvere et al., 2019) using the list of DEGs generated from DESeq2 to obtain a snapshot of top clustered transcriptomic profiles. The REViGO tool was then used to summarize and present a representative subset of these GO biological processes (Supek et al., 2011).



Functional Enrichment and Pathway Topology Analysis

Functional enrichment analysis was performed using the Gene Set Enrichment Analysis (GSEA) tool (version 4.1.0)(Subramanian et al., 2007). The expression dataset, phenotype labels, and gene set files were prepared with the rlog-transformed dataset and then loaded into GSEA in the graphical interface mode. The metric used in gene ranking was ‘Signal2Noise’ and the number of gene set permutations was set to 1000. Gene annotation was performed using the Ensembl platform in GSEA (Rat_ENSEMBL_Gene_ID_Human_Orthologs_MSig DB.v7.2. chip). Rattus norvegicus (Rnor_6.0 assembly) was used as the reference genome. The Gene Ontology biological processes gene set from GSEA MsigDB was used as the database for functional enrichment. Other than these settings, the remaining fields were left at default. Pathway topology analysis was performed with the Signaling Pathway Impact Analysis (SPIA) tool (version 3.12) (Ihnatova et al., 2018). KEGG pathways were used as the reference database. Results with Padj < 0.05 were considered statistically significant.



Statistical Analysis

Histological measurements were performed with one-way ANOVA and Dunnett’s multiple comparisons test post-hoc. Electroretinographic comparisons were calculated using two-way ANOVA, followed by Tukey’s multiple comparisons test post-hoc. Prism 6 (GraphPad, CA, United States) was used for graphing (mean SEM) and statistical analyses apart from RNA-Seq analyses, in which case DESeq2, GSEA, and SPIA were used. All analyses involving DEGs and enrichment were considered statistically significant when Padj < 0.05.



RESULTS


Identifying Intravitreally-Transplanted MSCsEPO in the Retinal Degeneration Model

Enucleation was performed on day 31 (after the study) for cryosectioning to identify intravitreally-transplanted stem cells in the model. This was done using H&E and immunohistochemical staining. On day 31, H&E staining of MSCEPO-transplanted sections revealed clusters of cells that have adhered to the retina. Upon closer inspection of the tissue, these cells were grafted on the retinal ganglion cell (RGC) layer (Figure 1A). The retinal thickness was quantified and compared between sections of healthy, sham (NaIO3-administered), MSC, and MSCEPO-transplanted groups. Statistically, the two latter groups of sections were significantly thicker than the controls (P <0.05) (Figure 1B).
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FIGURE 1. Ocular histology of normal, degenerated MSC, and MSCEPO-treated rats at day 31. (A) On day 31 post-operation, MSCEPO transplanted sections were stained with H&E and a population of cells was found on the RGC layer. The sections were viewed under 40× and 100× total magnification. The scale bars denoted 500 and 200 μm, respectively. The indicator points to the site of injection. (B) By comparing the sections, thicker retinas were found in the stem cell-treated groups. The sections were viewed under 100× total magnification. The scale bars were denoted as 200 μm. The results were presented as mean ± SEM. P values were obtained using one-way ANOVA and Dunnett’s multiple comparisons test post-hoc (*P < 0.05, ****P < 0.001). NT, no-treatment control; Degenerated, NaIO3-only/vehicle control; RPE, retinal pigment epithelium; PR, rods and cons layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; RGC, retinal ganglion cells.


To identify these adhered cells, immunohistochemistry was performed. Sections obtained on day 31 after the study were stained with STEM121 antibodies, which are specific to human cells (Figure 2). The cells were found grafted onto the retina.


[image: image]

FIGURE 2. Immunohistochemical staining of transplanted MSCsEPO in the retinal degeneration model. The stem cells were stained with human STEM121 antibodies (red signal), while DAPI (blue) was used as a nuclear counterstain. This was performed at the end of the study. After 30 days, the cells had engrafted onto the retina with no signs of penetration into the inner layers. Stained MSCsEPO in culture was used as a positive control. The sections were viewed under 40× (low) and 100× total magnification. The scale bars were denoted as 500 and 200 μm, respectively.




Stem Cell-Transplanted Models Had Stronger ERG Responses Compared With the Sham-Treated Group

An electroretinography test was conducted bi-weekly during the study until day 30. A total of 5 different flash intensities were used to invoke electrophysiological responses in the retina of the models (0.003, 0.03, 0.03–9 hz flicker, 0.3, and 3.0 cd.s/m2). Expectedly, healthy (NT) rats elicited strong ERG responses (Figure 3). These were recorded using the ERG b wave as it is the most clinically relevant indicator that represents the major component of the graph. Compared with the NT group, the NaIO3-only sham (vehicle control) group had much weaker b wave amplitudes. On the other hand, rats transplanted with MSCs showed stronger ERG responses when compared with the sham group. The b waves were more apparent in all the tested flash parameters. Strong responses were recorded in week 2, and the brightest flash intensity (3.0 cd.s/m2) produced the highest b waves. However, this began to slowly plummet by week 4. Conversely, although the MSCEPO group also showed improved ERG responses, its effectiveness was only detected with the brightest flash intensity. Interestingly, the b wave responses in the MSCEPO-treated group were more consistent throughout the study when compared with the MSC-treated group, which showed declining ERG responses over time.


[image: image]

FIGURE 3. Electroretinographic readings of stem cell-transplanted retinal degeneration models in the study. An ERG test was performed on week 2 and week 4 to assess the effectiveness of MSC and MSCEPO in protecting the retina from sodium iodate-induced damage. Five flash intensities were used (0.003, 0.03, 0.03–9 hz flicker, 0.3, and 3.0 cd.s/m2) for the recording. Rats transplanted with MSCs showed strong ERG responses in week 2 but began to weaken by week 4. Conversely, although the effectiveness of MSCEPO was only detected with the brightest flash intensity, the responses were more consistent throughout the study. The results were presented as mean ± SEM. Two-way ANOVA, followed by Tukey’s multiple comparisons test post-hoc, was used to obtain the P values (*P < 0.05, **P < 0.01, ***P < 0.001). NT, no-treatment control; Degenerated, NaIO3-only/vehicle control; MSC, MSC-transplanted group; MSCEPO, MSCEPO-transplanted group.




Performing an Exploratory Data Analysis of RNA-Seq Count Data

Before analyzing the RNA-Seq data for gene expression studies, an exploratory data analysis was carried to assess data quality and explore sample correlations. Firstly, a principal component analysis (PCA) plot was constructed to identify sample grouping (Figure 4A). Expectedly, the no-treatment samples formed a clear cluster. Likewise, this was also shown for the sham samples, and both of these groups could be distinguished. In the case of the experimental groups, both MSC and MSCEPO samples shared a higher correlation with each other when compared with the controls. However, although the MSCEPO samples had a distinct cluster, the MSC samples showed a higher intra-group variance. A sample-to-sample distance matrix was then constructed based on Poisson distance (Figure 4B). Similar to the PCA plot, the no-treatment and sham groups showed clear grouping. Both the MSC and MSCEPO samples were also shown to have a closer relationship with each other, which was expected since both cells shared the same source. One MSC sample, in particular, had a larger sample distance and was likely due to strong gene expressions which may be constituted as outliers. To tackle this, DESeq2 was used in the differential gene expression step to eliminate these factors. After outlier removal, the data was visualized in the form of a Cook’s distance boxplot for manual inspection of further outliers (Figure 4C). The samples were shown to have a comparable Cook’s distance distribution after processing.
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FIGURE 4. Exploratory data analysis of RNA-Seq count data was performed by measuring sample distances to evaluate for similarities. (A) A principal component analysis (PCA) plot was constructed to show variances of principal components among all the samples. The no-treatment and sham-treated samples showed high intra-group similarities and thus formed 2 distinct groups. (B) Hierarchical clustering was performed using DESeq2 based on Poisson distance, and the data was plotted as a sample-to-sample heatmap. The colored indicator represents sample distances (blue signifies a high correlation). Here, the clustering of samples and groups was more differentiated. The MSC and MSCEPO groups showed a certain degree of similarity with each other. (C) A Cook’s distance boxplot was constructed to visualize the data after outlier detection and removal by DESeq2. NTD, no-treatment/healthy control; Sham, NaIO3-only/vehicle control; MSC, MSC-transplanted group; MSCEPO, MSCEPO-transplanted group.




Differential Gene Expression Analysis Revealed Strong Expressions of Upregulated DEGs

A differential gene expression analysis was performed using DESeq2 to investigate the effects of MSC and MSCEPO transplantation on the degenerating retinas. Firstly, hierarchical clustering was done and a heatmap of the top 1000 genes with the highest absolute variance across all biological replicates was constructed (Figure 5A). After DEG analysis was performed, a total of 19638 genes were detected. To show a contrast between the groups as well as correlate the gene expression data with its respective false discovery rate threshold (Padj/FDR), volcano plots were constructed (Padj < 0.05, fold change > ± 2.0) (Figure 5B). Red dots denote genes that have passed both filters. At first glance, NaIO3 administration led to a general upregulation of DEGS when compared with the healthy control. This uphill trend was further amplified in the MSC and MSCEPO-treated groups. By applying the threshold, about 1000 DEGs were over and underexpressed in the sham group when compared with the healthy control. Then, by using the sham group as the reference, 1559 overexpressed and 634 underexpressed DEGs were detected in the MSC-treated group. The MSCEPO group had 1009 overexpressed and 847 underexpressed DEGs. The study was focused on the comparison of these aforementioned pairs of groups.
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FIGURE 5. Differential gene expression analysis of normalized count data. (A) A heatmap was constructed to show hierarchical clustering of the top 1000 genes with the highest variance across all biological replicates. (B) After differential gene expression analysis was carried out, volcano plots were constructed to visualize the DEGs. Genes that have passed the threshold were represented as red dots (Padj < 0.05, fold change >± 2.0). About 1000 DEGs were over and underexpressed in the sham group when compared with the healthy control. By using sham as the reference, 1559 overexpressed and 634 underexpressed DEGs were detected in the MSC group. The MSCEPO group had 1009 overexpressed and 847 underexpressed DEGs. By using NT as the reference, both MSC and MSCEPO groups were found to have more than 3000 DEGs that were over and underexpressed. NT, no-treatment/healthy control; Sham, NaIO3-only/vehicle control; MSC, MSC-transplanted group; MSCEPO, MSCEPO-transplanted group.


Next, an over-representation analysis was performed using the generated list of DEGs from DESeq2 and the g:Profiler tool. This provided a screenshot of the transcriptomic events that transpired after the stem cell transplant. After using REViGO to reduce GO term redundancy, the top GO terms on biological processes were then tabulated (Table 1). Based on the table, a majority of them were revealed to be immune-associated terms. This was similar to the ORA analysis performed for the other groups, and this made the identification of key pathways challenging. Thus, a separate strategy was employed, whereby the Gene Set Enrichment Analysis (GSEA) tool was used to reduce term redundancy and further scrutinize the expression data.


TABLE 1. Over-representation analysis on the list of DEGs was performed using g:Profiler and then summarized using REViGO. The top 5 representative GO biological processes were tabulated (P ≤ 0.05).
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Functional Enrichment Analysis With GSEA Revealed Upregulated Healing and Regenerative Processes in MSCEPO Treated Retinas

Functional enrichment analysis was performed using the Gene Set Enrichment Analysis tool to identify gene sets or pathways that have been enriched in the expression data. The scope was narrowed down to biological processes annotated by Gene Ontology in order to identify enrichment of profiles involved in healing and regeneration. Rats that were administered with NaIO3 exhibited an enrichment of gene sets that mainly involved negative regulation of wound healing (Figure 6). The normalized enrichment scores of the GSEA plots were tabulated in Table 2. In the MSC and MSCEPO-treated groups, there was an enrichment of regeneration and positively regulated wound healing gene sets. To determine whether these effects of transplanted MSCs and MSCsEPO benefited the host, a pathway topology analysis was then carried out.
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FIGURE 6. Functional enrichment analysis with GSEA revealed the impact of MSCs and MSCsEPO on the healing capability of stem cell-treated retinas. Using GO biological processes as a reference database, enrichments in healing and regeneration were detected. The sham-treated group exhibited an enrichment involving mainly negative regulation of wound healing while regeneration and positively regulated healing gene sets were enriched in the MSC and MSCEPO-treated groups (Padj < 0.05).



TABLE 2. After performing a GSEA analysis, the nominal enrichment scores of the enriched gene sets in healing and regeneration were tabulated along with the respective GO IDs (Padj < 0.05). NES, nominal enrichment score.
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Pathway Topology Analysis Reveal the Activation of Pathways Involved in Phototransduction and Environmental Signaling as Well as Expressions of Pro-survival Genes

Pathway topology analysis was performed using the Signaling Pathway Impact Analysis tool to identify the most relevant pathways based on the tested conditions in this study and to determine the status of said pathways (i.e., sensory system, cellular processes, and environmental information processing from KEGG). Phototransduction, which was one of the key pathways of this study, was found to be inhibited in the sham group (Figure 7). In both the MSC and MSCEPO group, however, it was activated. Necroptosis, a form of cell death mechanism, was activated in the sham group. Although this pathway was not significant in the other groups, apoptosis was shown to be inhibited by MSC. Not only that, cellular senescence was also inhibited. This indicated that cell proliferation and growth may have taken place. Unlike the MSC group, MSCEPO treatment did not reveal any significant inhibition of cell death pathways. However, the PI3K-Akt pathway was activated, and it is involved in cell survival. Other notable pathways that were statistically significant in this analysis include JAK-STAT, NF-κB, TNF, and cytokine-cytokine receptor interactions. The details were tabulated in Table 3. Based on the statistically significant pathways that were detected using SPIA, downstream effector genes involved in cellular proliferation and growth were extracted. Eight genes were found to be statistically significant (Padj < 0.05) in the MSCEPO-treated group (Figure 8). The details were tabulated in Table 4.
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FIGURE 7. Pathway topology analysis was performed using SPIA with KEGG as the reference database. Phototransduction, which was one of the key pathways of this study, was found to be inhibited in the sham group. In both the MSC and MSCEPO group, however, it was activated. Other notable pathways that were statistically significant in this analysis include necroptosis, apoptosis, JAK-STAT, NF-κB, TNF, and cytokine-cytokine receptor interactions. Blue bars indicated pathways that have been activated while red bars indicated inhibition (FDR < 0.05, *pGFWER > 0.05).



TABLE 3. After performing a pathway topology analysis with SPIA, significant KEGG pathways in sensory systems and environmental information processing were tabulated. KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, false discovery rate; pGFWER, Bonferroni adjusted global p-values.

[image: Table 3]

[image: image]

FIGURE 8. Downstream effector genes related to proliferation and growth were extracted from statistically significant pathways that were detected with SPIA. Eight genes were found to be statistically significant (Padj < 0.05) in the MSCEPO-treated group. Namely, Ccnd1, Ccnd2, Ccne2, Cdk6, Hspb1, Nfatc1, Plau, and Plce1. The normalized count data for the expression of each gene was plotted across all groups.



TABLE 4. After performing a pathway topology analysis with SPIA, the 8 downstream effector genes in proliferation and growth, that were statistically significant (Padj < 0.05) in the MSCEPO-treated group, were extracted and tabulated.
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DISCUSSION

The current study aimed to determine the impact of transplanted erythropoietin-expressing MSCs on the fate of sodium iodate-induced retinas on a functional and transcriptional level. During this study period, we established that intravitreally transplanted human MSCsEPO were able to graft onto the retina. The tracking of transplanted cells was done both by observation of green fluorescence as a result of the expression of GFP in the lentiviral construct, and staining for human stem cells cytoplasm by using anti-STEM121 antibodies in the rat retinal tissue (Figures 1, 2). These antibodies are extensively used in detecting the migration and engraftment of human stem cell transplants in animal models (Chao et al., 2017; Singh et al., 2019). The results demonstrated a very dim expression of GFP, probably due to GFP-induced cytotoxicity in MSCs (Ansari et al., 2016) or failure of the construct itself to express the tag in the in vivo system (Chao et al., 2017). The cells were able to persist in the host’s microenvironment for an extended period until the end of the experiment on day 30. Although this engraftment was not investigated past day 30, other studies, like that of Tzameret et al. (2015), were able to show a similar resilience of human MSCs in the rodent vitreous space more than 4 weeks post-transplant. As shown in Figures 1, 2, transplanted MSCsEPO formed a sheet of cells that adhered to the retina, which resulted in the thickening of the tissue. This was commonly observed in other rodent studies that have employed the intravitreal route of MSC transplantation (Labrador Velandia et al., 2018; Hu et al., 2020). Those studies showed that MSCs mostly remain in the vitreous space and may form membranes rather than penetrate the inner retinal layers. This led to a reduction in retinal cell death from the release of paracrine factors, but such layered structures have also been shown to impede visual function and even cause retinal detachment in humans (Satarian et al., 2017). Interestingly, this was found to be donor-specific. To determine if the stem cells in our study had such adverse effects on retinal function, further experiment using electroretinography was carried out.

Electroretinography is a test that detects electrophysiological responses in the eye under a light stimulus (Marmor et al., 2009). In the current study, 5 flash intensities between 0.003 and 3.0 cd.s/m2 were used to evoke the ERG responses. This range of illumination is comparable to that of moonlight and a dimly-light office (Fred Schubert, 2018). Both MSC and MSCEPO-treated groups were able to produce detectable ERG b waves, which were indicative of successful phototransduction (Figure 3; Qu et al., 2017). The MSC-treatment showed efficacy in all the tested ERG parameters, however, the improvement in visual functions was diminishing by week 4. Conversely, MSCEPO-treatment effect was able to maintain the improvement in visual functions throughout the study even though it was only significant using the brightest flash intensity. Still, the preservation of visual functions by MSCsEPO group meant that it could perform better with long term benefits. Extending the study by a few months may show a prolonged preservation of visual functions in the MSCsEPO group while the MSC group will likely experience a further deterioration of the retina. This was not explored in the present study. However, a study done by Guan et al. (2013) showed that transplanted rat MSCsEPO produced spectacular results 8 weeks after subretinal injection. From these findings, it is possible that EPO might promote MSC survival in a harsh microenvironment, thereby prolonging their therapeutic effect in the retina as demonstrated by our ERG data. To comprehend the mechanisms on how both MSC and MSCsEPO could effect an improvement in visual function in rats, a transcriptomics analysis on the rat tissue itself was performed after the transplantation.

Following RNA-seq, an exploratory analysis was conducted to visualize the clustering of the individual samples (Figure 4). This was to ensure that large sample dispersions do not affect differential gene expression. By observing the pattern of gene expressions affected by MSCs and MSCsEPO, there was an obvious shift toward strongly expressing differentially expressed genes (DEGs) (Figure 5). An over-representation analysis (ORA) was then performed to profile these DEGs into a more meaningful representation of biological data and then identify the most over-represented processes. Firstly, DEGs in sham were compared with those from NT to identify biological processes that were highly affected by the administration of NaIO3. The analysis yielded a set of GO-enriched biological processes that were mostly involved in the immune response (Table 1). Cell activation (GO:0001775) was the top affected process, and this is usually due to exposure to an active ligand that binds to its respective receptor. This process includes cellular differentiation, growth, and motility. Not only that, but the sham-treated group also revealed several immune processes. This is likely due to the cytotoxic effects of sodium iodate (NaIO3) on the retina. NaIO3 is an oxidizing agent that specifically affects the RPE (Tao et al., 2013). This form of stress results in a deregulation of its physiological processes, and thus causing RPE cell death, subsequent photoreceptor cell death, and neurotransmission impairment (Donato et al., 2020, 2021; Scimone et al., 2020). Since the RPE and photoreceptors act as a blood-retinal barrier, a breach will cause the eye to lose its immune-privilege. As such, there will be an influx of migrating immune cells into the eye that will be activated by the presence of dead retinal cells (Gordon and Plüddemann, 2018). This pattern of gene expression was similar for the MSC and MSCEPO groups, however, the immune response in MSC-treated samples was several magnitudes higher than MSCEPO. This may have explained why the efficacy of MSCs began to drop after week 2 of the study, as shown in the ERG test results. Although MSCs are known to modulate the immune response, a high cell dose can trigger immunity in a xenogeneic environment (Hwang et al., 2020), as displayed in this study. We recommend that future studies increase the immunosuppressant dosage above what was used in this study. Interestingly, ORA revealed that MSCsEPO was not as immunoreactive. This was likely because of EPO, as its administration before kidney transplants was well associated with increased graft survival due to a possible link between EPO-receptor signaling and diminished T-cell responses (Cravedi et al., 2014).

A majority of the processes detected with ORA involved the immune response, which made it challenging to identify other notable pathways despite our functional tests revealing improved ERG b wave amplitudes. As such, a GSEA analysis was performed to determine whether healing and regeneration played a role in this study. The results yielded an enrichment of wound healing processes that were negatively regulated in the sham group (Figure 6). Conversely, positive regulation of wound healing was enriched in both the MSCs and MSCEPO groups. Not only that, animal organ regeneration was also enriched. The nominal enrichment scores were tabulated in Table 2. This pattern of enrichment suggested that the transplantation of MSCs and MSCsEPO could promote retinal regeneration and this, in turn, will lead to improved visual functions. To show how these cells impacted key pathways involved in cellular proliferation, growth, and phototransduction, an SPIA analysis was performed. By observing the results in Figure 7, the phototransduction pathway was inhibited in the sham group but activated in the MSC and MSCEPO groups. The sham group also exhibited an activation of the necroptosis pathway, which is the main cell death pathway that is triggered by NaIO3 in the retina (Hanus et al., 2016; Zhao et al., 2017). This finding complemented the work of other studies in necroptotic retinal cell death. In the MSC group, other than phototransduction, several other pathways were activated. This included cytokine-cytokine reactions, which were mainly activated by immune-related genes (Supplementary Table 1). NF-κB (nuclear factor kappa B) and TNF (tumor necrosis factor) signaling were also activated. Both pathways play a crucial role in the immune response (Zhang et al., 2017; Varfolomeev and Vucic, 2018). Although TNF signaling is involved with cellular proliferation, the co-significance of the previously mentioned pathways in the MSC group, coupled with ORA, highly suggested the involvement of active immune cells that possibly reduced the efficacy of MSC treatment over time. Still, the treatment was effective enough to inhibit the cellular senescence and apoptosis pathways. However, the JAK-STAT (Janus kinase-signal transducer and activator of transcription) pathway was inhibited in both the sham and MSC groups. As it plays a role in retinal cell survival, the inhibition of this pathway may have reflected the degenerative state of these tissues at the time of this study (Huang et al., 2007; Beach et al., 2017; Lozano et al., 2019).

In the MSCEPO group, a lack of the core pathways that mediated immune responses in the MSC group was not detected here. This suggested a possible reduction in said response by MSCsEPO via enhanced immunomodulation. The actin cytoskeleton pathway was also activated, and it is primarily involved in cell development, motility, and adhesion. Migration and homing are defining features of MSC-mediated regeneration, and the activation of this pathway could be a reflection of what transpired in the retina of the host after transplantation (Ding et al., 2017; Tang and Gerlach, 2017). Most notably, however, was the activation of the PI3k-Akt (phosphatidylinositol 3-kinase/protein kinase B) pathway in the MSCEPO group. This pathway primarily governs cellular development in erythroid progenitors through EPO and EPO receptor binding (Sivertsen et al., 2006; Kuhrt and Wojchowski, 2015). This receptor is also expressed in the central nervous system (Ma et al., 2016) and the retina (García-Ramírez et al., 2008; Shah et al., 2009; Ding et al., 2016). The activation of the PI3k-Akt pathway by EPO was found to confer neuroprotective and anti-apoptotic effects in neurons (Si et al., 2019). This was due to the modulation in gene expressions involving Bcl-xL, Bax, and BAD (Shen et al., 2010). The application of EPO in treating retinal degeneration is not a new concept, as findings have indeed shown its efficacy in protecting the retina (King et al., 2007; Shen et al., 2014; Luo et al., 2015). Several studies have also been done on the pretreatment of MSCs with EPO, and the results have led to an enhancement in regenerative capabilities (Lu et al., 2016; Zhou et al., 2018; Imam and Rizk, 2019). However, genetically modifying MSCs to express EPO for increased therapeutic synergy is not widely explored. Guan et al. (2013) were able to show the potential of rat MSCsEPO in rescuing NaIO3-induced retinal degeneration. A separate study done by Lin et al. (2019) showed that in a liver fibrosis model, mouse MSCsEPO conferred enhanced anti-fibrotic efficacy. By analyzing the transcriptomic profile after MSCEPO-treatment, we were able to extract several pro-survival genes that were significantly expressed (Figure 8). A majority of these genes, such as Ccnd1, Ccne2, and Cdk6 play a role in cell cycle progression and growth (Table 4). It has been shown that by downregulating CCND1 and CDK6 expression in human cell lines, cell cycle arrest was successfully induced (Maacha et al., 2020). Exploring these genes as potential candidates for MSC modification could result in enhanced MSC graft survival. Plau, which has chief functions in angiogenesis important for tissue regeneration, was also highly expressed (Tao et al., 2016; Maacha et al., 2020).

Based on the findings of the present study, the transcriptome analysis and in vivo tests showed that paracrine effects played a major role in MSCEPO-mediated regeneration through the upregulation of pro-survival pathways such as PI3K-Akt signaling. In one study, we treated the Y79 retinal cell line with a conditioned medium obtained from MSCsEPO before glutamic acid exposure. The results indicated that the presence of EPO could further enhance protection to the oxidative stress incurred onto the Y79 retinal cells compared with the conditioned medium obtained from MSC culture alone (Ding et al., 2018). In another experiment, we showed that a conditioned medium obtained from MSCsEPO could immediately prevent retinal pigmented epithelial (ARPE) cell line death upon exposure to sodium iodate (Koh et al., 2021). Our in vitro results supported the notion that a combination of EPO and MSC paracrine factors could further enhance the regenerative properties of MSCs in reversing retinal damage in the current study, as indicated by the improvement in the ERG data. In addition, we also performed immunohistochemical staining to determine if these stem cells have directly differentiated into other retinal neurons or the RPE. However, there was no direct cell differentiation detected from the stem cells. This was in contrast to our previous study, where we showed that the stem cells differentiated into photoreceptors, bipolar cells, and Muller glia in the rat retina (Leow et al., 2015). We performed staining with the markers, PKCα, rhodopsin, and RPE65, in the present study but were unable to detect MSCsEPO differentiation in vivo. This was probably due to the shorter treatment duration of MSCsEPO before the rats were sacrificed. Prolonging the treatment duration similar to our previous study might lead to the detection of differentiated retinal cell markers. Of note, allowing stem cells to replicate in a foreign microenvironment in long term may also possibly lead to teratoma formation, which will inevitably cause further loss of retina function. This aspect was not investigated in our study since we observed improvement in retinal functions.

Our current data showed that there is a possible enhancement of immunomodulatory capabilities in MSCsEPO. Further downstream analyses such as immune cell-staining will shed further light regarding the mounted immunity against the xenotransplants. This can be further validated using qPCR and western blot. By increasing the depth of coverage to enhance NGS sensitivity, transplanted human MSCEPO gene expression can be detected and analyzed to complement the retinal transcriptomic profile. The amount of EPO expressed by MSCsEPO in the retina may not have been sufficient to better improve retinal survival, and the lack of this quantitative data in the present study is another limitation that should be addressed with further analyses. The EPO level could perhaps be measured in extracted vitreous fluid or blood. In a nutshell, our study has shown that MSCsEPO hold tremendous potential in protecting the retina from retinal degeneration. Furthermore, the expression data was complemented by our functional ERG data. This meant that the presence of ERG b wave amplitudes in vivo validated the activation of the phototransduction pathway in silico. All in all, it is hoped that these findings could aid researchers in identifying candidate genes for MSC modification or producing novel MSC enhancement methods in the field of regenerative medicine.



CONCLUSION

In summary, the findings of our study showed the tremendous potential of MSCsEPO in protecting the retina from retinal degeneration. The cells were able to persist in the host for at least 30 days during the study. Follow-up ERG tests post-transplant showed an improvement in ERG b wave amplitudes. A series of transcriptomics analyses then revealed enrichment of pathways involving wound healing and regeneration in the MSCEPO-treated group. This likely resulted in the improvement of visual function, as shown by the activation of key pathways such as phototransduction. The ERG data served as a means to validate this in silico result. The large number of immune-related pathways detected in the MSC-treated group was not present in the MSCEPO-treated group. This suggested that erythropoietin may modulate the immune reaction in the rat model. Furthermore, we were able to extract significantly expressed pro-survival genes as possible candidates for future study.
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The goal of a biomaterial is to support the bone tissue regeneration process at the defect site and eventually degrade in situ and get replaced with the newly generated bone tissue. Biomaterials that enhance bone regeneration have a wealth of potential clinical applications from the treatment of non-union fractures to spinal fusion. The use of bone regenerative biomaterials from bioceramics and polymeric components to support bone cell and tissue growth is a longstanding area of interest. Recently, various forms of bone repair materials such as hydrogel, nanofiber scaffolds, and 3D printing composite scaffolds are emerging. Current challenges include the engineering of biomaterials that can match both the mechanical and biological context of bone tissue matrix and support the vascularization of large tissue constructs. Biomaterials with new levels of biofunctionality that attempt to recreate nanoscale topographical, biofactor, and gene delivery cues from the extracellular environment are emerging as interesting candidate bone regenerative biomaterials. This review has been sculptured around a case-by-case basis of current research that is being undertaken in the field of bone regeneration engineering. We will highlight the current progress in the development of physicochemical properties and applications of bone defect repair materials and their perspectives in bone regeneration.
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INTRODUCTION

Bone, composed of collagen and calcium phosphate apatite crystals, is the second most commonly transplanted organ worldwide, which provides rigidity, strength, and a certain degree of elasticity to the living body (Turnbull et al., 2018). Various types of bone defects have been developed with major challenges facing the clinical surface, resulting in high demand for bone repair materials (Agarwal and García, 2015). From traditional autogenous bones and allogeneic bones to modern polymer materials and tissue-engineered bones, scientific research and clinical research in related fields have been continuously progressing (Saravanan et al., 2016). However, other than autologous bone with limited bone mass, there are still no ideal materials with simultaneously good biocompatibility, biodegradability, porous three-dimensional structures, bone conduction, osteoinduction, and osteogenesis. According to the development of bone defect repair materials, it can be divided into traditional and modern bone defect repair materials.

Traditional bone defect repair materials mainly include autogenous bone, allogeneic bone, xenogeneic bone, decalcified bone matrix, bioceramics, and metal materials, which are directly sourced with low difficulty in preparation and processing. These bone repair materials possess good biocompatibility, degradability, and a porous three-dimensional structure that benefit from bone conduction, bone induction, and osteogenesis (Enneking et al., 1980; Dick et al., 1985; Stevenson, 1999; Wu and Su, 2000; Boden, 2002). However, in addition to the autogenous bone with limited bone mass, other materials have the disadvantages of immune rejection and low biological activity for the living body. In comparison, modern bone defect repair materials mainly include polymer materials, tissue-engineered bone, and their derived composite materials, which can be designed and fabricated to form the multifunctional bone scaffolds using novel concepts and modern techniques (Langer and Vacanti, 1993; Hutmacher, 2000; Karageorgiou and Kaplan, 2005; Rezwan et al., 2006). With the continuous progress of material sciences and preparation technology, modern materials are associated with seed cells and growth factors that can effectively improve osteogenic ability (Gao et al., 2018; Shi et al., 2019). The popularization of nanotechnology makes materials with a more biomimetic structure through ingenious incorporation of biopolymeric and biodegradable matrix structure with bioactive or easily resorbable nanofillers (Szcześ et al., 2017; Hao et al., 2019; Yin et al., 2019; Singh et al., 2020), and introduction of genetic engineering also significantly stimulates bone repair and regeneration (Malek-Khatabi et al., 2020; Zha et al., 2020). These techniques open up a new prospect for the research of bone defect repair materials. However, modern materials are still in the process of continuous exploration. For example, how to optimize the relevant technology, promote the expression of genes and growth factors, and improve clinical safety and other intractable issues still need to be solved.

Therefore, it is necessary to combine the advantages of different materials and clinical conditions in the selection and application of bone regenerative materials to achieve a better clinical effect and prognosis. Bone regenerative biomaterials are a relatively new class of materials that incorporate a biopolymeric and biodegradable matrix structure with bioactive and easily resorbable fillers that are nano-sized. This review focuses on recent advances in the development and use of traditional and modern bone defect repair biomaterials for bone tissue regeneration.



TRADITIONAL BONE DEFECT REPAIR MATERIALS


Autogenous Bone

Due to excellent bone conduction, osteoinduction, osteogenesis, available source, ideal biocompatibility, and three-dimensional structures, autogenous bone has been regarded as the gold standard in bone defect repair materials. Current clinical treatments to repair bony defects and tissue healing can be problematic due to the anatomy and physiology of bone tissue, as well as the limited knowledge cognition process. Besides the unavailable and limited number of autogenous bones, many major problems are associated with autograft transplantation, such as insufficient tissue, donor-site injury, nerve and vascular injuries, chronic donor site pain, hernias, and surgical risks (bleeding, infection, and chronic pain). Therefore, alternative approaches are urgently needed.

The donor site for bone harvesting is the iliac crest, which requires a second surgical intervention and has some surgical morbidity. Although autogenous bone was the gold standard in clinical practice, there are still inevitable disadvantages and potential complications (e.g., insufficient bone mass, size mismatch, low availability, and donor site damage) to limit autogenous bone applications (Mueller et al., 2010). In general, autogenous bone mainly includes cortical bone, cancellous bone, and bone marrow, among which cortical bone is divided into two forms: blood supply and no blood supply. The operation without blood supply is relatively simple, but the lack of blood vessels affects the healing effect (Patwardhan et al., 2013). The operation with blood supply can provide sufficient blood supply and promote bone healing (Niknejad et al., 2008), but the complexity of anatomy makes the operation more difficult (Chatterjea et al., 2010). Transplantation of fresh autologous bone grafts is an attempt to achieve rapid bone repair because living bone can survive well, increase bone volume at the recipient site, and ultimately maintain bone strength. Cancellous bone is capable of bone induction and integration, because it can provide a rich source of bone and marrow cells to promote osteogenesis, and its inherent structural space allows for not only the diffusion of essential nutrients for new bone formation but also limited revascularization through microanastomosis of circulating vessels, but it lacks certain mechanical strength (Hildebrand et al., 1999). In addition, autogenous bone marrow can accelerate vascularization and promote bone repair because it contains mesenchymal stem cells (MSCs) and bone regeneration-related factors (Zhong et al., 2012). Schmitt et al. used calcium phosphate, xenogeneic bone, allogeneic bone, and autogenous bone, respectively, to repair bone defects (Schmitt et al., 2012). After the analysis of imaging and histology, it was found that the osteoinduction and osteogenic ability of these four materials were distinct. Autogenous bone showed the highest osteogenic rate and volume ratio of new bone, which confirmed the strong ability of autogenous bone in bone repair (Miller and Chiodo, 2016). Chiodo et al. carried out a histological study on bone transplantation samples of iliac crest and proximal tibia (Figure 1) and found that iliac crest contained more active hematopoietic marrow than tibia (Chiodo et al., 2010). Similarly, Hyer et al. (2013) found that MSCs in the bone marrow were extracted from the iliac crest, distal tibia, and calcaneus, with a high concentration in the iliac crest. In comparison, autogenous cortical bone graft can be used for the treatment of bone defects that require immediate structural support. Although cortical bone grafts do not reconstruct blood vessels as quickly or properly as cancellous bone grafts, its osteoconduction and surviving osteoblasts in the grafted bone do provide osteogenic properties. Because of these advantages of autogenous bone, it occupies a large proportion in the clinical treatment of bone defect with a success rate of over 90%.


[image: image]

FIGURE 1. Histologic slides of iliac (A) and tibial (B) bone graft. The iliac crest bone graft shows abundant osteoblasts and hematopoietic marrow. The tibial bone graft shows fatty marrow without hematopoiesis. Reproduced from Chiodo et al. (2010) with permission from SAGE (Copyright 2010).




Allogeneic Bone

Allogeneic bone is an effective substitute of autogenous bone, which has almost no concern about infectious and immune diseases. It can be an alternative of autogenous bone after deep freezing and treatment (Smith et al., 2014). Allogeneic bone has many osteogenic properties; e.g., it prevents the destruction of patients’ healthy bone structure, which can be widely used in bone defects (Wang and Yeung, 2017). However, it still has limitations, such as insufficient supply, ethical disputes, and immunogenicity. Recently, although the bone allografts are taken from a donor in greater quantities with the standard protocols of harvesting, collection, and storage, these grafts integrate more slowly than the autografts. Allogeneic bone with immunogenicity may hinder cell adhesion and differentiation; in addition, its clinical use is relatively limited by complications such as delayed healing and infection (Li et al., 2010). With the continuous advancement of preparation technology, allogeneic bone is currently widely used in the form of freeze-dried allogeneic bone. Wei et al. (2013) used two kinds of freeze-dried allogeneic bone to treat the femoral bone defect in rats. Through micro-CT scanning and histological analysis of 8 weeks after operation, it was found that both of them continued to form new bone, verifying their good osteoinduction and osteogenic ability. In recent years, many researchers have also confirmed that decalcified freeze-dried allogeneic bone has growth factors to promote bone induction, which can aggregate MSCs and support osteoblast differentiation (Clark et al., 2019; Tresguerres et al., 2019). Thus, it has been the only biomaterial approved by the Food and Drug Administration (FDA) in North America for clinical bone repair (Soardi et al., 2012). Although these recent strategies like sterilization and freezing can effectively minimize the potential risk of infectious agent transmission of the allogeneic bones, these procedures in turn reduce graft performance in terms of osteoinduction, bone conduction, and mechanics (Shang et al., 2021).



Xenogeneic Bone

Xenogeneic bone is widely derived, but due to the antigens of different species, it must be treated artificially to avoid possible immune rejection after transplantation (Ghanaati et al., 2014). In addition, the potential pathogenicity and related ethical issues have yet to be resolved; for example, these heterologous grafts may put patients at risk of immune rejection and virus transmission. The treated xenogeneic bone can retain some biomechanical properties for bone repair, but lose the ability to induce the differentiation and proliferation of MSCs. Recently, Kubosch et al. (2016) analyzed 232 patients with bone defects over a 10-year period, including 116 allogeneic cancellous bone and 116 synthetic allogeneic bone. The results showed that both materials could promote bone healing, but the osteogenic ability of xenogeneic bone was relatively poor, reflecting the lack of biological activity and osteoinductive ability of heterogeneous bone. Therefore, researchers have proposed a method to combine other repair materials or related factors, including complex bone morphogenetic protein, autologous bone marrow, and growth factors, which have become a hot spot in the research of heterogeneous bone. On the premise of avoiding immune rejection, it strengthens the ability of bone induction and promotes bone healing (Del Deo et al., 2018; Li et al., 2018). With the development of related research and technology, compound xenotransplantation will receive more and more attention. Theoretically, the availability of xenogeneic bones is unlimited despite the possibility of zoonosis transmission if they can be handled for the host (Oryan et al., 2014). These two allografts and xenografts have been decellularized to reduce antigenicity, leading them to fall under the category of tissue engineering. It was mentioned that other factors like the implanted site location or epidemiological parameters also influenced the osteogenic ability. Therefore, the combination of other repair bioactive sources, xenogeneic materials or complex morphogenetic protein, autologous bone marrow, and other factors may be an attractive strategy to promote bone regeneration.



Demineralized Bone Matrix

The demineralized bone matrix for clinical application is mainly derived from donor allogeneic bone, including collagen (mainly type I and type IV), non-collagen, growth factors, a small amount of calcium phosphate, and cell debris (Gruskin et al., 2012). The demineralized bone matrix is used as a bone repair matrix and a carrier for delivering bioactive agents. Bone morphogenetic protein is exposed and released after decalcification and artificial treatment, which can induce bone formation in the decalcified bone matrix and promote bone regeneration (Schubert et al., 2013). However, the osteoinduction of demineralized bone matrix is negatively correlated with its antigenicity. Excessive reduction of antigen in artificial treatment can destroy many osteogenic factors and significantly reduce the osteogenic properties. In addition, due to the loss of a large number of inorganic components and the corresponding biomechanical properties, the demineralized bone matrix is not suitable for the repair of bone defects in load-bearing areas (Burg et al., 2000). The demineralized bone matrix also has good bone conduction ability, histocompatibility, and pore structure. Among them, appropriate biological pore structure can benefit the slow release of bone morphogenetic protein, facilitate the attachment and growth of osteoblasts and factors, and promote bone regeneration (Xie et al., 2017). Controlling the pore size is a problem that needs to be addressed, because the pore size of demineralized bone matrix (approximately 200–500 μm) is larger than the size of cells, which was on the order of tens of micrometers. Hou et al. (2014) combined the demineralized bone matrix with nano self-assembled peptides to reduce the pore size, enhance the charge interaction, and increase the number of osteoblasts and factors to enrich the material with osteogenic stem cells and growth factors. At the same time, the materials can also establish the microenvironment of cell adhesion, proliferation, and differentiation, thus improving the osteogenic ability (Hou et al., 2014). Recently, due to the rise of composite bone repair materials, demineralized bone matrix has rapidly become one of the most mainstream scaffold materials (Van Bergen et al., 2013). Xing et al. (2017) innovatively used layer-by-layer (LBL) self-assembly technology to modify nano-layered recombinant fibronectin/cadherin chimera to the demineralized bone matrix (Figure 2). It was found that the composite material significantly improved the efficiency of cell selection and retention through the physical interception and chemical recognition, which provided a favorable microenvironment to promote the migration, proliferation, and osteogenic differentiation of MSCs. In addition, these biomaterials were cost-effective, were easy to store and transport, and could be constructed quickly during the surgery (Xing et al., 2017). Munir et al. (2019) prepared a functional poly(L-lactide-co-epsilon-caprolactone) scaffold by 10 or 20 μg/ml of human demineralized dentine matrix. After culture of 7 and 21 days on human bone marrow stromal cells in basal medium or non-functionalized scaffolds in osteogenic medium, the human bone marrow stromal cells proliferated less in demineralized dentine matrix and activated ERK/1/2, exhibiting highest expression of IL-6 and IL-8 at 7 days and higher collagen and bone morphogenetic protein-2 at 21 days, indicating the signs of mineralization that provided a promising approach on stimulating osteogenic differentiation of human bone marrow stromal cells. Wang et al. (2019) reported a robust silicification strategy on fabrication of an osteoinductive and porous collagen scaffold via a GF-free and one-step surgery for in situ bone regeneration. This composite scaffold possessed a native-bone-like porous structure and a nano-silica coating. Without usage of any exogenous cells and growth factors, this decellularized scaffold benefited from its surface roughness (topographic signal) and silicon content (chemical cue) and synergistically activated multiple signaling pathways related to MSC recruitment and bone regeneration, which enabled large-size, complex porous, and varied osteoinductivity, exhibiting great potentials for clinical translation in massive bone repair.
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FIGURE 2. Modified demineralized bone matrix with nanoscaled and multi-layered recombinant fibronectin/cadherin chimera for bone repair. Reproduced from Xing et al. (2017) with permission from Elsevier (Copyright 2017).




Bioceramics

Bioceramics are a kind of inorganic non-metallic materials. Because the main components of bone tissue are hydroxyapatite (HAp), the typical biomaterials of calcium phosphate ceramic (CaP) and bioactive glasses (BG) are widely used as bone substitutes for many years. Their mimicry of the mineral phase endows the bone with bioactivity for new tissue formation (Kokubo et al., 2003; El-Ghannam, 2005).


Calcium Phosphate

Calcium phosphate has various forms of ceramic, powder, and bone cement, mainly including α-tricalcium phosphate, β-tricalcium phosphate (β-TCP), tetracalcium phosphate, etc., among which β-TCP is a most commonly used biomaterial. Although calcium phosphate has excellent prospects on good bone conductivity, resorption, and biocompatibility for promoting bone repair (Pina et al., 2015; Fukuda et al., 2017; Xu et al., 2017), there are many shortcomings in calcium phosphate itself. For example, the limited mechanical strength and high brittleness are still the most prominent shortcomings of the material, so it can only be used in the non-weighted area (Castro et al., 2017). Besides, a suitable degradation rate and an appropriate curing time prove to be difficult for further research and breakthrough of calcium phosphate. It is worth mentioning that various forms of calcium phosphate have significant advantages in flexibly coping with various types of bone defects. Lai et al. (2019) used low-temperature rapid prototyping (LT-RP) technology to make a new porous PLGA/TCP/Mg (PTM) scaffold, which had the appropriate physical structures and mechanical properties to meet the initial needs of bone regeneration and tissue repair. When MG was combined with PT, PTM scaffolds not only provided an appropriate template for vascular crawling but also promoted angiogenesis, ultimately mediating new bone formation and remodeling while challenging the association between bone defects and steroid-related osteonecrosis (Figure 3).
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FIGURE 3. New bone formation within bone tunnel. (A) Representative radiographs at 4, 8, and 12 weeks after surgery. (B) Representative 3D micro-CT images within a region of interest of central 2.5 mm in diameter of the bone tunnel at 4, 8, and 12 weeks after surgery. (C) Quantitative analysis of micro-CT of the new bone in the bone tunnel at 4, 8, and 12 weeks after surgery: (C1) BV; (C2) BV/TV; (C3) Tb.N; (C4) BMD; (C5) Tb. Sp. n = 8. *p < 0.05 vs. control group, **p < 0.01 vs. control group, ***p < 0.001 vs. control group, #p < 0.05 vs. PT group, ##p < 0.01 vs. PT group. Reproduced from Lai et al. (2019) with permission from Elsevier (Copyright 2019).


In addition, researchers have developed a new injectable form of calcium phosphate cement, composed of the calcium phosphate solid phase and blood and other liquid phases. After precipitating reaction and crystal entanglement, calcium phosphate cement can be used to solidify the defect. Therefore, the injectable form of calcium phosphate bone cement for matching with various defects has attracted extensive attention (Zhang et al., 2014, 2016; Yan et al., 2019; Raucci et al., 2020). Luo et al. (2018) developed an injectable ready-to-use two-phase system consisting of a monocalcium phosphate monohydrate paste and a β-TCP paste based on acidic cement. Because of good cohesion, compressive strength, and adequate shelf life, it showed great potential in a dual-chamber system for simplified and fast filling of bone defects in a minimally invasive manner, which significantly reduced surgery time, decreased the risk of contamination, and ensured repeatable results.

HAp, a calcium phosphate bioceramic, is an essential component for bone regeneration possessing good biocompatibility, bioactivity, and bone conductivity that has been widely used in biomedicine and bone defect repair materials (Szcześ et al., 2017; Farokhi et al., 2018; Mao et al., 2018). With the rapid development of nanomaterials technology, HAp with a nanoscale size, termed nano-HAp (n-HAp), can obtain high surface activity and ultrastructure (Wei and Ma, 2004; Wu et al., 2015), which has higher absorbability and biological activity to favor the cellular response compared with traditional HAp (Atak et al., 2017). Therefore, n-HAp has the ability to exhibit advanced performance in proliferation and differentiation of osteogenic-related cells for bone regeneration (Nie et al., 2017). To further improve the properties and activities of n-HAp, researchers have tried to integrate n-HAp with other biomaterials using advanced technologies (Venkatesan and Kim, 2014; Jakus et al., 2016; Ao et al., 2017; Zhu et al., 2017; Lu et al., 2018). For example, Zhou et al. (2019) prepared hierarchical porous HA/rGO scaffolds by combining the reduced graphene oxide (rGO) with HA through a soft template method (Figure 4). The scaffold had a graded pore structure, a nano surface, a suitable porosity and pore size, and good biomechanical properties. The graded pore structure was conducive to cell adhesion, fluid exchange, and cell inward growth. rGO could improve cell adhesion and promote cell proliferation and osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs). The degradation rate of HA/rGO composite scaffolds was well matched with the rate of new bone formation. Therefore, porous HA/rGO composites were a kind of excellent bone defect repair scaffold for tissue engineering (Zhou et al., 2019).
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FIGURE 4. Diagram of the formation mechanism of porous HA/rGO composite scaffold. Reproduced from Zhou et al. (2019) with permission from the American Chemical Society (Copyright 2019).


Li et al. (2019) reported a well-organized, terbium (Tb)-doped HAp nanocrystal for bone repair. By tracing the changes of morphology, composition, and structure of implanted HAp-Tb in the process of bone reconstruction, the detailed changes in vivo were revealed, which were not achieved by the conventional irregular HAp particles or nanocrystals. Adding a certain amount of Tb ions to HAp provided element tracking, micro-CT imaging, and fluorescence imaging capabilities, which could not change the crystal structure, morphology, and biocompatibility of HAp. These results help us to understand the characteristics of HAp crystal and bone apatite crystal, and guide the design of new bionic bone repair materials. The development of smaller sub-n-HAp crystals will be an important research direction in the future, which has important scientific value and clinical significance for the development of biological characteristics and applications of HAp biomaterials.



Bioactive Glass

In addition to calcium phosphate, bioactive glass with main components of Na2O, CaO, SiO2, and P2O5 is also widely used for load-bearing bone repair because of its high bioactivity, bone binding ability, and mechanical properties (Hench, 2006). When the bioactive glass materials made contact with body fluid, they can generate an HA-like layer to form a stronger interface between the material scaffolds with surrounding hard and soft host bone tissues (Lee et al., 2011). To reduce its brittleness, bioactive glass can be fabricated with suitable pore structures by optimizing composition, processing, and sintering conditions to well-match the human trabecular bone and cortical bone. In addition, introduction of metallic ions (e.g., Cu, Co, Si, Zn, and Mg) could improve the mechanical properties and enhance bioactivity. For example, the addition of Cu to a mesoporous bioactive glass scaffold can effectively induce angiogenesis and promoted MSC osteogenesis (Wu et al., 2013). Quinlan et al. (2015) demonstrated that the introduction of cobalt could also improve angiogenesis and osteogenesis. As an essential element for the mineralization of osteoblasts, silicon-based bioceramics expressed outstanding effects on bone regeneration (Li et al., 2017). Song et al. (2020) reported that the addition of zinc silicate to composites of collagen and HAp could improve bone angiogenesis, manipulate the monocytes, and generate the osteogenic microenvironment.



Metallic Materials

Metallic materials are mainly used for parts requiring mechanical support, such as long bone (femur, tibia, etc.) and bone defects of vertebrae. These metal materials need to be tightly bound to bone to provide a physiological load on the implant site for wide application. The main problem is that the corrosion of physiological environment can change the properties of materials and improve the level of metal ions in vivo, leading to implant failure and potential side effects. Therefore, an ideal metal material should have excellent biocompatibility, safety, and corrosion resistance (Navarro et al., 2008; Zheng et al., 2014; Chen and Thouas, 2015). As a typical representative, titanium, magnesium, tantalum, and their alloys are more mature in clinical application.


Inert Metals

Titanium (Ti) and Ti-based alloys are widely used in orthopedic implants because of its bone tissue-like structure, high mechanical performance, and excellent biocompatibility (Albrektsson et al., 1986). However, there was lack of sufficient osseointegration originating from the unsatisfied bioactivity, corrosion resistance, and mechanical mismatch problems with bone tissues. The inertness of Ti could easily cause the formation of fibrous tissue and raise the loosening risk during the long-term usage while the poor corrosion resistance led to the dissolution of Ti into the body to hinder bone healing and intensify the release of inflammatory cytokines, thus resulting in chronic inflammation and implant loosening. The mechanical mismatch cannot provide proper mechanical stimulus for bone lining cells of osteoblastic origin and osteocytes, which cannot produce enough biochemical signals to conduct the acquired mechanical signals and regulate bone formation and absorption. So, it is necessary to enhance its biological activity, corrosion resistance and mechanical mismatch to enhance osseointegration through surface coating, including biological adhesive coating and composite coating, which are the basic and indispensable demands in clinic applications (Thukkaram et al., 2020; Xing et al., 2020).

In recent years, a new type of “bone trabecular metal”-porous tantalum (Ta) has attracted great attention, because it has good biocompatibility, ideal modulus of elasticity, corrosion resistance, and high porosity (Han et al., 2019), which promote cell adhesion, growth, and differentiation; form rich extracellular matrix; and enhance the early biological fixation in both research and clinical applications (Balla et al., 2010a, b; Fraser et al., 2019; Tang et al., 2020). Guo et al. (2019) used selective laser melting (SLM) technology to manufacture porous Ta scaffolds with a pore size of 400 μm. The porous Ta scaffold was implanted into a cylindrical bone defect with a height and diameter of 1 and 0.5 cm, respectively, in the lateral femoral condyle of New Zealand rabbits. Radiographic analysis showed that the new bone formation in Ta scaffolds was higher than that in Ti6Al4V scaffolds (Figure 5). The porous Ta scaffold manufactured by SLM not only had a regular pore shape and connectivity but also had controllable elastic modulus and compressive strength. Moreover, in vitro and in vivo osteogenesis and osseointegration results were improved compared with those porous Ti6Al4V scaffold manufactured using the same technology. Therefore, tantalum-related products have been applied in the field of orthopedics and achieved encouraging results, which is expected to be developed as an excellent bone defect repair material. Although porous Ta is important in orthopedic application via various manufacture technologies, the anatomical shape and microstructure can only be designed and fabricated in a limited scope. Furthermore, porous Ta implant customization was difficult to realize due to cost and efficiency.
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FIGURE 5. Hard tissue section stained by van Gieson staining (A) and histomorphometric analysis (B) of Ti6Al4V and Ta scaffolds at 4, 8, and 12 weeks after surgery. The red-stained tissue represents bone tissue; at 4 weeks, the amount of new bone tissue in the scaffolds is thin and irregular. Osteoblasts seam with bone-lining cells, indicating active bone formation. *P < 0.05, vs. Ti6Al4V group. (C) SEM images of bone apposition and bone microstructure on porous scaffolds at di?erent positions at 4, 6, and 12 weeks. White: implant; gray: new bone. Reproduced from Guo et al. (2019) with permission from the American Chemical Society (Copyright 2019).




Biodegradable Metals

As a kind of metal with good biocompatibility, biodegradation, and osteogenesis, magnesium (Mg) and its alloy implants have a broad application prospect in fracture fixation (Sedghi et al., 2019; Putra et al., 2020). Mg is recognized as a degradable metal with similar Young’s modulus to the cortical bone for facilitating bone regeneration. Huang et al. (2020) used high-purity Mg screws to fix and study the fracture of femoral neck in goats. The results showed that high-purity Mg screw had good mechanical strength, degradation, and osteogenesis, which provided a basis for the clinical transformation of high-purity Mg-bearing screws. In addition, iron (Fe)-based alloys can be used as bone regenerative implants. Chou et al. (2013) prepared Fe-Mn composite scaffolds via inkjet 3D printing technology, which had similar mechanical properties and biodegradability to the cancellous bone, thus allowing cells to penetrate the porous structure.

In fact, all the implanted porous structures were fabricated with homogeneous and regular microstructures, but the gradient pore structure design (size, porosity, and randomization) should also be applied for better biomechanics and biocompatibility on bones. Gradient and controllable design of metallic materials with both anatomically macroscopic anatomical shape and microscopic bionic structure might be the focus in the next few years. Besides, infection still seemed to be a perennial theme in orthopedics for implants. To make porous metal implants with better mechanics, cell proliferation, and antibacterial and antitumor properties, it is necessary to continue to modify the surface of porous metal implants in the future.



MODERN BONE DEFECT REPAIR MATERIALS


Polymer Materials


Natural Polymers

The field of bone tissue engineering (BTE) is a paradigm that aims to successfully incorporate regeneration of bone at defect sites of the host without any additional complications, such as donor site morbidity, immunogenicity, and poor vascularization. BTE employs biocompatible and biodegradable natural materials to provide suitable bioactive environments and necessary mechanical support to promote the growth of new bone tissue in defect sites. Due to their superior biocompatibility and minute negative immunological influence, natural polymers such as chitosan, collagen, gelatin, hyaluronic acid, alginate, and fibroin are extensively used in BTE research. However, they have insufficient mechanical strength, rapid degradation rate, unstable biological properties, and limited production capacity, and therefore, these materials are difficult to design, process, and apply for bone defect repair (Venkatesan et al., 2015; Jahan and Tabrizian, 2016; Melke et al., 2016; Saravanan et al., 2018; Kashirina et al., 2019; Ranganathan et al., 2019; Zhai et al., 2019; Kołodziejska et al., 2020). As a representative, silk fibroin (SF) has shown a good prospect in BTE due to its excellent biocompatibility, high porosity, and good mechanical properties (Mottaghitalab et al., 2015; Saleem et al., 2020). In addition, the degradation speed in vivo matches the repair cycle of bone defect, showing great advantages in bone defect material (Farokhi et al., 2018; Kwon and Seok, 2018). Therefore, the scaffold material based on SF has been widely studied by researchers worldwide.

Perrone et al. (2014) prepared a new type of absorbable SF scaffold with good biocompatibility for tissue repair. The absorbability of material avoided the shortcomings of secondary removal and stress shielding and further improved the ability of bone repair (Perrone et al., 2014). Yan et al. (2018) had developed a functional silk fibroin hydrogel (SF-RGD) using small molecular peptides (NapFFRGD) as gelling agents (Figure 6). On account of the presence of many RGD in SF-RGD hydrogels, these biocompatible hydrogels not only promoted the osteogenic adhesion and differentiation of mesenchymal stem cells but also provided a bionic microenvironment for bone regeneration using the mouse skull defect models (Yan et al., 2018). Bai et al. (2019) proposed a designable strategy to construct a new type of bone cement that could provide stable fracture fixation and accelerate bone regeneration during bone remodeling. The adhesive was used as a phenolic resin with tannic acid (TA) and spontaneously co-assembled with SF and HAp to obtain inorganic–organic hybrid hydrogel (SF@TA@HAp). This adhesive not only fixed the bone fracture in vivo with timely mechanical repair but also accelerated bone regeneration. Therefore, with the development of SF research, the SF composite hydrogel was expected to become an ideal scaffold for generation of bone defect repair materials. Scientists have learned that the human body is a tremendous potential source of biomaterials for effective therapeutics, and these natural polymers have made great progress in bone regenerative medicine. In recent years, non-collagen proteins from bone ECM were combined with 3D nanofibrous gelatin scaffolds to form a material device that could mimic the chemical composition and nanostructural architecture of the natural bone ECM. Sun et al. (2013) reported that the introduction of these non-collagen proteins could effectively improve the osteogenesis and mineralization for new bone regeneration. El-Fiqi et al. (2020) reported a bone-mimetic nanohydroxyapatite/collagen porous hybrid scaffold. The presence of nanobioglass in the fibrillar collagen network promoted the growth of HA crystals and maintained the porosity of collagen scaffold, which demonstrated that the mineralized scaffold had a favorable osteogenic potential for the calvaria bone defect repair (El-Fiqi et al., 2020).
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FIGURE 6. (A,B) Molecular structures and self-assembling properties of peptide gelator and SF for the formation of nanofiber and nanofibril bundle structures. (C) Schematic of preparation process of SF-RGD for bone regeneration in calvarial defect areas of mouse. Reproduced from Yan et al. (2018) with permission from Wiley (Copyright 2018).




Synthetic Polymers

Specific applications in bone tissue regeneration require certain modifications to the polymer structure. Compared with natural polymers, synthetic polymers have poor biocompatibility, weak hydrophilicity, and cell adhesion, and may cause aseptic inflammatory responses. However, the mechanical properties of synthetic polymers are relatively better than those of natural polymers, and their fixed component proportion and processing properties are also advantageous. As star synthetic polymers, polylactic acid (PLA), polycaprolactone (PCL), and poly(lactic-co-glycolic acid) (PLGA) are widely used in the form of scaffold materials, but their degradation products may cause the proliferation of degradation rate and the occurrence of inflammatory reaction (Athanasiou, 1996; Woodruff and Hutmacher, 2010; Danhier et al., 2012). For example, hydrolytic degradation of PLA is attributed to the breakdown of ester bonds within molecular chains under the action of hydrogen ions to form alcohols and carboxylic acids. The generated acid has a catalytic effect on degradation with an autocatalytic effect, and these carboxylic acids cause a local acidic microenvironment that is harmful to cell proliferation and bone repair, which can produce a potentially inflammatory reaction. In addition, when such materials are used as bone defect repair materials, it is necessary to composite growth factors, cells, or other materials to improve biological activity to facilitate cell adhesion and proliferation (Yassin et al., 2017; Barati et al., 2020; Bharadwaz and Jayasuriya, 2020). The composite scaffolds composed of degradable synthetic polymers and bioceramics have aroused great interest in many researchers. Biodegradable polymer materials have tough structures while bioceramics improve the electrical conductivity of bone, thus allowing for flexible adjustment of its composition and microstructure while maintaining its respective advantages (Puppi et al., 2012; Dos Santos et al., 2019; Alksne et al., 2020; Zhu et al., 2020). Qian et al. (2019) infiltrated pastes containing calcium phosphate bone cement (CPC) and wollastonite (WS) into a 3D plotted PLGA network to fabricate plastic CPC-based composite cement (PLGA/WS/CPC) for the first time. The PLGA/WS/CPC recovered the plasticity of CPC after being heated above the glass transition temperature of PLGA (Figure 7). The presence of PLGA network significantly increased the flexibility of CPC in prophase and generated 3D interconnected macropores in situ upon its degradation. The addition of WS was helpful to improve the attachment, proliferation, and osteogenic differentiation of mouse bone marrow stromal cells in vitro. The in vivo results indicated that PLGA/WS/CPC could promote rapid angiogenesis and bone formation with good mechanical properties and cell com6patibility, which provided a new direction for the development of scaffold of bone defect repair materials.
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FIGURE 7. Schematic diagram of calcium phosphate-based composite cement with an embedded 3D plotted PLGA network and bioactive wollastonite for osteogenesis and angiogenesis. Reproduced from Qian et al. (2019) with permission from Wiley (Copyright 2019).




Composite Materials

Composite materials are a combination of two or more materials with different morphology or composition at the micro-/nanoscale. Due to the limitations of a single material in biological, physical, and chemical properties, composite biomaterials have combined advantages on improving biological characteristics and multiple performances for bone regeneration. Composite materials are mainly divided into composite of various materials (such as composite between bioceramics and polymer materials), composite of preparation technology and materials, and composite of tissue engineering technology and materials (Chen et al., 2019; Zhang et al., 2020). We use collagen as an example to demonstrate the importance of composite materials on bone regeneration. Collagen consisting of several triple-helical chains has been widely used as BTE scaffolds because of the excellent biocompatibility, easy bone formation, and remodeling process, but it generally possesses low mechanics and osteoinductivity. To address this issue, many various agents were incorporated to largely improve the porosity, stability, osteoinductivity, and osteogenicity of composite matrixes in bone regeneration. In general, there are five therapeutic targets in bone regeneration, such as vascularization, growth factors, osteogenesis, osteoconductive scaffolds, and mechanical environment (Zhang et al., 2018). Wu et al. (2020) prepared a biomimetic and osteogenic composite scaffold (3DS) with HAp and nano magnesium oxide (MgO) embedded in fiber (F) of silkworm cocoon and SF for bone regeneration. On account of the combined effect of HAP and MgO, magnesium ions (Mg2+) promoted bone mesenchymal stem cell (BMSC) proliferation, osteogenic differentiation, and alkaline phosphatase (ALP) activities while HAp provided outstanding osteoconductive properties, which were used as potential 3D composite scaffolds for bone regeneration applications (Wu et al., 2020).

Additionally, unique hierarchical structures of biological composites had been applied for design of the high-performance materials with excellent mechanical properties. The combination of organic polymers and inorganic minerals was a promising approach to improving mechanical performance. For example, composite materials from chitosan and inorganic minerals have been applied as porous scaffolds especially in bone regeneration. Chitosan/calcium phosphate composites can achieve high interaction between the bioactive calcium phosphate phase and the chitosan to obtain a tough material for BTE (Salama et al., 2016). Various techniques have been investigated to synthesize calcium phosphate materials such as freeze casting, vacuum-assisted filtration, and biomimetic mineralization (Jafarkhani et al., 2012; Sumathra et al., 2018). For example, a double diffusion method was applied to assist the growth of HAp crystals onto three-dimensional porous chitosan scaffolds. In situ hybridization by ionic diffusion processes was investigated for preparing transparent chitosan/HAp nanocomposite for internal fixation of bone fracture (Hu et al., 2004; Manjubala et al., 2006). Kaneko et al. (2020) prepared a composite material scaffold based on the octacalcium phosphate/weakly denatured collagen for improving the osteo-regenerative effect in a canine model. Octacalcium phosphate was prepared using Ca-acetate and NaH2PO4, and the octacalcium phosphate particles with a diameter of 199–298 μm were mixed with a collagen matrix to create an octacalcium phosphate/weakly denatured collagen scaffold. After implanting this octacalcium phosphate/weakly denatured collagen into the defects, bone regeneration was evaluated via histopathological analysis, which revealed the osteoblast infiltration and osteo-regeneration in all defects for bone reconstruction.

The application of modern preparation technology in bone defect materials has been developing rapidly. Wu et al. (2019) constructed a composite periosteum with slow-release vascular endothelial growth factor (VEGF) by combining electrospinning with collagen self-assembly. This biomimetic periosteum could be used alone or combined with the existing bone grafting materials to reduce the phenomenon of non-union in clinical bone defects. As a guided tissue regeneration (GTR) membrane, this biomimetic structure had great clinical and commercial value. Kuang et al. (2019) prepared an injectable nanocomposite hydrogel by injecting two methylamino ethyl methacrylate (DMAEMA) and 2-hydroxyethyl methacrylate (HEMA) into polymer PDH during in situ growth of calcium phosphate nanoparticles (ICPN) (Figure 8). The self-assembly of ICPN was achieved by adding poly(L-glutamate) (PGA) that can bind calcium ions as nucleation sites to form calcium phosphate nanoparticles. In addition, BMSC-specific aptamers (APT19s) were covalently anchored to hydrogels to enhance the material’s ability to capture BMSCs (Kuang et al., 2019). The integration of these new technologies and materials had opened a new direction for developing the next generation of bone repair materials.
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FIGURE 8. (A) Formation of the polymer network from HEMA and DMAEDA via Michael addition reaction (purple arrows: positive charges of DMAEMA). (B) In situ self-assembly of CaP NPs around -COOH group of PGA via -COO– -Ca2+ coordination. (C) The interaction between the PGA and the polymer network via electrostatic attraction. Reproduced from ref. Kuang et al. (2019) with permission from the American Chemical Society (Copyright 2019).




Tissue-Engineered Bone

Tissue-engineered bone is mainly composed of four key components: (1) osteoblasts that can give rise to the matrix of bone tissue; (2) a biocompatible framework or scaffold from a bioactive material that can mimic ECM; (3) vascularization that can offer mass transport of nutrients and wastes; and (4) capacity that can guide cell morphogenesis signals.


Seed Cells and Growth Factors

Seed cells are the main source of biological activity in tissue-engineered bone. Ideal seed cells need a wide range of sources, low preparation difficulty, and excellent osteogenic potential and proliferation ability, which can differentiate into osteoblasts and flexibly adapt to various microenvironments (Yousefi et al., 2016). The most widely used seed cells are MSCs from bone marrow, adipose tissue, and peripheral blood. BMSCs remain the preferred source of materials with strong proliferative ability to differentiate into osteoblasts and chondrocytes, thereby avoiding immune rejection and pathogenic defects by other cells (Pittenger et al., 1999; Jiang et al., 2002; Lee et al., 2004).

Growth factor can regulate the proliferation and differentiation of cells as well as the synthesis of extracellular matrix. This effect is mainly through the early autocrine and paracrine way to improve proliferation rate and activity of the osteoblasts, significantly enhancing regeneration ability (Marx et al., 1998; Street et al., 2002). The common growth factors include insulin-like growth factor, platelet-derived growth factor, and bone morphogenetic protein. Among them, bone morphogenetic protein is firstly isolated and found by Urist as a most widely applied factor (Urist et al., 1983). It is proved that BMP2 and BMP7 are effective in the treatment of bone defects (Sun et al., 2012). However, how to improve and optimize the binding efficiency of seed cells and scaffolds and the corresponding clinical effects still need to be further verified and resolved in the future.



Scaffold Materials and Nanomaterials

Scaffold materials are an important center for the tissue-engineered bone. An ideal scaffold needs to simulate the three-dimensional structure of extracellular matrix with many advantages: (1) porous structures for supporting cell adhesion, growth, and migration to promote cell scaffold interaction; (2) sufficient elasticity and mechanical properties; (3) controllable degradation rate; (4) uniform distribution of new bone formation to avoid bone necrosis; and (5) minimal inflammation and toxicity in the body (Bose et al., 2012). Based on the rapid development of nanomaterials, the derived composite scaffolds have biological activity and reabsorption to provide good mechanical properties and promote cell adhesion and proliferation. Compared with traditional materials, composite nanomaterials can provide better mechanical properties, maintain bone conductivity and biocompatibility, and promote protein adsorption, cell adhesion, and tissue proliferation and differentiation. Yadav et al. (2019) used molybdenum disulfide nanoflakes (MoS2NSs) that reinforced the HAp nanocomposite scaffolds (HAp/MoS2NSs) to promote bone regeneration. The cells incubated with HAp@MoS2NSs showed higher cell adhesion, cell proliferation, and ALP activity in contrast to HAp. In vivo and in vitro results of the increased ALP level confirmed that HAp@MoS2NSs could promote osteogenic differentiation.

The nanocomposite hydrogel is similar to the extracellular matrix in structure and composition and has a rich interconnected hydrophilic network porous structure, providing greater space for cell attachment and interaction. Hou et al. (2019) reported a new class of injectable hydrogels, microparticle annealed nanofibrous (MANF) hydrogels, which were fabricated via the self-assembly and subsequent crosslinking of gelatin nanofibrous microparticles (NF-MPs). The gelatin solution (ethanol/water mixed solvent) was sprayed into microdroplets from the nozzle and transforms to NF-MPs in the liquid nitrogen bath via the temperature-induced nanoscale phase separation. The gelatin NF-MPs were stabilized via EDC crosslinking and functionalized with the photocrosslinkable methacrylamide groups. The modified NF-MPs could be photo-cured to form an interconnected hydrogel scaffold and cells could be encapsulated during the crosslinking process with a high viability. The hierarchically structured hydrogels supported cell proliferation and osteogenesis in vitro and promoted neovascularization and bone defect regeneration in vivo (Figure 9).
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FIGURE 9. Strategy for fabrication of MANF hydrogels from gelatin nanofibrous microparticles. Reproduced from Hou et al. (2019) with permission from Elsevier (Copyright 2019).


The nanocomposite fibrous scaffold mimics the fibrous structure of the natural extracellular matrix with a porosity of up to 95%, enhancing the ability of cell adhesion, migration, proliferation, and differentiation in BTE. Yahia et al. (2019) developed a series of electrospun nanofiber scaffolds (NFS) with a sandwich structure based on PCL and chitosan/polyethylene oxide (CS/PEO) composites. On account of the bionic structure, controllable pores, and porous network, these nanocomposite scaffolds could regulate angiogenesis and osteogenesis. The rabbit model experiment of mandibular bone defect in vivo also proved that the modified scaffolds could facilitate the fracture healing and bone regeneration.



Advances in Tissue-Engineered Bone Technology

Bone bioreactor technology is considered to provide an ideal environment for the combination of seed cells, growth factors, and scaffolds, and control of the bone bioreactor environment has made it possible to prepare isolated tissue-engineered bone (Amini et al., 2012; Tang et al., 2016; Liu et al., 2019). In recent years, a new generation of superimposed manufacturing technology has also received a lot of attention. As a representation, 3D printing manufacturing technology is applied to prepare porous biocompatible scaffolds with excellent mechanical and bone conduction properties (Bittner et al., 2019; Diloksumpan et al., 2020; Polley et al., 2020). Qiao et al. (2020) demonstrated a multifunctional hydrogel scaffold from supramolecular assembly of sodium tetraborate (Na2B4O7), polyvinyl alcohol (PVA), Ag NPs, and tetraethyl orthosilicate (TEOS). These 3D composite scaffolds with suitable pore size and matched bone porosity exhibited good antibacterial and biological activity, which promoted BMSC proliferation and osteogenic differentiation and inhibited bacteria. In vivo experiments revealed that the implant showed effective antibacterial ability while promoting bone regeneration as innovative scaffolds for bone regeneration. Sallstrom et al. (2020) prepared a composite material using an extrusion-based additive manufacturing technique with controlled shapes and tunable mechanical properties. These printed structures supported their own weight without requiring curing during printing, which enabled the use of a printing-then-curing approach, by which the cells could grow well on the hydrogel surface in this zwitterionic sulfobetaine hydrogel system. Kankala et al. (2018) demonstrated a 3D porous scaffold using the innovative combinatorial 3D printing and freeze-drying technologies on gelatin (Gel), nano-hydroxyapatite (n-HA), and poly(lactide-co-glycolide) (PLGA) for bone regeneration. These formed Gel/n-HA/PLGA scaffolds possessed good biocompatibility, biodegradation, and mechanical properties, thus promoting cell adhesion, growth, and differentiation with the verification of particular biomarker expression in the ossification process.

Combined with 3D images and CT data analysis, 3D printing scaffolds are precisely prepared with controlled structure, porosity, and property, which can match the specific bone defects. The most extensive and in-depth research of nanomaterial preparation technology includes wet chemical precipitation preparation, sol-gel synthesis technology, hydrothermal synthesis technology, molecular self-assembly technology, and freeze-drying and phase separation, which have significantly promoted the development of nanocomposites (Rezvani et al., 2016; Melo et al., 2019). In addition, genetic engineering has also shown irreplaceable advantages in the application of tissue-engineered bone. Genetic engineering can prolong the expression time of proteins and regulate the expression of transgenes to stimulate bone regeneration and repair (Evans, 2012). Afterward, therapies based on gene expression modification have emerged as a potential alternative therapy for orthopedic diseases. For example, the use of RNA interference-based therapy can effectively target genes that down-regulate bone formation for effective treatment of osteoporosis. Mora-Raimundo et al. (2019) prepared polyethyleneimine-functionalized mesoporous silica nanoparticles (MSNs@PEI). After the combination of the SOST siRNA and the human parathyroid hormone-related peptide, these mesoporous MSNs@PEI nanoparticles could promote the osteoblasts’ growth and differentiation for osteoporosis therapy (Mora-Raimundo et al., 2019).

The weakening ability of bone implant combination has become the main restricting factor for implant treatment in patients with osteoporosis and other patients. The key to solving these problems is to deliver the ideal cell and gene targets efficiently and specifically. Xing et al. (2020) used the LBL self-assembly technology to assemble the Au NPs modified by siRNA-CTSK onto the surface of titanium implant through the bio-based polymer materials and constructed a hierarchical nanostructure coating (Figure 10). The release of siRNA targeted the regulation of cathepsin K and enhanced bone–implant interfacial interaction. siRNA-CTSK could be released and internalized by the adjacent macrophages, demonstrating the synergistic effect on improving osteointegration therapy for in vitro and in vivo bone regeneration and vascular system repair. Therefore, this coating could slow down siRNA-CTSK to monocytes around the implant, inhibit osteoclastic differentiation, change the cell secretion characteristics, and promote the regeneration of bone and vascular tissue around the titanium implant (Xing et al., 2020). However, highly effective delivery vectors and transfection methods were the focus of current research, and safety was still a main obstacle of gene engineering for bone regeneration (Lu et al., 2013; Park et al., 2019). In view of the positive achievements of gene engineering in BTE, it is expected that new genes or regulatory RNAs will be found and utilized to regulate the expression of proteins and transgenes through gene transfer and regulate the host immune system to inhibit the negative effects on bone healing. The safety of clinical applications and evidence support for evidence-based medicine and other related issues are still the focus of further research for scientists and clinicians in their related fields in the future. Thus, it is believed that development of related technologies could help tissue-engineered bone reach new heights.
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FIGURE 10. siRNA-decorated nanoparticles were assembled to engineer a hierarchical nanostructured coating on clinically used titanium implants for the synergistic regeneration of skeletal and vascular tissues. Reproduced from Xing et al. (2020) with permission from Elsevier (Copyright 2020).




FUTURE OUTLOOK AND CONCLUSION

In summary, there is an urgent need for design concepts and formulation methods to manufacture new bone regeneration and repair scaffolds. Specifically, the field of BTE needs more research to discover the relationship between the composition and material structure on multiple length scales and macroscopic osteogenesis potential. The increasing emphasis on scaffold materials and nanotechnology in the field of BTE has brought huge possibilities for scaffold chemical modification, giving it a revolutionary degree of control. To produce “active” scaffolds specifically manufactured for bone regeneration, an ideal scaffold can be temporarily substituted for natural tissues to interact with the surrounding environment, respond to environmental changes, and actively guide cellular events. These abilities will result in faster bone formation, increased healing time, and rapid recovery of function. An ideal scaffold material should possess the following properties for bone regeneration: (1) basic requirement of excellent biocompatibility to support the adhesion and proliferation of bone-forming cells; (2) high mechanical properties for load-bearing; (3) suitable pore interconnectivity and size for transport of nutrients and oxygen; (4) tailored biodegradation or bioresorbability to provide growth space of new bone tissue; and (5) allowable incorporation of biological cues and signals for cell adhesion, proliferation, metabolism, and differentiation.

Significant progress has been made in the study of various materials and tissue-engineered bones, and different materials have demonstrated fascinating bone regenerative capabilities for the last two decades. With the in-depth study of BTE, researchers have developed various technologies such as electrospinning and molecular self-assembly for successful application into the manufacture of nanofiber scaffolds. Many reports have confirmed that their bionic properties can improve cell adhesion and osteogenic differentiation and organization formation. In essence, scaffold materials will continue to be active participants in the process of bone regeneration as cells and molecular carriers and will play an important role in controlling delivery efficiency and delivery rate. It is worth noting that the degradation of scaffold materials requires the release of biomolecules in a time-dependent manner to prevent the burst of biomolecule release, which is also a basic requirement for new-generation scaffolds. In the future, scholars should devote themselves to studying the interaction between this kind of nano-scaffold material for clinical bone repair and bone regeneration and tissues and to further optimize their composition, structure, and mechanical strength. In addition, the characteristics of different nanocomposites combined with cells also need to be further studied to optimize the survival, adhesion, and migration of the related cells. Thus, we believe that along with clear elucidation of the molecular and signaling mechanisms on tissue repair and regeneration, these series of bone regenerative biomaterials will spark broader interests in the scientific community to create more tailor-made engineering scaffolds with optimum characteristics and advanced properties like natural bones to combat large bone defects in clinical therapeutics.
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Autophagy, a lysosomal degradation pathway, serves as a protective cellular mechanism in maintaining cell and tissue homeostasis under mechanical stimulation. As the mechanosensitive cells, periodontal ligament stem cells (PDLSCs) play an important role in the force-induced inflammatory bone remodeling and tooth movement process. However, whether and how autophagy in PDLSCs influences the inflammatory bone remodeling process under mechanical force stimuli is still unknown. In this study, we found that mechanical force stimuli increased the expression of the autophagy protein LC3, the number of M1 macrophages and osteoclasts, as well as the ratio of M1/M2 macrophages in the compression side of the periodontal ligament in vivo. These biological changes induced by mechanical force were repressed by the application of an autophagy inhibitor 3-methyladenine. Moreover, autophagy was activated in the force-loaded PDLSCs, and force-stimulated PDLSC autophagy further induced M1 macrophage polarization in vitro. The macrophage polarization could be partially blocked by the administration of autophagy inhibitor 3-methyladenine or enhanced by the administration of autophagy activator rapamycin in PDLSCs. Mechanistically, force-induced PDLSC autophagy promoted M1 macrophage polarization via the inhibition of the AKT signaling pathway. These data suggest a novel mechanism that force-stimulated PDLSC autophagy steers macrophages into the M1 phenotype via the AKT signaling pathway, which contributes to the inflammatory bone remodeling and tooth movement process.

Keywords: autophagy, macrophage polarization, bone remodeling, mechanical force, periodontal ligament stem cells, inflammation, tooth movement, AKT signaling


INTRODUCTION

Mechanical force plays a vital role in maintaining tissue homeostasis and mediating pathological process under physiological or pathological conditions (Smutny et al., 2017; Miroshnikova et al., 2018). In the alveolar bone environment, mechanical force supports the homeostasis during masticatory movements (Thompson et al., 2012), and also mediates the bone remodeling process during tooth movement (Meikle, 2006). During tooth movement, aseptic inflammatory microenvironment is developed in the periodontal tissues, which is characterized by elevated expressions of inflammatory cytokines, chemokines, and increased activations of inflammatory immune cells (Garlet et al., 2007; He et al., 2015b; Yan et al., 2015). As the main mesenchymal stem cells (MSCs) in the periodontal tissues, periodontal ligament stem cells (PDLSCs) constantly receive mechanical force stimuli and contribute to the inflammatory responses and bone remodeling process during tooth movement (Zhang et al., 2016; Huang et al., 2018). Increased expressions of inflammatory cytokines, chemokines, and gas molecules such as hydrogen sulfide have been found in the force-stimulated PDLSCs (Lee et al., 2012; Liu et al., 2017; He et al., 2020). However, how mechanical force modulates PDLSC behaviors and therefore influences the inflammatory responses and the bone remodeling process under force stimuli is still obscure.

Autophagy has been gradually acknowledged as an important protective cellular process to maintain cell and tissue homeostasis under the external stimuli, such as stress, inflammation, hypoxia, and mechanical load (Hara et al., 2006; Jiang et al., 2010; Kroemer et al., 2010). Cells could degrade damaged organelles and misfolded proteins, and therefore maintain themselves survival. The degraded components are encapsulated in autophagic vacuoles or autophagosomes, which fuse with lysosomes to form autophagolysosomes (Mizushima et al., 2008; Klionsky et al., 2012). Autophagy has also been shown to participate in the pathological process of inflammatory diseases, such as chronic intestinal inflammation, inflammatory bowel diseases and inflammatory periodontitis (Levine et al., 2011; An et al., 2016; Wang et al., 2019). In the treatment of autoimmune encephalomyelitis, autophagy has been discovered to modulate the immunoregulatory properties of MSCs (Dang et al., 2014). In addition, autophagy might also be adapted to mechanical load, which could be activated in mechanosensitive cells such as osteoblasts, endothelial cells, and PDLSCs (King et al., 2011; Ma et al., 2013; Memmert et al., 2019). However, whether autophagy in PDLSCs influenced inflammatory microenvironment of the periodontal tissues under mechanical force stimuli needs further exploration.

During the force-induced inflammatory bone remodeling process, macrophages are regarded as one of the vital immune cells (Feng and Teitelbaum, 2013; Horwood, 2016). Depending on the different environmental signals, macrophages show a broad spectrum of activation phenotypes, described by M1 or M2 polarization. The M1 phenotype mainly mediates the inflammation process. It could be activated by interferon (IFN)-γ or lipopolysaccharides, and expressed inflammatory elements such as tumor necrosis factor (TNF)-α and nitric oxide (NO); the M2 phenotype mainly participates in tissue remodeling, which could be activated by interleukin (IL)-4 or IL-13 and could produce IL-10, arginase-1 (Arg-1) and DECTIN-1 (Murray, 2017; Shapouri-Moghaddam et al., 2018). Previously, we have confirmed that M1 macrophage polarization is critical in the bone remodeling and root resorption process during tooth movement (He et al., 2015a,b). Given the importance of M1 macrophage polarization during tooth movement, we hypothesized that autophagy in PDLSCs influences macrophage polarization under mechanical force stimuli and thus influences alveolar bone remodeling. This study aims to verify whether and how force-induced autophagy in PDLSCs modulates macrophage polarization and contributes to periodontal inflammatory microenvironment and bone remodeling during tooth movement.



MATERIALS AND METHODS


Animals and Treatments

Adult Sprague-Dawley rats (180–200 g, 6–8 weeks, male) were divided into three groups, including the group with force loading (Force, n = 10), the group with force loading and 3-methyladenine application (Force + 3-MA, n = 10) and the control group without force loading (Con, n = 10). Orthodontic force was applied for 7 days as previously described (He et al., 2015b). Briefly, a nickel–titanium coil spring (wire size 0.2 mm, 1 mm in diameter, and 1 mm in length, Smart Technology, China) was bonded between the upper first molar and incisors of rats to provide approximately 50–60 g force (Taddei et al., 2012). Volumetrically equivalent saline or 3-MA (30 mg/kg, Sigma, St. Louis, MO, United States) was injected intraperitoneally every day during tooth movement (Jiang et al., 2010) in the Force or Force + 3-MA group, respectively.

The rats were sacrificed after 7 days, and the maxillae were harvested for further studies. The tooth movement distance was measured between the midpoint of the distal-marginal ridge of the maxillary first molar and the midpoint of the mesial-marginal ridge of the maxillary second molar (He et al., 2015b). The measurement was repeated for three times and the average distance was calculated. All experimental protocols were approved by the Institutional Animal Use and Care Committee of Peking University (LA2013-92).



Human PDLSCs Culture and Mechanical Force Loading

Human PDLSCs were isolated from the extracted healthy premolars of volunteers receiving orthodontic treatment with informed consent as previously described (Seo et al., 2004). The ethic protocols were approved by the Peking University Ethical Committee (PKUSSIRB-201311103). Briefly, the periodontal ligament was scraped from the root surface and minced into small pieces. Periodontal tissue explants were cultured in cell culture flask upside down with DMEM medium (Invitrogen, Carlsbad, CA, United States) with 20% fetal bovine serum (Gibco, MA, United States) and 1% Penicillin/Streptomycin. Cells were grown in a CO2 incubator at 37°C. The PDLSCs were identified following our previous protocols (Fu et al., 2016) and used at passage four for further analysis.

To apply compressive force on PDLSCs, glass layers and 15 ml plastic tube caps containing weighed metal balls were used to apply compressive force (0.5–2.5 g/cm2) lasting for different time points, which was modified from a previously described method (Kanzaki et al., 2002). After subjected to compressive force for 12 h, PDLSCs were collected for further experiments of transmission electronic microscopy (TEM), autophagy flux assay and immunofluorescence staining. Next, the culture medium from force-loaded PDLSCs (1.5 g/cm2, 12 h) and force-loaded PDLSCs with additional treatment of 3-MA (2.5 mM, 12 h) or rapamycin (0.25 μg/ml, 12 h, Sigma, St. Louis, MO, United States) (Ma et al., 2018) were collected to treat THP-1-derived macrophages.



Transmission Electronic Microscopy

Periodontal ligament stem cells with or without force loading were fixed in 2.5% (v/v) glutaraldehyde, and treated with 3% potassium ferrocyanide and 1% (w/v) osmium tetroxide for 1 h at 4°C. Cells were then treated with 0.3% thiocarbohydrazide for 5 min at room temperature, and then incubated in 1% osmium tetroxide for 20 min at 4°C. After dehydrated in the series of ethanol, cells were embedded and the ultra-thin sections were harvested and stained with solution containing 1% toluidine blue and 2% borate. Images were observed with a JEM-1400-Plus transmission electron microscope (JEOL, Japan).



Autophagy Flux Assays

Periodontal ligament stem cells were transfected with the mRFP-GFP-LC3 adenoviral (HanBio, Shanghai, China) according to the manufacturer’s instructions. After infection, cells were cultured for another 24 h and then subjected to compressive force (1.5 g/cm2) for 12 h. After force loading, autophagosomes and autolysosomes were observed and captured with a laser scanning microscope (LSM 510, Zeiss, Jena, Germany) and the images were processed using LSM 5 Release 4.2 software. The intensity of autophagy flux was determined by assessing the numbers of RFP/GFP-expressing cells.



Treatment of THP-1-Derived Macrophages

THP-1 human monocytic cells (ATCCTIB-202) were differentiated into macrophages with the treatment of 50 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma) for 24 h. To determine whether the autophagy of force-stimulated PDLSCs could influence macrophage polarization, THP-1-derived macrophages were incubated with supernatant from the force-loaded PDLSCs (FS) and force-loaded PDLSCs with additional treatment of 3-MA (FS + 3-MA) or rapamycin (FS + Rapa). THP-1-derived macrophages incubated with supernatant from the PDLSCs without force-loaded served as control (CS). After 24 h, total RNA and total protein were harvested from THP-1-derived macrophages for further detection of macrophage-related markers.

To further explore the underlying mechanism, total protein was harvested from THP-1-derived macrophages after incubation in the conditioned medium for 2-4 h to detect the changes of signaling pathway. Next, the activator of AKT signaling pathway IGF1 (100 ng/ml, Abcam, United States) was applied to the macrophages of FS + Rapa group, and the inhibitor of AKT singnalling pathway GSK690693 (10 μM, Beyotime Biotechnology, Jiangsu, China) was applied to the macrophages of FS + 3-MA group. Total protein was extracted at 30 min to test the chemical drug efficiency. In addition, total RNA and protein were harvested from THP-1-derived macrophages after 24 h treatment for further detection of macrophage-related markers.



Immunohistochemical Staining

The trimmed maxillae were fixed in 10% neutral buffered formalin for 24 h, decalcified in 15% ethylenediaminetetraacetic acid and embedded in paraffin. Consecutive 4-μm sagittal sections of the maxillary first molar were obtained and the middle to apical third of the periodontal tissues was observed. A two-step detection kit (Zhongshan Golden Bridge Biotechnology, Beijing, China) was used following previous protocols (He et al., 2015b). Primary antibodies including anti-microtubule associated protein 1 light chain 3 β (LC3B) (1:100, CST3868S, CST), anti-TNF-α (1:100, ab1793, Abcam), and anti-CD146 (1:200, ab-75769, Abcam) were used. Five different slides from each sample (n = 10) were used for cell counting. Each slide was measured for three times and the average positive cell numbers were calculated.



Tartrate-Resistant Acid Phosphatase Staining

Histology sections were stained with an acid phosphatase kit (387A-1KT; Sigma) for tartrate-resistant acid phosphatase (TRAP) staining. TRAP-positive multinucleated cells (≥3 nuclei) attached to the surface of the adjacent alveolar bone were counted as osteoclasts.



Immunofluorescence Staining

For immunofluorescence staining, tissue sections were double-stained with anti-CD68 (1:500; MCA341GA, Serotec, United Kingdom) and anti-inducible nitric oxide synthase (iNOS) (1:100; ab-15323, Abcam) for M1 macrophages, or anti-CD68 and anti-CD163 (1:100; sc-33560, Santa Cruz) for M2 macrophages. PDLSCs were stained with anti-LC3B (1:100, CST3868S, CST). Samples were incubated with primary antibodies at 4°C overnight. On the following day, the samples were incubated with fluorescein secondary antibody (1:200, Jackson Immuno Research Laboratories, West Grove, PA, United States). Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI). Samples were observed with a laser scanning microscope (LSM 510, Zeiss), and the images were processed using LSM 5 Release 4.2 software. Three different slides from each sample (n = 6) were used for cell counting. Each slide or cell sample was measured for three times and the average positive cell numbers were calculated.



Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted using TRizol reagent (Invitrogen, Carlsbad, CA, United States) in accordance with the manufacturer’s instructions. RNA samples (2000 ng) were reverse transcribed into cDNA using RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific). Then real-time Polymerase Chain Reaction (PCR) was performed using the FastStart Universal SYBR Green master kit (Roche) on an Applied Biosystems 7500 Real-Time PCR System (Life Technologies Corporation, United States) to determine the relative mRNA expression level of autophagy marker Beclin-1. M1 macrophage markers including TNF-α, iNOS, and M2 macrophage markers including arginase-1 (Arg-1) and DECTIN-1 were also detected. Fold changes of target genes were calculated with △△CT method using GAPDH as reference control. The sequences of human primers (designed by Primer Premier 5.0 software) were listed as follows:


GAPDH sence/antisence: 5′-ATGGGGAAGGTGAAGGT CG-3′/5′-GGGGTCATTGATGGCAACAATA-3′.

TNF-α sence/antisence: 5′-GAGGCCAAGCCCTGGTA TG-3′/5′-CGGGCCGATTGATCTCAGC-3′.

iNOS sence/antisence: 5′-TTCAGTATCACAACCTCAGC AAG-3′/5′-TGGACCTGCAAGTTAAAATCCC-3′.

DECTIN-1 sence/antisence: 5′-GGAAGCAACACATTGG AGAATGG-3′/5′-CTTTGGTAGGAGTCACACTGTC-3′.

arginase-1 sence/antisence: 5′-TGGACAGACTAGGAATT GGCA-3′/5′-CCAGTCCGTCAACATCAAAACT-3′.

Beclin-1 sence/antisence: 5′-ATTCGAGAGCAGCATCC AAC-3′/5′-AACAGGAAGCTGCTTCTCAC-3′.





Western Blot Analysis

Western blot analyses were performed following previous protocols (He et al., 2015b). Total protein was extracted from cultured cells using RIPA lysis buffer (Sigma) with protein inhibitor cocktail (Roche) and PhosSTOP Phosphatase inhibitor cocktail (Roche, United States). Lysates were centrifuged at 12,000 × g for 15 min. Supernatants were collected for further use. Proteins were separated by 10% SDS-PAGE, transferred onto PVDF membrane (Bio-Rad), blocked in 5% BSA and then probed overnight with primary antibodies included anti-β-actin (1:10,000, a-5441, Sigma), anti-GAPDH (1:10,000, 60004, Proteintech), anti-LC3(1:500, CST3868S, CST), anti-P62 (1:1,000, ab91526, Abcam), anti-iNOS (1:500, abs130136, Absin), anti-Arg-1 (1:5,000, sc-21050, Santa Cruz), anti-TNF-α (1:200, sc-52746, Santa Cruz), anti-phospho-AKT1 (Ser473) (1:500, 9018S, CST), anti-AKT (1:500, 9272, CST), and anti-NF-κB/P65 (1:1,000, 8242S, CST). The blots were then incubated with a horseradish peroxidase-conjugated secondary antibodies (1:5,000; Zhongshan Golden Bridge Biotechnology, Beijing, China). Finally, the protein bands were enhanced by chemiluminescence detection before photography. The relative density of at least three comparable results was measured by Image J software.



Statistical Analysis

Data were presented as mean ± SD. Student’s t-tests or one-way analysis of variance (ANOVA) with post hoc tests were used to compare the differences between groups using SPSS20.0. P < 0.05 was considered statistically significant.



RESULTS


Force-Induced Autophagy in PDLSCs Contributes to M1 Macrophage Polarization in vivo

To investigate whether mechanical force could activate autophagy, an experimental animal model of tooth movement was set up and autophagy was systemically blocked with the inhibitor 3-MA. After force loading for 7 days, the tooth movement distance increased to 505.4 ± 72.4 μm, and was partially reversed to 327.8 ± 47.27 μm after 3-MA injection (P < 0.001, Figure 1A). The expressions of the autophagy protein LC3, the pro-inflammatory cytokine TNF-α and the MSC surface marker CD146 increased in the compression side of the periodontal tissues after force loading (P < 0.001). Concomitantly, the number of TRAP+ osteoclasts also increased after force loading (P < 0.001, Figures 1B,C). 3-MA injection significantly decreased the expressions of LC3, TNF-α and CD146, as well as the number of TRAP+ osteoclasts (P < 0.001). Nevertheless, the number of CD146+ MSCs and TRAP+ osteoclasts was still upregulated in the Force + 3-MA group, compared with the control group (P < 0.05, Figures 1B,C).
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FIGURE 1. Mechanical force-induced autophagy contributes to M1 macrophage polarization and bone remodeling during tooth movement in vivo. (A) Representative images and semiquantification analysis of the tooth movement distance in rats. Force loading increased the tooth movement distance, which was partially reversed by 3-MA application. 1st M, the first molar; 2nd M, the second molar. Black triangles represent the tooth movement distance. (B) Representative immunohistochemical images of LC3, TNF-α and CD146 and TRAP staining. (C) Semiquantification analysis of the number of LC3+, TNF-α+ and CD146+ and TRAP+ cells in panel (B). (D) Representative immunofluorescence images on the compression side of distobuccal roots and semiquantification analysis of double-labeled cells. M1 macrophage polarization was identified by CD68+ (red) and inducible nitric oxide synthase (iNOS)+ (green), whereas M2 macrophage polarization was identified as CD68+ (red) and CD163+ (green). Dashed lines mark the outline of distobuccal roots. Arrow represents the direction of force. Results are presented as mean ± SD. n = 10. *P < 0.05, **P < 0.01, ***P < 0.001 versus Con; #P < 0.05, ##P < 0.01, ###P < 0.001 versus Force.


Mechanical force modulates M1 macrophage polarization, which contributes to bone remodeling and root resorption during tooth movement (He et al., 2015b). To assess the influence of force-induced autophagy on macrophage polarization in vivo, immunofluorescence staining was performed to identify the changes of macrophage markers after force loading. The number of CD68+iNOS+ M1 macrophages increased on the compression side of the periodontal ligament after force loading (P < 0.001 versus Con) and decreased significantly after 3-MA injection (P < 0.01 versus Force). Although the number of CD68+CD163+ M2 macrophages increased after force loading and 3-MA injection (P < 0.05 and 0.01, respectively), the ratio of M1/M2 macrophage polarization increased significantly after force loading (P < 0.01 versus Con) and decreased significantly after 3-MA injection (P < 0.01 versus Con and Force, Figure 1D). These data suggest that autophagy modulates macrophage polarization after force loading and influences the alveolar bone remodeling and tooth movement process.



Mechanical Force Activates Autophagy in PDLSCs

Periodontal ligament stem cells, as the main MSCs in the periodontal ligament microenvironment, respond to mechanical force and participate in the alveolar bone remodeling and tooth movement. To explore the autophagy activity under mechanical force, we performed western blot, immunofluorescence staining autophagy flux assay and TEM on PDLSCs in vitro. LC3 is one of the most essentially monitored autophagy-related proteins. Increased expression of LC3II/I was detected under compressive force loading from 0.5 to 2.5 g/cm2 for 12 h. Nevertheless, 1.0 and 1.5 g/cm2 compressive force triggered the strongest expressions of LC3II/I (Figure 2A), and 1.5 g/cm2 compressive force was utilized in the following experiments. In addition, the expressions of LC3II/I started to increase increased after force stimulation for 3 h and persisted to 24 h (Figure 2B). Moreover, the expression of another autophagy marker P62/SQSTM (P62) decreased after compressive force loading for 2 and 6 h (P < 0.05, Figure 2C); whereas the expression of Beclin1 increased after force stimuli for 3 h (P < 0.05, Supplementary Figure 1A). Accordingly, real-time PCR showed that the mRNA expression of Beclin1 was significantly upregulated compared with the control group (P < 0.01, Supplementary Figure 1B). Immunofluorescence staining showed that positive expression of LC3 aggregated in PDLSCs after compressive force stimulation for 12 h, which was further enhanced after rapamycin application (Figure 2D). Autophagosomes, also known as initial autophagic vacuoles, are spherical structures with bilayers membranes containing cytoplasmic components and/or organelles (Kliosnky et al., 2016). mRFP-GFP-LC3 adenovirus were transfected into PDLSCs to detect autophagic flux. Cells were applied with compressive force for 12 h, and the flux rate of autophagy was detected with microscopy. The numbers of autolysosomes (mRFP-positive, red dots) and autophagosomes (GFP/RFP double-positive, yellow dots) were significantly higher in the force group (P < 0.001, Figure 2E). In addition, autophagosomes could be obviously identified in the PDLSCs by TEM after compressive force stimulation (Figure 2F). Taken together, these data reveal that under compressive force stimulation, autophagy can be activated in a force-dependent and time-dependent tendency in PDLSCs.
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FIGURE 2. Autophagy is induced with the application of mechanical stimuli in PDLSCs. (A) Western blot of the expressions of LC3 in PDLSCs under different force values at protein level. The relative fold change of LC3-II/I was quantified. GAPDH served as an internal control for equal loading. Results are presented as mean ± SD. n = 3–4. ∗P < 0.05, ∗∗P < 0.01 versus Con. (B) Western blot of the expressions of LC3 in PDLSCs under force stimuli (1.5 g/cm2) at different time points. The relative fold change of LC3-II/I was quantified. GAPDH served as an internal control for equal loading. Results are presented as mean ± SD. n = 3–4. ∗P < 0.05, ∗∗P < 0.01 versus Con;$IP < 0.05 versus 0.5 h; #P < 0.05,##P < 0.01 versus 1 h; &P < 0.05, &&P < 0.01 versus 2 h. (C) Western blot and quantification of P62 expression in PDLSCs under force stimuli (1.5 g/cm2) at different time points. Results are presented as mean ± SD. n = 3. ∗P < 0.05 versus Con; #P < 0.05 versus 0.5 h. (D) Immunofluorescence staining of LC3 (red) in PDLSCs with the application of force stimuli (1.5 g/cm2) or rapamycin (Rapa). (E) PDLSCs were infected with adenovivus with mRFP-GFP-LC3. Cells were applied with static force for 6 h, and the autophagosomes and autolysosomes were detected in PDLSCs. Yellow-colored autophagosomes and red-colored autolysosomes were calculated. Results are presented as mean ± SD. n = 4. ∗∗∗P < 0.001 versus Con. (F) Ultrastructural features in PDLSC assessed by TEM without or with force. Arrows indicated the autophagosomes or autolysosomes in the cytoplasm. Numbers of autophagosomes/autolysosomes were quantified. Results are presented as mean ± SD. n = 3. ∗P < 0.05 versus Con.




Force-Stimulated PDLSC Autophagy Induces M1 Macrophage Polarization in vitro

To further detect whether autophagy in force-stimulated PDLSCs could affect macrophage polarization, the supernatant from the force-loaded PDLSCs (FS), the force-loaded PDLSCs with additional treatment of an autophagy inhibitor 3-MA (FS + 3-MA) or an autophagy activator rapamycin (FS + Rapa) was utilized to treat THP-1-derived macrophages. THP-1-derived macrophages incubated with supernatant from PDLSCs without force loading served as the control (CS) (Figure 3A).
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FIGURE 3. Force-stimulated PDLSC autophagy induces M1 macrophage polarization in vitro. (A) Schematic illustration. (B) Relative mRNA expression of M1/M2-related genes of THP-1-derived macrophages with treatment of different conditioned medium. CS: control supernatant; FS: force-loaded supernatant. FS + 3-MA: force-loaded supernatant with 3-MA; FS + Rapa: force-loaded supernatant with rapamycin. Results are presented as mean ± SD. n = 6.*P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus CS; ##P < 0.01, ###P < 0.001 versus FS; &&&P < 0.001 versus FS + 3-MA. (C) Representative immunocytochemical images of THP-1-derived macrophages. M1 macrophage polarization [CD68+ (green) and iNOS+ (red)] increased in the FS group, which decreased significantly after 3-MA application or enhanced after rapamycin application. No change was observed in M2 macrophage polarization [CD68+ (green) and CD163+ (red)]. (D) Quantification of CD68+/iNOS+ double positive cells and CD68+/CD163+ double positive cells in panel (C). Results are presented as mean ± SD. n = 3–4. ∗∗∗P < 0.001 versus CS; ###P < 0.001 versus FS; &&&P < 0.001 versus FS + 3-MA. (E) Western blot of the expressions of iNOS and arginase-1 in THP-1-induced macrophages. Beta-actin served as an internal control for equal loading. Protein expression level was quantified and presented as mean ± SD. n = 3. ∗∗P < 0.01, ∗∗∗P < 0.001 versus CS; ##P < 0.01 versus FS; &&&P < 0.001 versus FS + 3-MA.


The mRNA expression levels of M1 macrophage associated markers TNF-α and iNOS in THP-1-derived macrophages were upregulated in the FS group (P < 0.001 and P < 0.05 versus CS, respectively), which were downregulated in the FS + 3-MA group (P < 0.001 and P < 0.01 versus FS, respectively) and further enhanced in the FS + Rapa group (P < 0.001 versus CS, FS and FS + 3-MA). However, no changes were observed of the mRNA expressions of M2 macrophage associated markers arginase-1 and DECTIN-1 (Figure 3B).

Immunocytochemical analyses showed that the proportion of CD68+iNOS+ M1 macrophages increased significantly in the FS group (P < 0.001), which was partially blocked in the FS + 3-MA (P < 0.001) group and enhanced in the FS + Rapa group (P < 0.001). However, the proportion of CD68+CD163+ M2 macrophages did not changed [Figures 3C,D and Supplementary Figure 2 (Split images)]. Correspondingly, western blot analysis showed that the expression of M1 macrophage associated marker iNOS significantly increased in the FS group (P < 0.01 versus CS), which was downregulated in the FS + 3-MA group (P < 0.01 versus FS) and upregulated in the FS + Rapa group (P < 0.001 versus CS, P < 0.01 versus FS and P < 0.001 versus FS + 3-MA, Figure 3E). The same changes of TNF-α expression were detected (Supplementary Figure 3). However, the expression of M2 macrophage associated marker arginase-1 did not changed (Figure 3E). The application of 3-MA or rapamycin exclusively did not change the expressions of TNF-α or arginase-1 in THP-1 macrophages (Supplementary Figure 4). Taken together, these data suggest that autophagy in force-loaded PDLSCs could steer macrophage polarization toward the M1 phenotype in vitro.



Periodontal Ligament Stem Cell Autophagy Modulates M1 Macrophage Polarization Through the Inhibition of the AKT Signaling Pathway

After verifying the relationship between PDLSC autophagy and macrophage polarization, we next explored the possible underlying mechanism. AKT signaling has been acknowledged as a crucial mediator of the macrophage survival and polarization (Vergadi et al., 2017) and NF-κB is one of the key downstream signal of the AKT signaling. As a critical transcriptional factor in macrophages, increased NF-κB activity steers macrophage polarization toward the M1 phenotype (Kono et al., 2014; Hoover et al., 2020). We found the expression of phospho-AKT in macrophages was significantly inhibited in the FS groups (P < 0.05 versus CS) when applying the conditioned medium into the THP-1-derived macrophages, whereas blocking autophagy by 3-MA (FS + 3-MA) increased the expression of phospho-AKT (P < 0.01 versus CS, P < 0.001 versus FS) and enhancing autophagy by rapamycin reversed the above-mentioned increase level of phospho-AKT (P < 0.05 versus CS, P < 0.001 versus FS + 3-MA, Figure 4A). In contrast, the expression of NF-κB/P65 was upregulated after incubation in the supernatant from the force-loaded PDLSCs (P < 0.05 versus CS), which was further enhanced by the application of autophagy activator rapamycin (P < 0.01 versus CS, P < 0.05 versus FS and FS + 3-MA, Figure 4B).
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FIGURE 4. Autophagy in PDLSCs under force stimuli suppressed AKT signaling in THP-1-derived macrophages. (A) Western blot of the expressions of phosphor-AKT (Ser473) and AKT in THP-1-derived macrophages. GAPDH served as an internal control. The relative fold change of p-AKT/AKT was quantified. Activation of autophagy could reduce active AKT activity in FS and FS + Rapa groups, while 3-MA (FS + 3-MA) reversed these effects. (B) Western blot of the expressions of NF-κB/P65 in THP-1-derived macrophages. GAPDH served as an internal control. The expression of NF-κB/P65 increased after force loading, which further enhanced after rapamycin application. The relative fold change was quantified. Results are presented as mean ± SD. n = 3. *P < 0.05, **P < 0.01 versus CS; #P < 0.05, ###P < 0.001 versus FS; &P < 0.05, &&&P < 0.001 versus FS + 3-MA.


To further confirm the regulatory mechanism, the AKT signaling activator IGF1 and inhibitor GSK690693 were applied to the THP-1-derived macrophages. The activator efficiency of IGF1 was confirmed by the increased expression of phospho-AKT/AKT (P < 0.01, Supplementary Figure 5A), whereas the inhibitor efficiency of GSK690693 was confirmed by the decreased expression of phospho-AKT/AKT (P < 0.05, Supplementary Figure 5B). The expressions of TNF-α and NF-κB/P65 increased in FS + Rapa + DMSO group (P < 0.05 and P < 0.01 versus FS), which was decreased after AKT activator IGF1 application (P < 0.01 versus FS + Rapa + DMSO, Figure 5A). No changes were observed of the expression the M2 marker arginase-1. Consistently, the mRNA expression levels of M1 macrophage-related markers iNOS and TNF-α increased in FS + Rapa + DMSO group (P < 0.01 versus FS) and decreased after IGF1 application (P < 0.05 and 0.001 versus FS + Rapa + DMSO), whereas no changes were observed in the expressions of M2 macrophage-related markers arginase-1 and DECTIN-1 (Figure 5C).
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FIGURE 5. Force induced autophagy in PDLSCs modulates M1 macrophage polarization through AKT signaling. (A) Western blot of the expressions of TNF-α, Arg-1 and NF-κB/P65 by the application of force-loaded supernatant (FS) with rapamycin. AKT signaling activator IGF1 or equal volume of DMSO was added into supernatant. The protein levels were quantified. Results are presented as mean ± SD. n = 3. *P < 0.05, **P < 0.01 versus the left column. ##P < 0.01 versus middle column. (B) Western blot of the expressions of TNF-α, Arg-1 and NF-κB/P65 by the application of force-loaded supernatant (FS) with 3-MA. AKT kinase inhibitor GSK690693 or equal volume of DMSO was added into conditioned medium. Results are presented as mean ± SD. n = 3. *P < 0.05, **P < 0.01 versus the left column. #P < 0.05, ##P < 0.01 versus middle column. (C) Relative mRNA expression of M1/M2-related genes of THP-1-derived macrophages cultured with different conditions, including FS, FS + Rapa + DMSO and FS + Rapa + IGF1. (D) Relative mRNA expression of M1/M2-related genes of THP-1-derived macrophage cultured with different conditions, including FS, FS + 3 − MA + DMSO and FS + 3 − MA + GSK690693 groups. Results are presented as mean ± SD. n = 3–4. **P < 0.01 versus left column; #P < 0.05, ###P < 0.001 versus middle column.


Furthermore, the expressions of TNF-α and NF-κB/P65 decreased in FS + 3-MA + DMSO group (P < 0.01 and 0.05 versus FS). After the application of AKT kinase inhibitor GSK690693, the expressions of TNF-α and NF-κB/P65 increased significantly at protein level (P < 0.01 and 0.05 versus FS + 3-MA + DMSO, Figure 5B). Consistently, the mRNA expression levels of iNOS and TNF-α decreased in FS + 3-MA + DMSO group (P < 0.01 versus FS) and increased after GSK690693 application (P < 0.001 versus FS + 3-MA + DMSO), whereas no changes were observed in the expressions of M2 macrophage-related markers arginase-1 and DECTIN-1 (Figure 5D). In sum, our data suggest that the autophagy activation in the force-loaded PDLSCs induces M1 macrophage polarization through the inhibition of the AKT signaling pathway.



DISCUSSION

Autophagy is an important protective cellular process to maintain cell and tissue homeostasis under mechanical load (Marino et al., 2014). However, it is still unclear that whether and how autophagy influences bone remodeling under mechanical force stimuli. In this study, we showed a novel mechanism that force-induced autophagy in PDLSCs contributed to M1 macrophage polarization, therefore promoting bone remodeling and tooth movement. First, force loading induced autophagy on the compression side of the periodontal tissues during tooth movement, accompanied by the accumulation of M1 macrophages. Blockage of autophagy by 3-MA decreased the tooth movement distance and suppressed M1 macrophage polarization. Second, compressive force in vitro stimulated autophagy in PDLSCs, which further increased the expressions of M1 macrophage-related inflammatory elements. These effects could be suppressed or enhanced by the application of autophagy inhibitor 3-MA or autophagy activator rapamycin. Finally, the AKT signaling pathway participated in the regulation of PDLSC autophagy on macrophage polarization under mechanical stimuli.

Autophagy has been demonstrated playing a two-sided role in inflammation and immune responses. On one hand, autophagy in the epithelium decreases the chronic intestinal inflammation (Pott et al., 2018). Depletion of autophagy gene Atg16l1 in the T cells aggravates the spontaneous intestinal inflammation (Kabat et al., 2016). On the other hand, induction of intestinal autophagy may increase the severity of inflammatory bowel diseases (Zhang et al., 2018). Psychosocial stress may also enhance intestinal autophagy and increase the M1/M2 macrophage ratio in the remaining colon, thus aggravating the severity of inflammatory bowel diseases (Wang et al., 2019). Moreover, higher level of autophagy has been found in the inflammatory periodontal tissues compared with normal periodontal tissues (An et al., 2016). During the force-induced tooth movement process, aseptic inflammatory microenvironment is induced in the periodontal tissues (Garlet et al., 2007). Here, our data showed that autophagy induced by mechanical force participated in the induction of inflammation in the periodontal tissues, which was characterized by the accumulation of M1 macrophages and the elevated expressions of M1 macrophage-related pro-inflammatory cytokines. Furthermore, blockage of autophagy level by 3-MA administration decreased the number of M1 macrophages, bone remodeling and tooth movement process. Consistent with the previous studies, the present study suggests that force-induced autophagy in PDLSCs promotes inflammation in the periodontal tissues by activating M1 phenotypes, thus contributing to bone remodeling and tooth movement.

The role of force-induced autophagy on osteoclast activity is controversial. Previous study has been shown that blockage of autophagy by 3-MA increased the expression of osteoclasts, decreased bone density and promoted tooth movement in the mouse model (Chen et al., 2019). The above findings varied different from our data. The underlying reasons can be interpreted as follows. In the previous study, the trifurcation area was detected for bone density. However, both compression force and strain existed in the trifurcation area, which may influence the assessment of bone density. Moreover, different dosage of 3-MA was used in the present study, which may lead to different outcomes. Nevertheless, further studies on knockout mice should be developed to confirm the regulatory role of autophagy in PDLSCs on macrophage polarization under mechanical force stimuli.

During inflammation and tissue remodeling process, MSCs could interact with immune cells such as macrophages by expressing cytokines such as transforming growth factor-β and secreting elements such as exosomes (Liu et al., 2019; Xu et al., 2019). In the periodontal tissues, PDLSCs are one type of unique MSCs, which can interact with other cells including osteoclasts and immune cells under mechanical stimuli (Zhang et al., 2016; Liu et al., 2017). Previously, we have shown that PDLSCs could secret inflammatory cytokines or gas molecule such as hydrogen sulfide and influence macrophage polarization under mechanical stimuli (He et al., 2015b, 2020). Moreover, autophagy in PDLSCs under compressive force was found to be regulated by lncRNA FER1L4 and involved in tissue remodeling (Huang et al., 2021). In this study, we show a novel mechanism that autophagy in PDLSCs could participate in regulating M1 macrophage polarization under mechanical stimuli, and thus contribute to the bone remodeling process. Given the important roles of MSCs and macrophages during tissue regeneration process, these findings indicate that modulating MSCs autophagy may influence immune cells and therefore contribute to the tissue regeneration process.

We also verify a novel signaling pathway of M1 phenotype activation under mechanical stimuli. Previous studies have shown that several signaling pathways, including β-catenin and STAT-1, are involved in the inflammatory bone remodeling process under mechanical force stimuli (Mao et al., 2018; He et al., 2020). In this study, we find that autophagy in PDLSCs influences M1 macrophage polarization through suppressing the AKT signaling pathway, which is a critical mediator in macrophage polarization (Vergadi et al., 2017). Our data shed light on a novel mechanism of how autophagy regulates macrophage polarization under mechanical force in mechanical stimuli microenvironment.

In conclusion, force-stimulated autophagy in PDLSCs steers macrophages into the M1 phenotype via the inhibition of the AKT signaling pathway, thereby contributing to bone remodeling and tooth movement (Figure 6). These results lead to a better understanding of how PDLSCs response to mechanical stimuli and interact with macrophage polarization, therefore modulate alveolar bone remodeling. The findings also indicate a possibility that modulating MSC autophagy may regulate inflammatory bone remodeling and regeneration process.
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FIGURE 6. Scheme of the study. Force-stimulated autophagy in PDLSCs steers macrophages into M1 phenotype, which contributes to the bone remodeling and tooth movement process.
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Biomaterials are playing an increased role in the regeneration of damaged or absent bone tissue in the context of trauma, non-union, infection or congenital abnormality. Restoration of not only the physical scaffold that bone provides, but also of its homeostatic functions as a calcium store and hematopoietic organ are the gold standards of any regenerative procedure. Bioactive glasses are of interest as they can bond with the host bone and induce further both bone and blood vessel growth. The composition of the bioactive glasses can be manipulated to maximize both osteogenesis and angiogenesis, producing a 3D scaffolds that induce bone growth whilst also providing a structure that resists physiological stresses. As the primary endpoints of studies looking at bioactive glasses are very often the ability to form substantial and healthy tissues, this review will focus on the methods used to study and quantify osteogenesis and angiogenesis in bioactive glass experiments. These methods are manifold, and their accuracy is of great importance in identifying plausible future bioactive glasses for clinical use.
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INTRODUCTION

The regeneration of damaged or absent bone tissue in the context of trauma, non-union, infection or congenital abnormality remains a challenging task for medical teams around the world. Restoration of not only the physical scaffold that bone provides, but also of its homeostatic functions as a calcium store and hematopoietic organ are the gold standards of any regenerative procedure.

The incidence of bone defects is increasing due in part to an aging population (Amini et al., 2012), and the need for bone regeneration in these situations has led to the development of multiple techniques that aim to restore function and structure, such as, autologous bone grafting, allografting and prostheses. These techniques are limited by procedural issues, shortage of suitable tissue grafts, and the inability to fully replace the function of the tissue (Dimitriou et al., 2011). For example, with an aging patient demographic of patients who may suffer increasingly from osteoporosis, donor sites may not provide suitable bone graft material.

More recently, focus has changed to the development of biomaterials. These are engineered materials designed to induce bone regrowth and regeneration. There is now a dedicated field to developing biomaterials for bony defects using various materials, production methods and scaffold designs with the option to embed biological materials such as cells or growth factors within them.

One such group of materials is the now well-established bioactive glasses. These glasses are bioactive as they bond with the host bone and induce further bone and blood vessel growth. The original product is the now trademarked 45S5 “bioglass®” designed in the late 1960s; a silicon-based glass network with Na2O, CaO, and P2O5 network modifiers (due to trademark, bioglass® refers to the original 45S product only, all other materials are hence known as bioactive glasses) (Hench et al., 1971). Since then, there have been other bioactive glass compositions (Figure 1) each with various strengths and weaknesses (Hench, 1991; Brauer, 2015). Despite encouraging data, only a few products have been licensed for clinical use including middle ear implants, moldable granules, and toothpastes (Jones, 2013).
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FIGURE 1. Compositional diagram for bone bonding. Class A biomaterials (Region E) are able to recruit cells involved in bone formation while Class B biomaterials only demonstrate bone growth at the implant-bone interface (Region A). SiO2, silicon dioxide; CaO, calcium oxide; Na2O, sodium oxide.


As well as modifications to the composition of the bioactive glasses in an effort to maximize bone and blood vessel growth, there is also vast interest in different manufacturing techniques that allow production of other desirable characteristics, such as porosity, pore interconnectivity and overall strength (Jones et al., 2006). This has led to the idea of building 3D scaffolds that induce bone growth whilst also providing structures that resist physiological stresses (O’Brien, 2011; Fiume et al., 2018).

Throughout the literature studying bioactive glasses in vivo and in vitro, the primary endpoint is very often the ability to form substantial and healthy new bone tissue (Ranmuthu et al., 2020). This necessarily requires formation of both new bone and new blood vessels (osteogenesis and angiogenesis, respectively). This review will focus on the methods used to study and quantify osteogenesis and angiogenesis in bioactive glass experiments. These methods are manifold, with little experimental consistency across the literature. Their accuracy is therefore of great importance in identifying plausible future bioactive glasses for clinical use.



A BRIEF BACKGROUND AND CURRENT STATE OF PLAY

Prior to the production of the first bioactive glass (45S5 Bioglass®) in 1969, biomaterials were designed to be as inert as possible so that they replaced the tissue, rather than regenerated it (Hench, 2006). This meant the implant was designed to be structurally very rigid, chemically inert and compressed into the defect, fitting by interference. Subsequently, a lack of chemical bonding led to scar tissue formation around the implant and the accumulation of load and microforces on the scar tissue-implant interface resulted in implant failure. These are known as inert, or first-generation biomaterials.

Bioglass® was designed to be both biologically inert and able to chemically bond with bone. This lead to the now well-known result that the glass could not be removed from the bone without breaking the bone itself (Hench et al., 1971). This material provided not only the first example of a second-generation, but also of a third-generation biomaterial, in that it not only chemically bonds to bone, but also induces bone growth (Hench, 2013).

The mechanism of bone bonding is discussed later in this article, but relies on the surface of the glass forming an HCA network after dissolution of various glass ions, which also stimulate cells to form collagen networks. Surface area is therefore a key characteristic of the product as it affects dissolution.

Since then, the original Bioglass® composition has found some commercial success, particularly in dentistry. Varying compositions of network modifiers in silicone glasses have been trialed but bar one, none are as bio reactive as the original (Jones, 2013). There has also been interest in non-silicate glass forms such as borate or phosphate based glasses, and generally bioactive glasses are classified by their network forming compound. These glasses can then be further characterized by the network modifiers and by the manufacturing process and final physical form they take.

The products produced for clinical use have been developed from monoliths to granulates with sizes as small as 18micrometres and putty forming substances that allow surgeons to inject the biomaterial into the defect and fill it completely (Rust et al., 1996).

Despite the bioactivity of 45S5 bioglass, its inherent chemical composition leads to limitations in the structures can be manufactured from it. In particular during the traditional manufacturing method of melt quenching, the glass tends to crystallize during the sintering phase, producing regions of crystal-amorphous transition which are prone to fracture. It is therefore not possible to build modeled scaffolds from this particular bioactive glass (though this has been achieved with newer bioactive compositions). Formation of scaffolds is desirable for both their structural integrity and vastly increased surface area, and is the current focus of much of the field of biomaterials (Jones et al., 2006). The advent of new manufacturing techniques such as sol-gel processing has provided a solution; glasses have been produced with increased porosity and therefore surface area for bone formation (Hench, 1997). This technique can produce nanoporous powders or monoliths (Lin et al., 2009). As this technique does not require heating to the same degree as traditional quenching techniques, the composition of the glasses tends to be simpler.

More recently, certain quench derived bioactive glasses have been produced which combined with novel manufacturing ideas such as composites and nanoparticle or nanofiber formation aim to produce an ideal mix of structural integrity and bone-induction in a bioactive glass scaffold (Wu and Chang, 2012; Jones, 2013; Ranmuthu et al., 2020). The porosity of the scaffold plays a crucial role in inducing tissue regeneration and varies between in vitro and in vivo models, with improved osteogenesis seen with higher porosity and pore size in vivo (Karageorgiou and Kaplan, 2005). Combining bioactive glass with other biomaterials in different ratios allows their properties to be tailored to fit their need. These composites can be 3D-printed to generate specific architecture and in combination with other techniques, create optimized porosity for facilitating angiogenesis and osteogenesis (Gomez-Cerezo et al., 2021). These scaffolds also allow concepts such as drug or growth factor delivery to be realized. Altering the bioactive glass composition in composites has been shown to modulate the local release of drugs such as vancomycin (Kim et al., 2005), which has promising implications for the treatment of bone infection. The structure and manufacturing processes of these various glasses is reviewed in detail elsewhere (Jones, 2013).

In addition, bioactive glass also has the potential to be used more widely in tissue repair due to its ability to induce angiogenesis. Bioactive glass improved the mechanical properties and scaffold bioactivity when added to poly(glycerol sebacate), an elastomeric polymer studied for cartilage repair (Souza et al., 2017). The regeneration of multiple tissue types may also be facilitated by the use of multi-layered, functionally graded scaffolds (Baino et al., 2018).

This summary outlines the current state of play for bioactive glass design. This field has multiple avenues of research and understanding the techniques that allow us to assess osteogenesis and angiogenesis is paramount.



AN OVERVIEW OF BONE AND BLOOD VESSEL GROWTH IN BIOACTIVE GLASS

A key part of the design criteria of bioactive glasses is the ability to bond with bone. As well as this, they can ideally induce its growth not only at the bone-material interface, but also away from the implant site. These are features shown by the original Bioglass® and represent the gold standard. The glass bonds with bone in two basic steps, first, formation of a hydroxyl carbonated apatite (HCA) layer on the glass surface and second, the subsequent cellular responses to this both in the local area and more distally (Figure 2). The mechanisms responsible for the latter are less well-understood and are an active area of research.
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FIGURE 2. Schematic illustration of the formation of HCA layer on the surface of bioactive glass. The stages are as follows: (A) Bioactive glass is submerged in physiological solution; Ionic exchange occurs between the doped ions and protons in the solution, forming hydroxyl groups (B). Continuation of this process releases silicon in the form of silanol (C). A silica gel layer is formed (D) which allows continued ion exchange of calcium and phosphate groups, forming an amorphous calcium phosphate layer atop the silica gel layer (E). Continued incorporation of hydroxyl and carbonate groups results in the formation of an HCA layer (F).


Following the generation of the HCA layer, proteins and subsequently osteoprogenitor cells are attracted to the bone surface and begin forming extracellular matrix (ECM) (Hench, 2013). Ionic dissolution products from the bioactive glass regulate the proliferation and differentiation of the osteoprogenitors. The specific concentration of Si and Ca ions from the bioglass is important in maximizing ECM production (Hench, 2009; Hoppe et al., 2011). Seemingly the ionic dissolution products lead to upregulation in several gene families involved in bone production in vitro (Xynos et al., 2001).

The mechanism of angiogenesis in these constructs has also been studied, but not as extensively. This small section will focus on the perceived mechanism of growth in glasses not containing additional cellular components. As with bone growth, ionic dissolution products are likely responsible for the angiogenic potential, and there is much interest in the relative concentrations and dissolution rates of each of these.

The proposed mechanisms are complex and not well understood. It is postulated that silicon ions mimic hypoxic conditions, acting both directly on fibroblast and or osteoblasts to increase vascular endothelial growth factor (VEGF) release (Xynos et al., 2000), which in term activates the downstream angiogenesis pathways (Dashnyam et al., 2017). This may well be via interaction with the hypoxia inducible factor (HIF) pathway, which is the mechanism by which hypoxia drives vascular growth in tumors, and also plays an important role in physiological bone growth (Kong et al., 2014). It must also be remembered that the same factors that drive angiogenesis will affect osteogenesis both directly and indirectly by the provision of elements for new bone growth, and by acting directly on the osteoprogenitors. It is a physiological necessity that these are paired processes, as diffusion alone limits delivery of provisions for cellular metabolism to within 2–300 μm of a blood vessel (Jain et al., 2005). The interaction between the two processes in bioactive glass constructs is complex and worthy of its own library of research (Grosso et al., 2017). It should be noted that with some constructs there is the option of implanting cell lines or growth factors, which may change the mechanisms of growth.

The techniques used fall broadly into the following categories: histological staining and immunohistochemistry, imaging, gene expression and growth factor assays, enzymatic activity assays and spectroscopy techniques. This article will focus on the commonly used techniques.

In the formation of any new tissue, angiogenesis must occur simultaneously to overcome the limitations of diffusion alone. There is evidence to suggest bioactive glasses can induce angiogenesis particularly well when compared to other bioactive materials, these properties are obviously important for both bone and soft tissue repair and have been reviewed extensively (Gorustovich et al., 2010).



LIGHT MICROSCOPY: HISTOLOGY AND IMMUNOHISTOCHEMISTRY (IHC)

The method of analysis favored by early groups is the direct examination of bone structure or blood vessel number and diameter by histological examination. The tissue of interest is fixed and subsequently decalcified to allow sections to be cut from the specimen. A stain or antibody is applied to the section which is examined with light microscopy. Although mentioned here, non-IHC staining is seldom used in current studies and IHC tends to be favored.

Histological techniques have the benefit of being able to directly examine the volume and quantity of vessel or bone growth without being hindered by image resolution or contrast perfusion as in radiological techniques. They also permit a direct qualitive analysis of the vascular and bone structures, with analysis of their makeup possible through the various histological features present. This means that tissue morphology can be compared to “normal” sections prepared in the same way.

Plain light microscopy using traditional staining will allow for a structural and numerical comparison of the new bone and vessels across various specimens. To some degree, cell types are able to be recognized, but there are no markers of biological activity in this type of staining.

Valuable information can still be obtained from these techniques when assessing samples for osteogenesis. Comparing the histological appearance of several test groups can provide information on the amount of bone formation, the presence of immature or lamellar bone and amount of bioactive glass degradation. This can be particularly useful when assessing whether changes to a bioactive glass scaffold affects the induction of mature bone at defect sites. The yield of these techniques can be improved by fluorescence labeling. Use of fluorescent dyes such as alizarin red S, calcein and tetracycline localize to areas of high calcium and can also aid in differentiating newly formed bone from existing bone. Table 1 shows some of the commonly used stains which are relevant to osteogenesis and angiogenesis.


TABLE 1. Common stains used in assessing osteogenesis and angiogenesis.

[image: Table 1]IHC retains all of the beneficial features of traditional histological stains, but with the added ability to assess biological activity in the cells, and better recognize complex cell lines. This type of analysis is used commonly in assessing angiogenesis in bioactive glass experiments as it overcomes issues that cross-sectional imaging has with imaging vasculature. It is less commonly used to assess osteogenesis where CT imaging prevails. Table 2 shows some of the common IHC targets used to assess angiogenesis and osteogenesis.


TABLE 2. Common IHC targets used to quantify angiogenesis and osteogenesis.

[image: Table 2]Several IHC protein targets are used to evaluate bioactive glass angiogenic and osteogenic activity. For example, having targets that peak in expression during different stages of osteogenesis provides additional information on the scaffold’s suitability for defect repair. An ideal bioglass scaffold will result in adequate stimulation of osteogenesis and will promote progression to mature bone. An appreciation for the temporal difference in expression is needed when timing collection of samples and selection of IHC targets.

Early targets include alkaline phosphatase (ALP) and osteopontin (OPN). ALP is expressed early in bone development and has functions in initiating calcification and mineralization while OPN is an extracellular structural component of bone. It has a multifaceted role during early osteogenesis including playing a key role in influencing MSCs toward an osteogenic lineage (Chen et al., 2013). In addition, its expression is upregulated during the pro-osteogenic differentiation of these cells. Its role and high expression in early osteogenesis makes it a useful target in IHC techniques when assessing the effectiveness of a bioglass scaffold. Type I collagen (COL1) is a mid-to-late target in osteogenesis. During osteogenesis, osteoblasts secrete osteoid which is then mineralized to become mature bone. The predominant component of osteoid is type I collagen. Osteocalcin (OCN) is produced by osteoblasts and, like OPN, is another non-collagenous protein component of bone matrix; however, its expression peaks late in osteogenic differentiation.

However, these methods have several disadvantages. Histological analysis means that longitudinal studies are seldom possible on the same subject, which introduces more variation and necessitates more animal subjects. The nature of histological sections means they are a 2D representation of a 3D structure, and only a “snapshot” of the overall structure. This can be overcome in part using serial sections and analyzing them as a cohort, however, as mentioned latterly, truly quantitative analysis of bone or blood vessel growth is not possible.



IMAGING

Imaging in this field is dominated by microCT due to its high contrast and spatial resolution. In particular, the technique is useful in assessing bone structure, with more recent advances made in its ability to image vascular structures by using contrast media (e.g., most commonly iodine-based agents such as Omnipaque and Isovue). Other radiological techniques such as nuclear imaging (i.e., single photon emission computed tomography and positron emission tomography) have also been used either alone or in combination with CT imaging (Fragogeorgi et al., 2019).


MicroCT

MicroCT finds its origins in the early 1980s as a research tool which afforded higher quality imaging than conventional CT, but at the cost of greater radiation doses. It was not until 1994 that this became a viable option with commercially available scanners, allowing microCT to become the mainstay of bone imaging in animal models. Future developments in this imaging modality are discussed at the end of this section.

In principle a microCT scanner is no different to a conventional CT scanner, using the attenuation of X-ray radiation in multiple 2D sections to produce a 3D image of an object through back projection. It is able to produce voxels of <1 μm, where trabeculae in mice models are around 30 μm at their smallest (Martín-Badosa et al., 2003).

Live specimens are imaged using a scanner that rotates around the animal, and prepared bone specimens are themselves rotated. Live specimens must be anaesthetized to minimize movement artifact and to position them optimally and reliably with respect to the radiation source. This is particularly important when considering image registration which is discussed later (Campbell and Sophocleous, 2014). Ex-vivo specimens are imaged in a medium of PBS, ethanol or formalin which reduces the contrast between the medium and the bone. It is vital that the positioning of the specimen and the medium used are constant across the study.


Osteogenesis

This modality produces 3D images of the bone microstructure as well as quantified measures of bone morphometry and tissue density. The output morphometric data and their descriptions are illustrated in Table 3, and the most commonly used are bone volume, BMD and bone volume fraction.


TABLE 3. Definitions and descriptions of bone morphometric data.

[image: Table 3]The images can be used for interpretation much like a histological section, in comparing the structure to the known structure of bone. However, there are a number of advantages micro-CT has over other methods beyond conserving the specimen. It is significantly quicker and is less labor intensive than many other methods. A larger continuous region of interest can be examined than is possible using histological methods, where there is loss of sample with the preparation of each section. This results in a greater likelihood of capturing transition zones, such as the interface between material and old bone, to assess if there has been substantial integration of the new bone-scaffold construct and the existing bone. Furthermore, the 3D microarchitecture, as well as measurement such as volume and thickness, can be more faithfully represented by micro-CT as it does not rely on stereological methods to model these characteristics (Hildebrand and Beglinger, 1997).

Bouxsein et al. (2010) have suggested guidelines for the use of micro-CT when assessing bone microarchitecture. Further work has been done on using this data for the quantification of bone mineralization (Burghardt et al., 2008). The use of standardized protocols will aid the comparison of osteogenesis between different bioglass scaffolds and studies. This quantitative data is hugely useful for comparative studies and in reducing bias associated with subjective methods.



Angiogenesis

MicroCT scanning can make use of intravenous contrast media to visualize and measure the degree of angiogenesis. Usually, blood vessels have too low an x-ray attenuation to be visualized, which necessitates the use of contrast, of which there are two commonly used (MV-122—silicon rubber and BaSO4/gelatin). These allow for direct visualization of the vasculature and the calculation of various parameters from this data, though these are less well defined than in osteogenesis (Duvall et al., 2004). This method is akin to early use of agents to form casts of vascular structures such as those in the kidney, but with the benefit of using a more quantitative analytic tool to measure the outcome.

This technique is currently only used in post-mortem specimens as discussed below. It involves euthanasia of the specimen, followed by a multistep process of injecting the contrast medium and curing agent intracardially before a fixing period of several hours (Duvall et al., 2004). Following this the vasculature can be imaged, and various algorithms used to calculate the mentioned parameters.

In vivo imaging of angiography would mitigate the issues around destroying the specimen with the contrast agent and would represent a far superior imaging modality if the resolution and contrast could be upheld. Unlike contrast agents for ex vivo imaging which are static in the non-beating circulatory system, the contrast agents for in vivo use must have a different set of properties. These are uniquely different in murine models than humans due to the differences in animal heart rate and molecule size required relative to capillary foot processes. Continuous infusions may be required to adequately image the structure whilst the contrast is still in situ, due to the relatively fast first pass of the contrast if given as a bolus. Modified molecules for size and pegylation to avoid rapid extravasation and phagocytosis, respectively, are two other modifications required for in vivo vascular imaging such as in Fenestra VC (Badea et al., 2008).



Analysis

There are many reasons why microCT has become the commonest technique in evaluating bone morphology in this field. Being non-destructive, unlike histological approaches, allows serial scanning of the same specimen in vitro, without destroying the specimen and hence providing temporally sequential imaging, allowing the study of mineralization and structure change over a period of times in the same animal. This method of analysis can also be used in combination with the other techniques described (e.g., histological analysis at a final time point), allowing a greater data yield from a single specimen and reduces the number of animal specimens required.

In terms of the quality of data obtained, microCT provides comparable numerical results to traditional histomorphological techniques in both human and animal models. The benefit of microCT over these earlier methods in terms of accuracy is that microCT analyses a greater volume of interest (VOI), and the measurements are direct rather than inferred from single slices with assumptions made about structure by stereologic models. Furthermore, the vast number of output variables allows many parameters to be calculated from one scan. Although imaging requires some preparation of the specimen or anesthesia of the animal, it remains a quicker and more time-efficient technique than histological techniques or immunohistochemistry (Bouxsein et al., 2010).

When microCT imaging is compared to 2D histomorphic sections of the same specimen, measurements show high degrees of correlation, suggesting it is an accurate method for measuring various indices (Kuhn et al., 1990; Müller et al., 1998). MicroCT can also be used to image the scaffold of any manufactured biomaterial, whether implanted in bone in live animals or in prepared specimens. When compared to histological analysis of comparable specimens, contrast microCT produced similar estimations of blood vessel number but with the added benefit of 3D quantitative analysis (in an ischaemic hindlimb model of angiogenesis) (Duvall et al., 2004).

There are some downsides to microCT imaging in this context, such as the exposure of the animal to ionizing radiation. The exact significance of this is unclear but is more important with serial scanning of the same animal; with a potential to reduce bone growth by damaging stem cells as shown in one study (Klinck et al., 2008). Others argue that the effect is unlikely to be significant (Badea et al., 2008). Anesthesia of pre-clinical models is common, but lacks central protocols and carries risks such as death (Cicero et al., 2018). There is considerable heterogeneity in imaging protocols used by researchers, including scanner settings and the image analysis techniques. This has led to a call for more standardized protocols, and the publication of a standard set of data with each paper (Bouxsein et al., 2010). Unlike other approaches discussed in this paper, microCT does not provide information about cell types present, nor the biological activity of that tissue. However as mentioned previously it can be used in conjunction with methods that do give that information.



STUDYING GENE EXPRESSION

The molecular mechanisms of osteogenesis and angiogenesis can be interrogated via measuring changes in the expression levels of related genes. The most popular method is quantitative reverse transcription polymerase chain reaction (RT-qPCR) where gene expression is measured against a reference gene. Real-time PCR measures PCR amplification as it occurs (using fluorogenic-labeled probes), allowing the real-time detection of specific amplification products and calculation of the starting concentration of nucleic acid. This contrasts with traditional PCR, where results are collected only after the reaction is complete, making it impossible to determine the starting concentration of nucleic acid. Two methods which are commonly used to quantify the results are the standard curve methods and the comparative threshold method. In the former, a standard reference curve is constructed from RNA of known concentration, which is then used to extrapolate quantitative information for mRNA targets of unknown concentrations. In the comparative threshold method, the Ct value of the sample is compared with a control and normalized to an appropriate endogenous housekeeping gene (where expression is assumed to be constant). This is also referred to as the 2–ΔΔCt method (Livak and Schmittgen, 2001).

The genes of interest vary widely as the complex regulatory systems by which bone and blood vessel synthesis is controlled remains incompletely defined. In the case of bone formation, several intracellular signaling pathways are likely to be activated within progenitor cells, which modulate the levels of transcription factors involved in the osteoblast phenotype, which in turn regulate the genes that code for bone matrix proteins.

Osteogenesis-related genes can therefore include any implicated gene from regulators of the osteoblast phenotype, to various transcription factors and matrix proteins. Signaling cascades which promote osteogenic differentiation generally converge on two key transcription factors: proliferator-activated receptor-γ (PPARγ) and Runt-related transcription factor 2 (Runx2). PPARγ has well-described anti-osteoblastogenic effects while Runx2 is implicated in osteogenic regulation. Several cell signaling cascades are implicated (in multiple biological processes not exclusive to osteogenesis), such as β-catenin dependent Wnt signaling (as well as β-catenin independent signaling) (Taipaleenmaki et al., 2011; D’Alimonte et al., 2013), Hedgehog signaling (Fontaine et al., 2008; James et al., 2010), and NELL-1 (NEL-like protein 1) signaling (James et al., 2012). The families of angiogenic growth factors that have been described are equally extensive, including the vascular endothelial growth factors (VEGFs), fibroblast growth factors (FGFs), platelet-derived growth factors (PDGFs) and the angiopoietins (Ang-1 and Ang-2), and their roles in signaling cascades (Ferrara et al., 2003).



CONCLUSION

The increasing burden of bone defects on an aging population necessitates further research into alternatives to conventional treatments. New bioactive glass compositions are constantly being developed and their properties can be altered by incorporating different elements into the glass composition. For example, Kargozar et al. (2019) reviews the effects of adding other ions in bioactive glasses such as strontium, cobalt (Kargozar et al., 2017; Kermani et al., 2020) or copper (Kargozar et al., 2021). Further assessment of bioactive glass constructs in inducing osteogenesis in osteoporotic models will aid in managing this demographic of patients.

As infection represents another significant cause of bone defects, further studies to investigate the effectiveness of these biomaterials should be tested under an infective burden. This research continue alongside the ongoing studies into the drug-releasing kinetics of bioactive glasses.

Bioactive glasses are also produced in forms ranging from powders to 3D scaffolds and research in ongoing in developing optimal constructs for tissue defects (Kargozar et al., 2018; Wang et al., 2019), The consideration of bioactive glass constructs in repairing a wider spectrum of tissues will, in particular, require assessing the biomaterial’s ability to induce angiogenesis. However, it will be necessary to consider additional methods to assess the effectiveness of the biomaterial in regenerating the target tissue.

With the expanding research and proposed applications for bioglasses, it is important to be able to consistently assess their capacity for osteogenesis and angiogenesis. This review article summarizes some of the common methods for assessing osteogenesis and angiogenesis and highlights the importance of these techniques in identifying plausible future bioactive glasses for clinical use.
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Extensive clinical efforts have been made to control the severity of dengue diseases; however, the dengue morbidity and mortality have not declined. Dengue virus (DENV) can infect and cause systemic damage in many organs, resulting in organ failure. Here, we present a novel report showing a tailored stem-cell-based therapy that can aid in viral clearance and rescue liver cells from further damage during dengue infection. We administered a combination of hematopoietic stem cells and endothelial progenitor cells in a DENV-infected BALB/c mouse model and found that delivery of this cell cocktail had improved their liver functions, confirmed by hematology, histopathology, and next-generation sequencing. These stem and progenitor cells can differentiate into target cells and repair the damaged tissues. In addition, the regime can regulate endothelial proliferation and permeability, modulate inflammatory reactions, enhance extracellular matrix production and angiogenesis, and secrete an array of growth factors to create an enhanced milieu for cell reparation. No previous study has been published on the treatment of dengue infection using stem cells combination. In conclusion, dengue-induced liver damage was rescued by administration of stem cell therapy, with less apoptosis and improved repair and regeneration in the dengue mouse model.
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INTRODUCTION

Dengue virus (DENV) infections transmitted by mosquitoes is setting half of the world’s population at risk. Despite advancement in biomedical sciences in the past decades, dengue morbidity and mortality have not declined. Each year, 390 million people are infected with dengue fever, and 96 million of them have different degrees of clinical manifestations (Bhatt et al., 2013). There are currently no specific treatments and substantial vector control measures to prevent their rapid emergence and global spread. As a result, the global incidence of dengue fever has increased dramatically in recent decades, and it is urgent to introduce a new alternative therapy to overcome dengue. Here, we show a novel therapeutic approach using a combination of stem cells [hematopoietic stem cells (HSCs) and endothelial progenitor cells (EPCs)] to treat DENV infection and rescue clinical outcome and dengue-induced liver injury in an animal model. The focal points studied were changes in the state of the animals, clinical profiles, histopathology, and next-generation sequencing (NGS) of each liver gene expressed in the control, DENV-infected (DVI), and stem-cells-treated (DVI-SCT) groups. To that effect, the therapeutic efficacy of stem cells against viral infection was evaluated by observing and examining several physical parameters, including behavioral changes exhibited by the experimental animals, clinical profile parameters (i.e., platelet, white blood cell, red blood cell counts, and lymphocyte, and hemoglobin levels), histopathological changes, and NGS data. The findings demonstrate that the use of combination stem cell therapy cannot only heal vascular injury, thrombocytopenia, and hepatocyte damage caused by DENV but also reduce the presence of DENV in the liver tissue, suggesting clearance of DENV.



RESULTS AND DISCUSSION


Behavioral Changes in Experimental Animals

While other mouse models have been genetically modified and/or immunocompromised, we choose BALB/c mouse model, as it would mimic the normal human condition during the occurrence of dengue infection (Barth et al., 2006). The changes in mice observed throughout the experiment are shown in Figure 1. No death was observed throughout the experiment. The weight of each mouse was plotted in Supplementary Figure 4. There was no significant difference in weight of mice in each group. The mice in the control group were active and showed no signs of hemorrhage and bleeding (Figures 1Aj,m), and the condition of the fur was well-groomed throughout the experiment (Figures 1Aa,d,g). Meanwhile, the mice in the DVI group displayed ruffled fur after dengue infection (Figures 1Ae,h). A marginal purple-bluish spot was found under the abdominal skin area and deemed a sign of bleeding in the DVI group mice (Figure 1Ak). They stayed close to each other and had poor mobility and temporary paralysis of the hind limbs (Figure 1An). The above condition continued until the end of the experiment and did not improve significantly.
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FIGURE 1. Behavioral changes in experimental animals and clinical profile analysis. (A) Mouse behavioral and physical changes. (a–i) Mouse fur condition at different times during the experiment. (j–l) Sign of hemorrhage. (m–o) Mouse mobility. (p–s) The number of mice showing physical changes at different dpi. (p) Sign of passive movement, (q) Sign of paralysis, (r) Sign of ruffled fur, and (s) Sign of marginal bleeding. (•) Control, (◦) DVI, and (▼) DVI-SCT. (B) Comparison of hematological parameters for each group at different days post-infection (dpi). (a) Platelet count, (b) White blood cells (WBC), (c) Lymphocytes (LYMP), (d) Hematocrit (HCT), (e) Red blood cells (RBC), and (f) Hemoglobin (Hb). Legend: Control (blue bar), DVI (red bar), and DVI-SCT (green bar). The data were analyzed using one-way ANOVA, and differences were considered significant when p < 0.05 (*).


On the other hand, the mice in the DVI-SCT group developed the same conditions as the DVI group at the early stage of dengue infection, such as inactivity, poor mobility, and temporary paralysis of the hind limbs (Figure 1Ao) but no signs of bleeding (Figure 1Al). The above symptoms recovered to the state similar to the control group mice, within 1 week after stem cell treatment. At the same time, ruffled fur at first day postinfection (dpi) of dengue infection (Figure 1Ac) was observed to be improved 1 day after stem cell treatment (Figure 1Af), then were well-groomed by the sixth dpi, and remained groomed until the 21st dpi (Figure 1Ai).

Dengue fever can cause muscle pain and muscle weakness, and the mice in the DVI group showed the corresponding poor mobility, hind limb paralysis, and restricted movement. Dengue-induced thrombocytopenia and hemorrhage were also presented as mild bleeding in DVI mice. Furthermore, dengue fever can cause hypovolemic shock, and the phenomenon of ruffled fur due to piloerection, hypothermia, and close proximity to each other in the DVI group is evidenced. After stem cell treatment (SCT), the ruffled fur, paralysis, and mobility all recovered within a few days, and no signs of hemorrhage were observed (Figure 1A). This was likely due to the stem cell treatment, especially with EPCs, which promote endothelial repair and neovascularization, in turn assisting in recovery from paralysis and hemorrhage (McAllister et al., 2013). DENV 2 was inoculated intraperitoneally because we would like to mimic the human dengue-infected signs and also to establish severe dengue infection. Intraperitoneal route establishes signs of dengue diseases even with lower viral dose inoculation including thrombocytopenia, liver damage, hemorrhage, and viremia and disseminated to various organs. In addition, DENV infection of animals by intraperitoneal route also reproduce some aspect of human disease (Paes et al., 2005; Kuruvilla et al., 2007; Zellweger et al., 2017). Moreover, in wild-type mouse models, intraperitoneal DENV-infection results in neurological abnormalities, which is considered as criteria for severe dengue by the World Health Organization (World Health Organization (WHO), 2009). The stem cell treatment was performed via intravenous administration to increase hematopoietic reconstitution in the mice bone marrow. Apart from being the most commonly used technique for intravenous route treatment, it was reported to be safe and had no tumor formations and no cases of infections or increased pain in human trials. In addition, it also helps in rapid diffusion of donor cell population, faster repair of blood vessels, and increase in long-term engraftment without increasing fetal mortality (Geffner et al., 2008; Yang et al., 2015; Boelig et al., 2016).



Clinical Profile Analysis

Platelet dysfunction is one of the hallmarks of dengue infection, along with pronounced thrombocytopenia. To assess the effects of stem cells treatment on platelets and other blood cells, blood analysis was performed on every group of mice at different dpi (Figure 1B). In this study, the platelet counts in the DVI group were lower than that in the control and DVI-SCT groups. The slight increase on the 15th dpi in the DVI group is suggestive of the body innate immune system trying to recover the platelet counts to a normal level; however, it failed, and the count dropped to a critical level (near zero) by 21st dpi comparable with the platelet count trend by Frias-Staheli et al. (Jiang et al., 2013). Mice in the DVI-SCT group showed an increase in platelet count from fifth dpi and achieved similar level with that of the control group on 21st dpi (Figure 1Ba). It indicated that the administration of the stem cells cocktails during DENV2 infection has restored platelet count to the normal level. The HSCs in the stem cells cocktail can differentiate into megakaryocytes and stimulate bone marrow to produce platelets (Woolthuis and Park, 2016). The administration of growth factor thrombopoietin (TPO) in the treatment also improved platelet production in the DVI-SCT group. In addition, including EPCs in the treatment regimen allows reconstitution of the bone marrow (BM) niche and recovery of hematopoiesis, thus increasing the platelet count (Salter et al., 2009). In addition, the white blood cell (WBC) counts observed in the DVI group in this study showed a slight increase in the initial phase but began to decline after the 15th dpi, which may be related to the BM inhibition effect of DENV similar to the changes reported in a previous dengue infection study (Tan et al., 2011; Pascutti et al., 2016) and the leukopenia state reached at the end of the experiment. In contrast, the WBC count in the DVI-SCT group remained at the same level as the control group at the initial stage and increased significantly on the 15th and 21st dpi compared with those in the DVI group (Figure 1Bb). This indicated that the treatment with HSCs effectively increased and sustained blood cell production, including proliferation and differentiation into WBC.

Similar to changes in WBC counts, lymphocyte counts in the DVI group also increased up to 15th dpi, then began to decrease. However, in the DVI-SCT group, a high lymphocyte count was found as early as the fifth dpi, promoting a faster immune response compared to the DVI group. The lymphocyte count in the DVI-SCT group reached normal levels by the 10th dpi and continued to rise (Figure 1Bc). These results showed that the stem cell therapy can facilitate increased DENV clearance.

No significant difference in the hematocrit (HCT) was observed in the DVI and DVI-SCT groups, except for on the 21st dpi, at which time the DVI group exhibited the highest HCT among all groups. This might be due to dengue-induced vascular leakage, which caused large amount of plasma exudate and increased HCT (Figures 1B,d). High HCT was shown to result in increased blood viscosity and even arterial thrombosis (Salazar Vázquez et al., 2008). Thus, the decreased HCT in the DVI-SCT group by 21st dpi indicated that the stem cell therapy in this study is safe and effective. The platelet, WBC, and HCT data obtained from this study are comparable with several previous studies despite using different treatment materials, DENV strain, titer, and environment (Sreekanth et al., 2014, 2016).

The hemoglobin level and red blood cell (RBC) count in the DVI group were found to be low, whereas their levels in the DVI-SCT group consistently increased from the fifth dpi onward. The RBC level is similar between the groups. However, the RBC and Hb levels in the DVI-SCT group was noticeably increased from the 15th dpi (Figures 1Be,f).

The changes in all blood cells found in this study suggests that HSCs treatment repopulate and regenerate production of blood cells. HSCs CD34+ cells are progenitors that have the potential for cell renewal and myeloid and lymphoid differentiation, with their ability to home inflammation and tissue injury sites and aid in its repair (Nagy et al., 2005). In a cell-tracking study, Brudecki et al. (2012) showed that HSPCs were detected in bone marrow after 2 days of transplantation and homed to the peritoneum at a later time around the fifth day. In another study, the donor-derived granulocytes and monocytes were detected after 6 days of HSPCs transplantation into lethally irradiated mice (Akashi et al., 2000). In this study, increased blood cells were detected approximately 8 days after stem cells treatment, suggesting that time is likely required for the transferred HSCs to differentiate into mature immune and other blood cells and to also to mount the protective response in the mice.



Liver Biochemical Analysis

Aspartate aminotransaminase (AST) and alanine aminotransaminase (ALT) are crucial markers in detecting liver damage, with ALT being the most prominent indicator. In this study, the AST level was significantly increased in the DVI group on the 10th and 21st dpi. In contrast, it is worth noting that in the DVI-SCT group, the AST level was maintained near to that in the control group throughout the experiment (Figure 2Ab). Meanwhile, the ALT level was highest in the DVI group except on the 15th dpi, with an increase from 30 to 50 compared to that in the control group on the 21st dpi. A pilot study by Kuo et al. (1992) showed that AST and ALT level were altered at 82.2 and 93.3% in a total case of 270 dengue fever, while another study revealed 50 cases with higher ALT level in DHF patient. However, the symptomatic dengue-infected patients showing hepatic enzyme abnormalities are able to recover faster (Seneviratne et al., 2006). Animal model studies found that the peak for both AST and ALT levels is identified, which is similar to human cases and decreased after 2 weeks (Kuo et al., 1992; Franca et al., 2010). Similar to other human and animal study, we also observed increased and decreased ALT level at 15th dpi. However, failure in recovery suggest the rise in ALT and AST levels again on the 21st dpi. Conversely, in the DVI-SCT group, the ALT level was successfully maintained with the control (Figure 2Aa). In our findings, an AST/ALT ratio indicating liver injury was obviously detected in the DVI group from 10th dpi onward. A slight increase in liver injury was observed in the DVI-SCT group on the 10th dpi, but the liver condition was maintained at par with that in the control from the 15th dpi onward (Figure 2Ac), indicating that DENV-induced liver damage has recovered after stem cell therapy.
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FIGURE 2. Hepatological analysis. (A) Liver biochemical analysis (ALT, AST) at different dpi in different groups. Legend: Control (blue bar), DVI (red bar), DVI-SCT (green bar). (B) Comparison of histological examination of liver at different dpi in different groups (× 400 magnification). Legend: Steatosis cells (green star), inflammatory cell infiltration (yellow round), apoptotic cells (blue arrow) and blood vessel tear (black arrow), and central vein (blue hexagon). (C) Liver microscopic images at different dpi in different groups (× 200 magnification). Legend: apoptotic cells (blue arrow) and blood vessel tear (black arrow). (D) Liver transmission electron microscopy images of DENV2-infected mice. N, nucleus; BNC, binucleated cells; MNC, mononucleated cells; Ec, endothelial cells; Hc, hepatocytes; Kc, Kupffer cells; S, sinusoids; Ic, Ito cell; red arrow, red blood cells; purple circle, DENV particles. (E) Cell population counts at different dpi. Legend: Control (blue bar), DVI (red bar), and DVI-SCT (green bar). The data were analyzed using one-way ANOVA, and differences were considered significant when p < 0.05 (*).




Microscopic Analysis of Liver Tissue

Liver manifestations are not just related to viral toxicity but are also due to the immune reaction against the virus, often damaging an individual’s own tissues in response to intracellular viral particles (Samanta and Sharma, 2015). Livers of control mice injected with Eagle’s minimum essential medium (EMEM) and phosphate buffered saline (PBS) did not display any apoptosis and structural alteration (Figure 2Ba,d,g,j) on the 5th (Figure 2Ca), 10th (Figure 2Cd), 15th (Figure 2Cg), or 21st dpi (Figure 2Cj).

In the DVI group, the hepatic injury was observed in all the DVI mice, and the histopathological examination showed generalized steatosis (i.e., lipid accumulation within hepatocytes), tumefaction, mild apoptosis, and inflammatory cell infiltration on the fifth dpi (Figure 2Cb). These injuries were initially mild but become severe at the 10th dpi (Figures 2Be,2Ce). At 10th dpi, the apoptosis was also increasing, characterized by a round or oval mass having an intense eosinophilic cytoplasm and dense nuclear chromatin fragments. On the 15th dpi, the number of apoptotic hepatocytes was reduced, but the signs of steatosis were predominant, with increases in hepatocyte diameters (Figures 2Ch,2Bh). Furthermore, hepatic injury was more obvious on the 21st dpi (Figure 2Ck), with significantly higher hepatocyte diameters than those observed in the control and DVI-SCT groups. Other changes include increased hepatocyte swelling, blood vessel dissection, inflammatory cell infiltration near the blood vessels, diffuse steatosis, and mild hemorrhage (Figure 2Ck). The findings can be correlated with cytokine-mediated defense against the viral-infected or target cells. These immune reactions are primarily mediated by T cells and related interacting cells that secrete antibodies against ECs, finally resulting in the cytokine “Tsunami” acting on dengue target cells (Samanta and Sharma, 2015). These findings were comparable to human DV cases (Lawn et al., 2003; Basilio-de-Oliveira et al., 2005) and several animal models experiments (Barth et al., 2006).

In the DVI-SCT group, the liver cells also displayed diffuse steatosis, hepatocyte swelling, tumefaction, increased hepatocyte diameter, inflammatory cell infiltration, and rare blood vessel dissection with no hemorrhagic signs (Figure 2Cc) on the 5th dpi. On the 10th dpi, less inflammatory cell infiltration and no hepatocyte swelling were recorded (Figure 2Cf). Additionally, recovered tumefaction, mild steatosis, and a reduction in apoptotic cell number were seen in the DVI-SCT group (Figure 2Cf) compared with the DVI group. All signs were reduced in the DVI-SCT group by the 15th dpi, and subsequently, no inflammatory cell infiltration, hepatocyte swelling, or bleeding was observed, along with mild steatosis (Figure 2Ci). The binucleated cell percentage was consistently maintained at a value similar to that in the control until the 21st dpi (Figure 2Cl). In addition, recovered tumefaction, mild steatosis, and a reduction in apoptotic cell number were on the 10th dpi (Figure 2Bf). From the 15th dpi, no inflammatory cell infiltration, hepatocyte swelling, or bleeding was observed, along with less steatosis (Figure 2Bi). The binucleated cell percentage was consistently maintained at a value similar to that in the control until the 21st dpi (Figure 2Bl).

The stem cells injection induces liver tissue regeneration and repopulation by paracrine action of the injected cells (Lozito et al., 2009). Several growth factors and cytokines released during liver injury stimulate the migration of bone marrow cells (HSCs) to the injury site through circulation and hepatogenic differentiation and populate the liver after intravenous transplantation (Lagasse et al., 2000; Zhang et al., 2003; Ruhnke et al., 2005). Apart from that, EPCs from the bone marrow also reside at the sinusoidal endothelium (Kallis et al., 2007). Several animal studies have demonstrated that EPCs from the bone marrow have been incorporated into the sinusoidal endothelium and further applied for the reconstruction of hepatic sinusoids during liver regeneration with the elevated level of hepatocyte growth factor (HGF) and vascular endothelial growth factor (VEGF) (Fujii et al., 2002; Taniguchi et al., 2006) and hence overall repaired the injured liver after dengue infection.



Transmission Electron Microscopy of Liver Tissue

The transmission electron microscopy (TEM) observations of the liver tissue detailed the presence of mononucleated and binucleated cells and the variations in the size of the nucleus in the hepatocytes (Figure 2D). Compared with the control group, the DVI group showed complex viral-induced subcellular changes. The hepatocytes exhibited mononucleated cells (MNC), binucleated (BNC), Kupffer cells, and Ito cells, indicating both inflammatory response and the reparative responses (Figures 2Dd,e). Furthermore, the sinusoidal spaces were more frequently noted to contain Kupffer cells in the DVI group than in the DVI-SCT group. This also demonstrates the increased immune reaction in the DVI-SCT group due to the dominating actions of the virus. The DVI-SCT group exhibited a relatively larger cell size at the same magnification than the control and DVI groups, which indicates tumefaction (Figures 2Dh,j,k). Virus-like particles were observed inside hepatocytes in the DVI group (Figures 2Df,g) but not in the hepatocytes in DVI-SCT group after careful evaluation of the sectioned area. These results provide evidence of the relative clearance of the virus in the DVI-SCT group.



Liver Cell Population Count

Livers of control mice showed a significant increase in hepatocyte diameter alongside diminished sinusoidal space (Figures 2Ea,b). Predominantly mononucleated hepatocytes with less binucleated hepatocytes and an increased number of Kupffer cells were also demonstrated in comparison with the control group (Figures 2Ed,e,f) (p > 0.05). On the 10th dpi, reduced hepatocyte diameter and extended sinusoidal space were observed along with the presence of diffuse hepatocyte apoptosis near the central vein (Figures 2Eb,c).

On the 21st dpi, the percentage of binucleated hepatocytes and Kupffer cells was significantly higher in the DVI group than in the control and DVI-SCT groups (Figures 2Ee,f). In the DVI-SCT group, the percentage of binucleated cells was at its highest on the fifth dpi (Figure 2Ee), alongside wider sinusoidal spaces (Figure 2Eb) and a lower percentage of Kupffer cells (Figure 2Ef), compared with the DVI group. In the DVI-SCT group at the 15th dpi, quantification of the apoptotic cells yielded a lower percentage compared with that in the DVI group, and the number consistently remained near that of the control level until the 21st dpi (Figure 2Ec). Furthermore, the percentage of Kupffer cells was significantly lower than that in the control group and only slightly lower than that in the DVI group (Figure 2Ef). In addition, the size of the hepatocytes and the percentage of mononucleated hepatocytes in the DVI-SCT group was not significantly different than those in the control and DVI groups on the 15th dpi. Nevertheless, the DVI-SCT group exhibited reduced liver injury by the 21st dpi, as well as reduced hepatocyte size (characterized by swelling and rounding up of the hepatocyte which leads loss of hepatocyte shape), a significantly higher mononucleated hepatocyte percentage, and a lower percentage of Kupffer cells (Figures 2Ea,d,f).

The low number of binucleated hepatocytes in the DVI group at early stage indicated that liver recovery phase occurs only after 21st dpi. This may be one of the reasons for the mortality of dengue due to liver failure. In contrast, the number of binuclear cells in the DVI-SCT group achieved its peak on the fifth dpi and thereafter remained at a level higher than in the control group, suggesting that the liver repair has begun in the early stages of infection (Woolthuis and Park, 2016). In addition, the important role of Kupffer cells in infection and inflammation explains their high levels in the DVI group, suggesting that viral activity persisted until the end of the experiment (Paes et al., 2009). In contrast, the DVI-SCT group showed a lower percentage of Kupffer cells throughout the experiment. The results supported that the combined stem cell therapy contributes to liver regeneration and recovery during DENV infection.



Immunohistochemical Study of Liver Tissue

To assess the ability of the stem cell cocktail infusion in eliminating DENV from dengue-infected mice, immunohistochemical staining was performed to detect the presence of viral antigen in livers of DVI and DVI-SCT mice. Immunohistochemistry showed that mouse hepatocytes positive for DENV antigens (green fluorescence) were more prominent in the DVI group than in the DVI-SCT group throughout the experiment (Figure 3A). Despite the slight reduction in DENV antigens observed in the DVI group by the 21st dpi, the virus was not completely cleared from the liver cell population. In contrast, the DVI-SCT group displayed minimal expression of DENV antigens, suggesting that the virus was eliminated from the liver cells by the 21st dpi. Here, we have provided a qualitative data on the presence of virus in infected mice. It is also very important to provide quantitative data to have a stronger evidence of viral clearance. Thus, dengue virus screening assays, such as immunofluorescence assay, IC50, FFU assay, quantitative reverse transcription PCR (RT-PCR) assay, and plaque assay method, are ample and fit for the high-throughput screening of virus clearance (Low et al., 2011; Sreekanth et al., 2019).
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FIGURE 3. Immunohistochemical assessment and next-generation sequencing. (A) Immunohistochemical study of DENV-infected BALB/c mice liver at different dpi. Liver sections were captured at a magnification of × 200 under a fluorescence microscope. (a) Control group, (b,c) liver sections of DENV-infected and stem-cells-treated mice on the 5th dpi, (d,e) 10th dpi, (f,g) 15th dpi, and (h,i) 21st dpi. Blue (DAPI-stained nuclei) and green (Alexa Fluor stained DENV antigen). The green fluorescence seen in the DVI group was diminished in the DVI-SCT group. (B) Heatmap of upregulated genes. (C) Heatmap of downregulated genes. The dysregulation (up - or downregulation) of liver genes was quantified in three sets of BALB/c mice: control mice injected with Eagle’s minimum essential medium (EMEM) and phosphate-buffered saline (PBS); DVI mice infected with DENV2; and DVI-SCT mice infected with DENV2 and treated with HSCs, EPCs, and growth factor (n = 3). The heat maps generated were quantified based on the row minimum and row maximum values (specific for each gene), with red indicating genes highly upregulated and blue depicting genes downregulated. (a) Gene expression related to cell cycle pathways and regulation. The genes Pik3r1, Pten, Trp53, Xiap, Gsk3b, and Mtor showed gene expression upregulation following dengue virus infection (DVI), which were either corrected to reflect the control levels (Pten, Xiap, and Gsk3b) or continuously upregulated to benefit mice (Pik3r1, Trp53, and Mtor) upon stem cell treatment (DVI-SCT). Meanwhile, the genes Pik3r6, Akt3, Trp53i13, Ccnd1, Fas, and Mdm2 showed downregulation upon dengue virus infection (DVI), which was also all corrected to reflect control values upon stem cell treatment (DVI-SCT). (b) Upregulated and downregulated genes related to apoptosis. The genes Casp3, Casp2, and Casp8ap2 showed upregulated gene expression following dengue virus infection (DVI) and was corrected to reflect control levels (Casp2 and Casp8ap2) or continuously upregulated to benefit mice (Casp3) upon stem cell treatment (DVI-SCT). Meanwhile, the genes Casp4 and Casp6 showed downregulation upon dengue virus infection (DVI), which was corrected to reflect control levels upon stem cell treatment (DVI-SCT).


HSCs are urged by the signals of innate and adaptive immunity in order to respond to the pathogen-specific infection through systematic cytokine stimulation. HSCs express various signaling receptors, which instantly engaged in the infection responses, by its attachment with the infectious ligands and cytokines such as toll-like receptors (TLRs), tumor necrosis factor alpha (TNF) receptor, and interferon (IFN) receptors (Baldridge et al., 2010). The infection signal produced by DENV activates the HSCs and surge the differentiation of HSCs. This differentiation generates the immune effector cells and eventually neutralizes the early infections (Baldridge et al., 2011). HSC also modifies the cytokine secretion profile of T-naive cells, NK cells, effectors, and dendritic cells to induce a tolerant phenotype, secretion of more proinflammatory and anti-inflammatory cytokines, TNF-α, and decreased IFN-γ, with suppressively stimulated IL-4 and IL-10 (Lozito et al., 2008). Some evidence suggests that HSCs act as anti-inflammatory and immunoregulatory (Lozito et al., 2008). A recent study demonstrated treatment for COVID-19 infection using HSCs. The study suggested that the mechanism of HSC to eliminate viruses is by reducing inflammatory cytokines and by increasing anti-inflammatory cytokines that make the virus inactive (Frias-Staheli et al., 2014; Purwati Sumorejo et al., 2020).

Moreover, HSCs also reconstitute and differentiate into immune cell populations in the liver (Jiang et al., 2013), which initiate the phagocytosis of virus and its clearance from the cell. Previous reports have demonstrated the direct dialogue between HSCs outside niches and the immune system through “in” signaling and “out” signaling. The DENV as an “in” signal stimulates the differentiation of HSCs into immune cells (Zheng et al., 2011), which may explain the mechanism of viral clearance seen in the DVI-SCT group in this study. Our findings further validated the ability of the transplanted stem cells to eliminate DENV from the host cells. Although the virus is not visible after stem cells treatment, the mechanism at which stage of the viral replication does the treatment combats is yet to be clarified.



Gene Expression Profiling Using MiSeq Next-Generation Sequencing

To further analyze the molecular level changes induced by DENV infection and stem cell treatment in dengue-infected mice, RNA sequencing (RNA-seq) using MiSeq next-generation sequencing was employed in this study. Transcriptomics analysis comparing gene expression patterns in different experimental groups showed that of the 38,167 genes expressed in the control group (total fragments per kilobase of exon per million mapped reads, FPKM = 0) and the DVI group (FPKM > 10), 15 were novel genes expressed exclusively in DVI samples, thus suggesting that these 15 genes are triggered by dengue infection (Table 1). These novel genes maybe one of the reasons for the cell dysfunction during dengue infection. Similarly, the expression of novel genes between the DVI and DVI-SCT groups were cross-checked to elucidate the presence of novel genes triggered exclusively by the stem cell treatment. Of the total 38,166 genes expressed, 38 newly expressed genes were identified between the control (FPKM = 0) and DVI-SCT (FPKM > 10) groups (Table 2). These novel genes triggered by the stem cell treatment may be responsible for DENV clearance and for reversing the effects of DENV infection. The occurrence of novel gene expression triggered by either DENV2 infection or stem cell treatments can serve as a vital foundation for future studies. Research on these newly expressed genes may aid in elucidating the interactions between DENV and host or the role of stem cells in DENV clearance.


TABLE 1. Novel gene expression in DVI group upon dengue infection compared to control group (novel gene expression triggered by DENV).
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TABLE 2. Novel gene expression in DVI-SCT group compared to DVI group (novel gene expression triggered by stem cell treatment).

[image: Table 2]Thereafter, the changes in gene expression profiles between groups were calculated by the Cuffdiff method. The genetic profiles demonstrated both upregulation and downregulation of certain liver-associated genes in mice of all three groups. After analysis, it was found that 59 genes were significantly upregulated in the DVI group, and in the DVI-SCT group, 47 of the genes were successfully corrected similar to that of control group, while the remaining genes showed downregulation (Figure 3Ba and Supplementary Table 2). Figure 3Ba shows 59 significantly upregulated genes following DENV infection, among which 47 genes (e.g., G6pc, MGP_BALBcJ_G0039996, MGP_BALBcJ_G0019544, Foxn3, and Eif4a2) were successfully corrected to preinfection (control) levels, while the rest (e.g., MGP_BALBcJ_G0017228, Gck, Hmgcr, and Jun) showed insignificant levels of upregulation. On the other hand, 51 genes were significantly downregulated in the DVI group, and 30 of the genes were successfully corrected to the control level in the DVI-SCT group, while the remaining genes showed a downregulation level (Figure 3Bb and Supplementary Table 1). Figure 3Bb shows 51 significantly downregulated genes following DENV infection, among which 30 genes (e.g., Tceb1, Phf3, and Ptcd) were successfully corrected to preinfection (control) levels, while the remaining genes (e.g., Apcs, Cyp4a10, and Aqp1) did not show evidence of normalization. The normalization in the expression levels of the DENV-induced dysregulated genes in the DVI-SCT group showed that stem cells are able to modulate gene dysregulation caused by dengue infection. Stem cells treatment corrected up- or downregulated genes in the infection fully (or partially) to the normalized gene level, suggesting the potential of stem cells in treating DENV infection at the genetic level.

To determine the function of a particular differentially expressed gene, all differentially expressed genes were mapped into a Gene Ontology (GO) database. Twelve genes involved in the cell cycle pathway and regulation were selected for analysis (Figure 3Ca). Of the 12 selected genes, 6 showed upregulation, while the other 6 showed downregulation upon DENV2 infection. All the gene (both up- and downregulated) expression levels were normalized following treatment with stem cells except for three of the upregulated genes. Upregulation of the gene Gsk3b, which is involved in metabolic pathways, including inflammation, stress, mitochondrial dysfunction, and apoptosis (Jope et al., 2007), was adjusted to reflect control levels. The phosphatidylinositol-3-kinase/protein kinase B (PI3K-Akt) pathway gene subunit, Pik3r1, which plays a key role in cell cycle, apoptosis, and DNA repair (Franke, 2008), was continuously upregulated upon stem cell treatment to ensure increased platelet proliferation and white blood cell count, countering the apoptosis and thrombocytopenia seen in dengue infection. This cements the hypothesis that both HSCs and EPCs play a vital role in ensuring regulation of cell cycle pathways and counteracting the negative effects of dengue infection.

In addition, genes related to apoptosis were also analyzed in the obtained NGS data (Figure 3Cb). The results showed that the all the genes related to apoptotic pathways (Casp2, 3, 4, and 6 and 8ap2) that were dysregulated in dengue infection were corrected to a level similar to that in control samples following stem cell treatment. This shows that the widespread apoptosis caused by dengue infection was reduced and regulated by stem cell treatment, ensuring correction of gene expression and a decrease in swelling and the size of hepatocytes in addition to reduced apoptosis and sinusoidal spaces in hepatocytes (Paes et al., 2005; Sakinah et al., 2017). Taken together, the NGS data further validated the histopathological findings of this study, thus suggesting that stem cell treatment is a superior treatment option for dengue infection.

In the recent years, the incidence of dengue has continued to increase, but there is currently no rapid and effective treatment available. This study demonstrates stem cell therapy as a promising management to reduce the global burden of dengue. Since this is the first study done to treat dengue infection with stem cells, we faced several limitations such as very little research is written on this subject to use as a reference and inadequate blood samples to perform additional quantitative test for validation. Hence, this study could be an exploratory study that lay the groundwork for more complete research in the future. Our study recommends a more detailed study on host responses, mainly the interferon (IFN) signaling to stem cell therapy, which would provide the mechanism underlying the host–pathogen interaction A robust study is required to provide more evidence for the effectiveness of this treatment including observing the effect of the treatment in other organs such as the spleen, kidney, and brain, identifying the virus load and gamma-GGT levels and elucidating the antiviral genes in tissues and serums, exploring the presence of antibodies and antigens of the virus by RT-PCR, characterizing various proinflammatory cytokines that are involved in dengue infection, and using TUNEL assay to analyze apoptosis.



MATERIALS AND METHODS


Mouse Model of Dengue Infection and Stem Cell Therapy

This study was carried out in the animal house, Faculty of Veterinary Medicine, UPM. All in vivo procedures were performed with the ethical approval of the IACUC, Universiti Putra Malaysia (ref. no. UPM/IACUC/AUP-R017/2015). Seventy-two 8-week-old male BALB/c mice (20–25 g) were acclimated to the environment for 1 week and divided into three groups: control, DVI, and DVI-SCT groups (24 mice each group). EMEM (control group) and DENV 2 (1.25 × 105 FFU/ml) (DVI and DVI-SCT groups) were injected intraperitoneally according to different groups for 2 consecutive days (500 μl/day). Thereafter, the control group and the DVI group were intravenously injected with PBS for 3 consecutive days. The DVI-SCT group was injected with specific stem cells [HSCs (2.5 × 105 cells per mouse) and EPCs (1 × 106 cells per mouse)] and growth factors (1 μg/kg/day for 3 days). After 2 weeks, PBS (control and DVI groups) and specific stem cells [HSCs (2.5 × 105 cells per mouse) and EPCs (1 × 106 cells per mouse)] and growth factor (1 μg/kg/day for 1 day) were intravenously injected in 100 μl according to different groups. Blood of each group was collected for hematological analysis (scil Vet abcTM, Horiba, Germany) on 5, 10, 15, and 21 dpi and at the above four time points; six mice from each group were sacrificed and collected for histological examination, DENV immunohistochemical staining, and differentially expressed genes and transcriptomics analysis.



Propagation of DENV 2

Aedes albopictus clone (C6/36) cells (ATCC® CRL-1660TM, United States) were grown in a T25 flask, and the cells were subcultured until an adequate number of cells were obtained for DENV 2 viral inoculation and propagation. The procedure was performed following that described by Ip and Liao (2010) with different culture medium, as suggested by ATCC [Eagle’s minimum essential media (EMEM, Biowest, Riverside, CA, United States) supplemented with 10% fetal bovine serum (FBS, Biowest) and 1% penicillin-streptomycin (Biowest)] (Ip and Liao, 2010). When the C6/36 cells reached 80% confluency at passage 3, 1 ml of DENV 2, a clinical isolate obtained from the virology laboratory at UPM, was inoculated into the confluent cells. The flask containing DENV 2 was incubated at 25°C for 1 h with 10 rpm agitation. After that, 5 ml of EMEM supplemented with 2% FBS was added, and the flask was incubated at 28°C for 8 days at a multiplicity of infection (MOI) of 0.1. The cytopathic effects (CPEs) were observed every day. After 8 days of incubation, the virus was isolated using a rapid freeze–thaw technique. This procedure was repeated for up to 10 passages to obtain a higher virus titer (Mota and Rico-Hesse, 2011; Martinez-Gutierrez et al., 2014). For confirmation of the DENV serotype, an immunofluorescence assay was performed using antibodies directed against all four DV serotypes following a protocol reported by Medina et al. (2012). Briefly, an immunofluorescence assay was performed using cultured infected cells that were fixed on a multiwell slide (Supplementary Figure 1). The cells were stained with DV serotype-specific monoclonal antibodies (mAbs, Merck Millipore, Darmstadt, Germany) and then with fluorescein isothiocyanate (FITC)-conjugated antimouse antibody (Merck Millipore). The slide was later examined under a fluorescence light microscope at × 100 magnification for observation of positive cells. The culture supernatant containing DENV 2 was collected and filtered through a 0.22 μM filter. A foci forming assay was also performed at passage 10. Vero cells were inoculated with serially diluted DENV 2, followed by staining with monoclonal anti-DENV antibodies, secondary antibodies conjugated with enzymes, and finally with the metal enhanced 3,3′-diaminobenzidine (DAB) substrate. The dark brown foci were visualized and counted under a stereo microscope on the fifth dpi. The virus titer was obtained (1.25 × 105 FFU/ml) through viral quantitation using the following formula: virus titer, FFU/ml (foci forming unit per milliliter) = average of foci/dilution factor × virus inoculums volume (Zandi et al., 2012). The virus stock is stored at −80°C for subsequent infection.



Preparation of Hematopoietic Stem Cells

Hematopoietic stem cells were isolated from bone marrow cells of five 8-week-old BALB/c mice. Briefly, tibias and femurs were obtained and cut open to expose the bone marrow cavity. The bone marrow cavity was carefully punctured using a 26G needle, and the bone marrow was flushed out with Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 2% FBS (Gibco, Waltham, MA, United States) until there was no visible reddish line in the bone. Cells were placed into a 50 ml tube for isolation of CD117-positive cells (HSCs). The CD117-positive cells were isolated using a CD117-positive selection kit (Easysep®, STEMCELL Technologies, Singapore) with an EasySep® magnet (Kroeger et al., 2009).

Cell suspension with a concentration of 1 × 107 cells per 100 μl was prepared in PBS (Invitrogen, Carlsbad, CA, United States) with 2% FBS. Cells were incubated in CD117 PE labeling reagent (50 μl/ml) with mixing for 15 min at room temperature. PE selection cocktail (70 μl/ml) was applied for 15 min at room temperature. Next, the cells were mixed with 50 μl/ml nanoparticles and incubated at room temperature for 10 min. The cell suspension was brought to a total volume of 2.5 ml and set aside for 5 min. The EasySep® magnet was inverted in one continuous motion to pour off the supernatant. This washing method was repeated four times to avoid cell contamination. Finally, the tube was removed from the magnet, and the cells were resuspended in DMEM supplemented with 15% FBS for expansion (Dudeck et al., 2011). CD 117-positive cells were cultured in high-glucose DMEM supplemented with 15% FBS, 1% penicillin-streptomycin (Biowest), 100 ng/ml murine stem cell factor (SCF) (BioVision, Milpitas, CA, United States), 6 ng/ml murine IL-3 (BioVision), and 10 ng/ml human IL-6 (BioVision). The medium was replaced with fresh medium every 3 days until the cells reached confluence, and cell culture was continued until the cells reached passage 3 (Sekulovic et al., 2008). The expanded cells were further characterized for HSCs surface markers [with APC-conjugated CD133, FITC-conjugated CD34, FITC-conjugated CD135, and PE-conjugated CD117 antibodies (eBioscience, San Diego, CA, United States)] using flow cytometry (FACS Aria III cell sorter) (Frascoli and Proietti, 2012).



Preparation of Endothelial Progenitor Cells

BALB/c mouse bone marrow-derived endothelial progenitor cells were purchased from Cell Biologics, Inc. (Cell Biologics, Chicago, IL, United States). The cell revival and culture protocols were carried out according to the company instructions. The cells in the cryovial were quickly thawed in a 37°C water bath for <1 min, resuspended in 7 ml of prewarmed Cell Biologics cell culture medium, and added to a fresh tube. After centrifugation, the cells were resuspended in cell culture medium supplemented with 10% FBS, hydrocortisone, VEGF, EGF, endothelial cell growth factor (ECGS), heparin, L-glutamine, and antibiotic–antimycotic solution. Cells were seeded into a gelatin-coated flask and incubated in a 5% CO2 incubator at 37°C. Culture medium was changed 3 days after the culture start time and then every 2 days (Kalka et al., 2000). To identify the characteristics of BM-EPCs, the cells were analyzed with a FACS Aria III cell sorter using APC-conjugated CD133, PE-conjugated CD309, FITC-conjugated CD34, FITC-conjugated CD 135, and PE-conjugated CD117 antibodies (eBioscience) (Tian et al., 2019).

Flow cytometric analysis results showed that the majority of the adherent cells displayed both the morphological and qualitative properties of EPCs (Supplementary Figure 2). The cell population positive for CD34 was selected. From the singlet cell population, 72.1% expressed the marker CD34. Among the CD34-positive cells, 71.4% expressed the marker CD133, 89.9% expressed the marker CD309, and 93.9% expressed the marker CD117.



Hematological and Biochemical Assays

Blood was collected via cardiac puncture on the 5th, 10th, 15th, and 21st dpi (Supplementary Figure 3). The mice were anesthetized with ketamine (100 mg/kg, Ilium) and xylazine (10 mg/kg, Ilium) using a previously described process. Blood samples of 400 μl were sent for each analysis using an automated hematological and biochemical analyzer.



Histopathology

After the mice were euthanized, the livers were collected and stored in 10% formalin. The liver tissue was randomly chosen for sections processing. Microscopic slides were obtained after preparation of wax blocks and staining with hematoxylin and eosin (Leica, IL, United States). Tissue sections were observed under a microscope for differential cell counts. The histopathological sections from each mouse were analyzed quantitatively for the different cell populations percentage, including Kupffer cells, apoptotic cells, mononucleated hepatocytes, and binucleated hepatocytes. The sections were observed under a Nikon Eclipse 50i light microscope, and the image was captured with a Nikon DS-FI1 digital camera. Each slide contained three sections obtained at 15-μM intervals, and random six different areas were examined with 3 × 104 μm overlaid grid. The cells were scored with NIS elements D image analysis software (Nikon, New York, NY, United States). Each (mouse) slide was examined with six different areas of 18 × 104 μm2 and each group examined for 54 × 104 μm2. The hemorrhagic areas were observed in 20 magnifications (to include a wider area of 216 × 104 μm2 per group). All the mean values were analyzed using one-way ANOVA, IBM SPSS statistics version 23, and represented in bar chart.



Immunohistochemistry for DENV 2 Detection

Paraffin-embedded tissues were sectioned at a thickness of 5 μM and prepared on a slide. The mounted sections were deparaffinized at 60°C for 2 h and then immersed into xylene (HmbG Bendosen, Kuala Lumpur, Malaysia), with two changes at 5 min each. The slide was then transferred into 100% ethanol (Fisher Scientific, MA, United States) and incubated for 5 min, followed by 70% ethanol for 5 min. Next, the slides were immersed into Tris-EDTA buffer (pH 9.0) for 45 min at 95°C for antigen retrieval. After that, the slides were brought to room temperature, allowed to cool for 20 min, washed with PBS twice for 2 min, and permeabilized with 0.25% Triton X-100 (Thermo Scientific) in PBS. The slides were then rinsed with PBS, and excess water was blotted from the slide holder for 20 min at 27°C. Mouse anti-DENV primary antibodies (ab480914, Acris GmbH, Luzern, Switzerland) were added to the slides at 1:200 dilution. Slides were incubated overnight at 4°C. The next day, the slides were washed with PBS at room temperature and further incubated for 20 min at 37°C. After that, diluted goat antimouse Alexa Flour 488-conjugated secondary antibody (1:500, BioLegend, San Diego, CA, United States) was added and incubated with each section for 1 h in a 37°C incubator. The slide was further washed with PBS and dried for 15 min at 37°C. The slides were then counterstained with 4′,6-diamidino-2-phenylindole (DAPI) at a 1:1,000 dilution for 5 min, rinsed and covered with mounting fluid. The slides were observed under a fluorescence light microscope at × 200 magnification for any positive expression for DENV.



Transmission Electron Microscopy

The desired area of liver tissues was selected and cut into 1 mm × 1 mm slices. The tissue was immediately fixed in 3% glutaraldehyde in 0.1% phosphate buffer for 4 h, rinsed with phosphate buffer three times for 10 min each time, and post-fixed with 0.1% osmium tetroxide in 0.1% phosphate buffer for 4 h. The tissue was further processed for en bloc staining with 3% aqueous uranyl acetate in the dark for 1 h at room temperature. After staining, the specimen was washed, dehydrated, and embedded in resin in a beam capsule. The tissue block was polymerized for 78 h, sectioned into 0.5–1-μm sections and dried. These semithin sections were stained with toluidine blue for 2–5 min to select the area of interest. The selected section was trimmed, and ultrathin 70 nm thick sections were cut with special diamond knives and individually transferred onto a copper grid. The sections were stained with uranyl acetate and lead citrate before viewing under a transmission electron microscope.



RNA Preparation and Sequencing for Transcriptomic Analysis

RNA sequencing of de novo infected livers was performed with an MiSeq next-generation sequencer (Illumina, Inc., San Diego, CA, United States). Total RNA was extracted from liver tissues using a Qiagen RNeasy Mini kit with in-column DNase treatment as per the manufacturer’s instructions (Sessions et al., 2013). RNA concentration and purity were assessed using a NanoDrop 2000c spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States), and RNA integrity was analyzed on a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, United States). A NEBNext Ultra RNA library prep kit for Illumina (New England Biolabs, Ipswich, MA, United States) was used to prepare complementary DNA (cDNA) libraries for RNA sequencing as per the manufacturer’s instructions. The fragment size, purity, and quantities of the prepared libraries were determined using the Bioanalyzer 2100 (Agilent Technologies). The libraries were then sequenced using a MiSeq reagent kit V3 (Illumina).



Gene Expression (Transcriptomic Analysis)

Transcriptome assembly and analysis were completed using Tuxedo software. The libraries sequenced were mapped to the updated genomic annotation file of the mouse genome (Mus musculus, NCBI ref. database: GCF_000001635.26_GRCm38.p6_genomic.gff) using Tophat v2.0.9 (Trapnell et al., 2009; Kim et al., 2013). Transcripts were assembled following conformation of reads quality control via the FASTQ format and normalized and quantified by Cufflinks 2.0.2 analysis (Trapnell et al., 2010). Isoforms assembled by Cufflinks from all the sample groups were further merged to create a single transcriptome annotation file in gtf using Cuffmerge. The results were analyzed using Cuffdiff to identify differentially expressed genes and transcripts. The relative expression of genes was determined based on FPKM (total fragments per kilobase of exon per million mapped reads) values. The results obtained were used to generate density and scatter volcano plots using CummeRbund software. Heat maps showing the relative expression of the differentially expressed genes following treatment with stem cells were also generated utilizing the Morpheus heat map generator1.



Data Analysis

The mean values and significant differences were calculated via one-way ANOVA using version 23 IBM SPSS statistics software.
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Knee menisci are structurally complex components that preserve appropriate biomechanics of the knee. Meniscal tissue is susceptible to injury and cannot heal spontaneously from most pathologies, especially considering the limited regenerative capacity of the inner avascular region. Conventional clinical treatments span from conservative therapy to meniscus implantation, all with limitations. There have been advances in meniscal tissue engineering and regenerative medicine in terms of potential combinations of polymeric biomaterials, endogenous cells and stimuli, resulting in innovative strategies. Recently, polymeric scaffolds have provided researchers with a powerful instrument to rationally support the requirements for meniscal tissue regeneration, ranging from an ideal architecture to biocompatibility and bioactivity. However, multiple challenges involving the anisotropic structure, sophisticated regenerative process, and challenging healing environment of the meniscus still create barriers to clinical application. Advances in scaffold manufacturing technology, temporal regulation of molecular signaling and investigation of host immunoresponses to scaffolds in tissue engineering provide alternative strategies, and studies have shed light on this field. Accordingly, this review aims to summarize the current polymers used to fabricate meniscal scaffolds and their applications in vivo and in vitro to evaluate their potential utility in meniscal tissue engineering. Recent progress on combinations of two or more types of polymers is described, with a focus on advanced strategies associated with technologies and immune compatibility and tunability. Finally, we discuss the current challenges and future prospects for regenerating injured meniscal tissues.

Keywords: polymeric scaffold, natural polymer, synthetic polymer, meniscal tissue engineering, meniscal regeneration


INTRODUCTION

The importance of the meniscus in knee homeostasis has been widely acknowledged; unfortunately, meniscus-related injurie are quite common. According to the epidemiologic data reported by Logerstedt et al. (2010), the incidence rate of meniscus injury was 12–14%, and the prevalence was 61 cases per 100,000 persons. In the United States, injuries to the menisci are the most common injury to the knee, and 10–20% of all orthopedic surgeries involve surgical procedures to the meniscus (Montgomery et al., 2013). Nearly one million meniscal surgeries are conducted annually in the United States, most of which consist of partial or total meniscectomy, and the total cost for inpatient stays ranges from $500 million to $5 billion (Jones et al., 2012; Fillingham et al., 2017). Of the two genders, men were the most likely to experience meniscal tears, with reported ratios between 3:1 and 4:1 (Murphy et al., 2019).

Given the severe physical and psychological burden on individuals and the socioeconomic burden brought about by meniscal injuries, studies on the treatment and pathology of meniscal injuries are worthwhile endeavors. Meniscal tears, similar to many other musculoskeletal diseases, mainly occur in sports-related activities (32%) and non-sports-related activities (38%) and can arise from any specific event (28%) (Drosos and Pozo, 2004). As a result of the combination of axial impact forces and rotational forces between the femoral condyles and the tibial plateau, shear force may cause acute and degenerative tears of the meniscus, and these injuries are more likely to occur in the medial meniscus (Twomey-Kozak and Jayasuriya, 2020). Tears occurring in the inner avascular region of the meniscus are commonly complex and thorny and are often associated with a poor prognosis after surgical repair (Makris et al., 2011). In addition to the symptoms and motor dysfunctions, knee osteoarthritis (OA) is a common pathological response to meniscal injury (Englund et al., 2012). Briefly, meniscal degeneration or meniscectomy results in consistent articular cartilage overloading, leading to the development of OA (Katz et al., 2013). Therefore, preserving as much meniscal tissue as possible has become a widely prevailing trend (Crema et al., 2010).

Recently, considerable efforts have been put into meniscal regeneration rather than meniscal resection. The complex array of meniscal tissue structure and avascularity presents quite a thorny problem for clinicians; thus, tissue engineering aimed at tissue remodeling and functional restoration seems to be an alternative strategy (Twomey-Kozak and Jayasuriya, 2020). From traditional allograft menisci to currently used polymer materials, tissue-engineered meniscus scaffolds have been continuously progressing. First, the primary goal of meniscal tissue engineering is to develop a bioartificial substitute presenting the same level of components and architectures as native menisci. The design of structural-composition biomimetic scaffolds based on natural polymers, synthetic polymers, and a combination of multiple polymers has demonstrated fascinating meniscal regenerative capabilities. Furthermore, one major concern regarding successful meniscus regeneration was that how the polymeric scaffold reconstructs the zonal difference in the red and white zones of the meniscus. Generally, the tissue-engineered scaffold should mimic the zone-dependent arrangement of collagen fibers, ECM composition, and different bioactive inducers. In recent, intensive researches have been developed via advanced techniques and achieved promising repairing results. Therefore, we will subsequently focus on the recent development of various kinds of polymeric scaffolds in meniscal repair, with additional attention paid to reproduce zonal variations of meniscus.

Second, despite the importance of tissue-engineered scaffolds with characteristics that recapitulate the structure and composition of the meniscus, there are still many obstacles for the use of current materials to recreate a natural inducive microenvironment close to native meniscal tissue (Chen M. et al., 2019). The general design criteria of novel polymeric scaffolds are thus to recreate the main properties of the native microenvironment in terms of microarchitecture, components, and pro-regenerative features in order to stimulate cellular growth and maintain cell phenotype (da Silva Morais et al., 2020). Among several processing technologies, three-dimensional (3D) printing is one of the most appropriate for meniscal scaffold construction due to its highly accurate control of scaffold microstructures and compositions, making it possible to meet the primary requirements of meniscal tissue engineering. In addition, polymeric scaffolds not only act as temporary templates for neotissue formation and integration but also interact with cells and bioactive factors to orchestrate tissue remodeling (Zhang and King, 2020). 3D printing has also been applied in drug delivery (Qu et al., 2021); ideally, with personalized 3D architectures and programmed drug release profiles, these engineered meniscal scaffolds are very promising for enhancing meniscal regeneration. Despite the advances of numerous polymeric biomaterials, the immunocompatibility and immunomodulation of meniscal grafts have not been developed and require further exploration. Clearly, all these important polymers and some advances in meniscal tissue engineering thus need to be introduced, along with a richer knowledge base in this field, so that we can design a biomaterial-based meniscal scaffold that functionally recreates almost all of the aspects needed.

In this review, the relevant polymers involved in meniscal repair and regeneration are presented after a brief introduction to the anatomy, biochemical content, cells, and biomechanical properties of the meniscus, as well as a summary of conventional therapies. Then, we provide an overview of the different polymers and relevant scaffolds studied to date, with particular attention given to discussing the strategies reported recently on how to construct hybrid scaffolds to achieve versatile functions. Subsequently, we introduce additive manufacturing technologies used to promote the meniscus in vitro and in vivo, the recent advancement on zonal meniscal reconstruction and the effect of the applied biopolymers on the immune response and tissue regeneration were also discussed. Finally, we describe the main challenges and future development directions in advancing meniscal regeneration approaches.



MENISCUS ANATOMY, PHYSIOLOGY, AND CONVENTIONAL TREATMENTS


Meniscus Anatomy and Cellular Components

The meniscus is a pair of crescent, wedge-shaped fibrocartilaginous pads located between the femoral condyle and tibial plateau that serve a variety of functions, such as distributing loads, absorbing shock, maintaining stability, and contributing to cartilage lubrication and nutrition (Makris et al., 2011; Rongen et al., 2014). From a macroscopic point of view, the medial and lateral menisci possess their own anatomical variations, but the anterior horns of both are connected by the anterior intermeniscal ligament (Rongen et al., 2014; Figure 1A). Since vascularization of the meniscus decreases as the meniscus matures, the limited healing capacity of the inner zone of the meniscus is directly related to the poor blood supply, and nutrients can only be received from passive synovial fluid diffusion (Arnoczky and Warren, 1982; Petersen and Tillmann, 1995; Makris et al., 2011). Microscopically, it is reasonable to distinguish the peripheral red zone from the inner avascular white zone (Murphy et al., 2019). The inner zone is characterized by chondrocyte-like cells embedded in collagen type II and glycosaminoglycans (GAGs). In contrast to the inner zone, the peripheral zone presents abundant collagen type I deposition and many more elongated fibroblast-like cells (Makris et al., 2011; Jacob et al., 2020). In addition, the cells within the superficial zone are postulated to produce and secrete lubricant and anti-adhesive proteins or act as progenitor cells with regenerative potential (Lee et al., 2008; Jacob et al., 2020; Figure 1B).
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FIGURE 1. (A) Basic anatomy of the knee. (B) Cross-sectional diagram of the meniscus.




Meniscus Mechanical Properties and Functions

Generally, the meniscus plays a critical role in maintaining normal knee joint mechanics and functions. A number of studies have been performed to measure the mechanical strength of meniscal tissue in humans (Table 1). The specific mechanical properties of the meniscus are mainly determined by highly spatially oriented collagen fibers (Rongen et al., 2014). Indeed, the most important role of the collagen-proteoglycan meniscal matrix is its capacity to provide mechanical support, such as resistance to tension, compression and shear stress (Fithian et al., 1990). Specifically, the meniscus transfers 50–90% of the joint reaction forces under weight-bearing conditions (Walker and Erkman, 1975; Ahmed and Burke, 1983), with load transfer and absorption occurring via well-characterized mechanisms. In general, circumferential stresses within meniscal tissue are generated after joint surface contact, transferring compressive loads into horizontal tensile stress. Excessive energy being absorbed by collagen can also be released via the expulsion of synovial fluid (Storm et al., 2005; Rongen et al., 2014). Other important functions of the meniscus include providing lubrication, supplying nutrients to the cartilage and supporting proprioception (Jacob et al., 2020).


TABLE 1. Native meniscal tissue physical characteristics.
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Meniscus Pathologies and Conventional Therapies

In addition to trauma, other risk factors affect meniscal tissue, such as genetic susceptibility, obesity and knee malalignment (Englund et al., 2012). Twisting or shearing motions with a varus or valgus force account for the mechanism of most meniscal tears (Pihl et al., 2017). For younger patients, acute traumatic injury is a major cause of meniscal tears, and as in elderly patients, degenerative meniscal tears might act as key factors in the development of knee OA (Englund et al., 2007, 2012). The healing capacity of the meniscus after injury is basically dictated by the tear pattern and location. For instance, horizontal and radial tears involving the inner zone are thought to have the least healing potential owing to incursion into the avascular inner zone (Kwon et al., 2019). Unfortunately, meniscal injury is often followed by knee OA, which is known as the “meniscal pathway.” Briefly, loss of meniscal mechanical support leads to dramatically increased structural stress on articular cartilage, causing loss of cartilage, subchondral bone changes, and bone marrow lesions (Englund et al., 2012). In addition, the subsequent increased proinflammatory state within the knee joint after meniscal tears contributes to the progression of OA (Bigoni et al., 2017).

Conventional therapies for meniscal tears include both non-surgical and surgical approaches (Li et al., 2020a). Arthroscopic meniscectomy is the most commonly used surgical procedure for meniscal injuries (Katz and Martin, 2009; Kim et al., 2011b). However, it inevitably results in progressive cartilage degeneration and OA, and the curative effect on degenerative meniscal tears remains a matter of debate (Fairbank, 1948; Roos et al., 1998; Monk et al., 2017). Meniscal allograft transplantation (MAT) may further restore knee function, but this advantage is countered by the disadvantages of the insufficient number of donors and risk of disease transmission, immune rejection and non-matching (Noyes and Barber-Westin, 2010; Noyes and Barber-Westin, 2016; Parkinson et al., 2016). Chondroprotective evidence also needs to be validated (Vrancken et al., 2013). In search of a clinical solution for meniscal injury and joint homeostasis restoration, tissue engineering and scaffold-based regenerative medicine strategies have become some of the most promising approaches (Bandyopadhyay and Mandal, 2019). In this context, this review focuses on details of the polymeric aspects of meniscal therapy and advanced, novel polymeric scaffold-based strategies for meniscal repair and regeneration.



POLYMERIC SCAFFOLD-BASED STRATEGIES FOR MENISCAL REGENERATION


Various Factors Involved in Polymeric Scaffold-Based Strategies

Tissue engineering techniques often involve the application of scaffolds, cells and biochemical and biomechanical stimuli to create engineered tissues (Kwon et al., 2019). These three main components collectively form many combinations and have obtained some promising advances. Therefore, to better understand the interaction among these three main components, cells and physical and biochemical signals all need to be introduced. Cells are important players in meniscal tissue engineering. Stem/progenitor/multipotent cell sources in meniscal tissue engineering can be obtained from various tissues, including bone marrow, synovium, and adipose tissue (Bilgen et al., 2018). Another large family of cells originates from mature connective tissue, such as the meniscus and cartilage (Peretti et al., 2004; Zellner et al., 2017). Biochemical stimuli also play an important role in engineering meniscal scaffolds. To increase extracellular matrix (ECM) production in engineered meniscal tissue, the administration of biochemical stimuli, such as growth factors, has long been used. A variety of growth factors, including platelet-derived growth factor (PDGF), bone morphogenetic protein-2 (BMP-2), transforming growth factor-β (TGF-β), insulin-like growth factor-1 (IGF-1), and fibroblast growth factor (FGF), have shown efficacy in improving meniscal regeneration (Bhargava et al., 1999; Pangborn and Athanasiou, 2005; Gunja and Athanasiou, 2010; Puetzer et al., 2013). Changes in oxygen tension have also yielded mixed effects on engineered meniscal tissue, which showed improved ACAN and COL2A1 expression under hypoxic conditions (Liang et al., 2017). On the other hand, the development of biomechanical stimuli for meniscal tissue engineering has focused on replicating heterogeneity and matrix-level arrangement of the tissue (Kwon et al., 2019). For example, compression and hydrostatic pressure have been used to improve the functional properties of meniscal neotissue (MacBarb et al., 2013; Zellner et al., 2015; Puetzer and Bonassar, 2016).



Consideration of Polymeric Scaffold Design

Generally, scaffold design is of pivotal importance to accelerate meniscal tissue repair and regeneration. Polymer selection and biophysical and biochemical properties all need to be taken into consideration when designing an optimal tissue-engineered meniscal scaffold.

It is well known that biocompatibility and bioactivity are major considerations that may lead to scar tissue formation if not achieved (Murphy et al., 2018). In meniscal tissue engineering, a microenvironment conducive to cell adhesion, cell proliferation and matrix synthesis is necessary (Tan and Cooper-White, 2011). Natural ECM is a sophisticated 3D network that can support cells and control cellular responses, such as migration, proliferation and differentiation, via autocrine and paracrine mechanisms (Murphy et al., 2018; Subbiah and Guldberg, 2019). Therefore, compositionally, the scaffold needs to create an ECM-mimicking microenvironment with biocompatibility and minor immune rejection and degrade into harmless products along with meniscal tissue growth. The biophysical properties of natural ECM can also modulate cell behaviors (Elliott et al., 2019; Gaharwar et al., 2020). In regard to the architecture, the anisotropic orientation as well as suitable pore size and porosity are required to provide an optimal structure for cell ingrowth. In addition, scaffolds are also required to have appropriate mechanical properties, which enable the scaffold to preserve the normal contact biomechanics of the knee. In summary, biomaterial design and fabrication should mimic the biomechanics and components of natural ECM in meniscal regeneration (Ma, 2008; Zhou and Lee, 2011). Furthermore, the processing techniques should be convenient and versatile enough for clinically customized application. The specific design criteria of meniscal scaffolds are summarized in Table 2. To apply polymeric scaffold-based regenerative strategies in the context of the meniscus, clarification of the key role of scaffolds in meniscal tissue remodeling and maturation is needed. Collectively, a polymeric scaffold should not only provide a supportive microenvironment but also favor the migration, proliferation and differentiation of meniscogenic cells (Figure 2). In this review, we will summarize recent developments in polymeric scaffolds in terms of compositions, structures, processing technologies and bioactivities.


TABLE 2. Scaffold design consideration for effective meniscal tissue regeneration.
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FIGURE 2. Key steps controlled/promoted by tissue-engineered meniscal scaffolds.




POLYMERS FOR MENISCAL TISSUE ENGINEERING APPLICATIONS

Researchers consistently utilize natural and synthetic polymers or their combinations as engineered scaffolds and have demonstrated their promising properties for meniscal regeneration (Murphy et al., 2018). The advantages and limitations of commonly used polymers for meniscal tissue engineering are summarized in Table 3. Considering their excellent biocompatibility, processability and ECM-mimicking cues, natural polymers, such as collagen, silk fibroin (SF), and chitosan, present defined advantages for tissue engineering but are restricted by poor mechanical properties and non-tunable degradation (Prabhath et al., 2018; Tong et al., 2020). Therefore, synthetic polymers with favorable mechanical properties, simple fabrication methods and predictable degradation have been used as alternatives. However, synthetic polymers suffer from low cell affinity and require modification by biomolecules to improve their bioactivity (Makris et al., 2011; da Silva Morais et al., 2020). Moreover, the biodegradation of polymers is of the utmost importance since the degradation rate needs to be tuned in accordance with the required initial mechanical support, sustained drug delivery and space for neotissue formation (Engineer et al., 2011; Prabhath et al., 2018). In addition, numerous studies have been conducted to investigate the therapeutic effects of hybrid polymeric scaffolds, which combine the advantages of two or more natural and synthetic polymers, enabling the realization of comprehensive defined biophysical properties and bioactivity.


TABLE 3. Most relevant natural and synthetic polymer types used in meniscal tissue engineering.
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Natural Polymers

Natural polymers, such as polysaccharides and proteins, are considered to have great potential for meniscal tissue engineering due to their excellent biocompatibility, processability and bioactivity (Murphy et al., 2018). These polymers are also characterized by some drawbacks, including limited tunability, uncontrollable degradation, undesirable immunogenicity and poor mechanical properties, and are thus susceptible to failure in meniscal repair and regeneration (Chocholata et al., 2019; Li et al., 2020a; Table 3).


Proteins

Collagen is the most prevalent component of the meniscus ECM (Murphy et al., 2018). In general, it has a triple-helix structure, forms a highly organized 3D architecture, and plays a crucial role in maintaining the biological and structural integrity of the ECM (Cen et al., 2008; da Silva Morais et al., 2020). Since collagen is the main component of hard tissues and fibrous tissue and has excellent biocompatibility and degradability and low antigenicity, a large number of tissue engineering studies have utilized it in scaffolds for orthopedic applications, such as those in bone (Sarkar et al., 2006), cartilage (Zhang et al., 2013), tendons (Caliari et al., 2011), and intervertebral discs (Wilke et al., 2006). Collagen is widely used in the construction of meniscal cartilage tissue engineering scaffolds in various manufacturing methods. Recently, Filardo et al. (2019) used magnetic resonance imaging (MRI) and 3D bioprinting technology to design and create a cell-laden, collagen-rich and bioengineered medial meniscal tissue model, which could help optimize the custom design of damaged meniscus implants. The application of collagen in electrospun scaffolds has also been investigated for meniscal regeneration. Baek et al. (2018) produced a multilayer structure consisting of a collagen type I scaffold and tricomponent gel (collagen type II, chondroitin, hyaluronan) loaded with different types of cells. This electrospun collagen scaffold was reported to be able to promote cell adhesion and proliferation and meniscus-like extracellular matrix secretion. With regard to clinical use, Marcheggiani Muccioli et al. (2020) recently presented a 10-year follow-up study on soccer players who had received arthroscopically implanted lateral collagen meniscus implants (CMIs). The results showed promising recovery of knee joint function, and obvious cartilage thinning was not observed on imaging (Marcheggiani Muccioli et al., 2020).

However, collagen scaffolds displayed poor mechanical properties and much faster degradation rates than scaffolds consisting of polysaccharides and synthetic polymers; thus, the combination of collagen with other natural polymers and biomolecules was investigated (Subbiah and Guldberg, 2019; da Silva Morais et al., 2020). For example, a collagen/hyaluronan-infused, 3D-printed polymeric scaffold for partial meniscus replacement showed enhanced mechanical properties that could simultaneously satisfy the requirements for resistance to axial compression and circumferential tension (Ghodbane et al., 2019).

As a modified and degraded form of collagen, gelatin is a natural polymer derived from the hydrolysis of animal collagen (Santoro et al., 2014; Aoki and Saito, 2020). Since the digestive process enables gelatin to lose the triple-helix structure of collagen and confers low antigenicity, high biocompatibility and convenient fabrication, it is widely used in tissue engineering (Van Den Bulcke et al., 2000; Hoque et al., 2015). Narita et al. (2012) incorporated fibroblast growth factor 2 (FGF-2) into a gelatin hydrogel and observed an increased meniscal cell density after its application in horizontal meniscal tears in rabbits. In another study, rabbit platelet-rich plasma (PRP) was impregnated into a freeze-dried gelatin hydrogel to repair a circular meniscal defect in the anterior portion of the inner zone. The results showed that PRP strongly enhanced the healing process of the avascular meniscal zone (Ishida et al., 2007). However, the disadvantages of rapid degradation and dissatisfactory mechanical properties limit the application of gelatin alone in meniscal regeneration. Correspondingly, gelatin could be functionalized with methacrylamide (GelMA) groups to enable photocrosslinking by UV, potentially with the assistance of photoinitiators (Van Den Bulcke et al., 2000). Thus, gelatin modified with GelMA has also been studied as a polymeric meniscal scaffold. A study showed that GelMA in the construct significantly enhanced the adhesion of chondrocytes and the secretion of type II collagen (Bahcecioglu et al., 2019, 2019a).

Silk is a natural protein fiber produced by insect larvae for cocoons, and Bombyx mori silkworm cocoons are the most predominant source of silk (Murphy et al., 2018; Kashirina et al., 2019). The silkworm cocoon is mainly composed of silk sericin (SS) and SF, and the latter possesses impressive mechanical properties, elasticity, favorable biocompatibility, low immunogenicity and predictable biodegradability (Altman et al., 2003; Guziewicz et al., 2011; Kashirina et al., 2019). SF sponges have been found to enhance energy absorption and protect chondrocytes due to their favorable elasticity and low interfacial shear force (Li et al., 2020d). A silk-based platform has already been used as a substitute for meniscectomy. Yan and coworkers optimized the combination of a silk sponge and collagen coating in a rabbit meniscectomy model by applying coated collagen internally and externally to enhance the biocompatibility and initial frictional properties, respectively. Silk-collagen composites induced the formation of more meniscus-like tissue and reduced cartilage wear (Yan et al., 2019). More recently, a PCL/SF/Sr2+ scaffold for total meniscal repair, whereby the scaffold was manufactured by 3D wet electrospinning, showed enhanced meniscal regeneration. The structural components and mechanical properties of the neomeniscus almost rivaled those of the native meniscus 6 months after implantation (Li et al., 2020b). Concerning the necessity of stable scaffold fixation to the meniscus, a study conducted by Cengiz proposed a highly interconnected, suturable scaffold composed of SF and 3D-printed poly(ε-caprolactone) (PCL) mesh. This composite porous scaffold improved the suture retention strength by up to 4-fold and exhibited favorable tissue infiltration and blood vessel invasion after subcutaneous implantation in vivo (Cengiz et al., 2019).



Polysaccharides

Among natural polymers, agarose represents a natural and neutral, transparent polysaccharide that has excellent water solubility, biocompatibility, tunable mechanical properties and controllable self-gelation properties (Salati et al., 2020a) and plays an important role in the inner region in meniscal tissue repair (Bahcecioglu et al., 2019, 2019a,b). Experiments have shown attractive GAG expression in the agarose-impregnated interior meniscal region. Dynamic compression under 10% strain was also confirmed to increase GAG production in agarose (Bahcecioglu et al., 2019,b). A mixture of agarose and GelMA hydrogel was found to induce aggrecan expression and produce a high ratio of collagen type II/collagen type I in human fibrochondrocyte-hydrogel constructs. Moreover, the construct consisting of the blended hydrogel combined with the PCL scaffold perfectly mimicked the natural meniscal interior region (Bahcecioglu et al., 2019).

Hyaluronic acid (HA) is a natural hydrophilic GAG that is found in connective tissue, such as cartilage ECM, and is especially abundant in synovial fluid (Zamboni et al., 2018; Shah et al., 2019). HA is capable of water absorption and retention and lubrication and is an ideal molecule for promoting cartilage formation (Kim et al., 2011a; Zhang et al., 2014). In addition, functional groups can be introduced to the backbone of HA to mediate the formation of crosslinked hydrogels (Collins and Birkinshaw, 2013). For example, Song et al. (2019) successfully fabricated a crosslinked methacrylated hyaluronic acid (MeHA) fibrous scaffold by methacrylate modification, followed by an electrospinning process. The soft and stiff fibrous mesh network was sandwiched between meniscal tissue, and subcutaneous implantation in athymic rats showed that the stiffer MeHA fibrous network exhibited more obvious cellular invasion and enhanced collagen deposition (Song et al., 2019). In addition, Murakami et al. (2019) evaluated the effects of HA on human inner and outer meniscal cells and found that cell migration and proliferation were both accelerated by HA in a concentration-dependent manner. This finding suggested the possibility of meniscal regeneration without the need for growth factors, as HA alone could inhibit apoptosis and promote cell migration and proliferation.

Alginate, obtained from brown algae, is an anionic polysaccharide that exhibits remarkably good scaffold-forming properties and is biocompatible, inexpensive and abundant (Lee and Mooney, 2012). Furthermore, alginate hydrogels can be crosslinked by various materials (e.g., Ca2+) for bioactive agents and cell delivery (Lee and Mooney, 2012; Venkatesan et al., 2015; Kim et al., 2019). By combining collagen, alginate (A) and oxidized alginate (ADA), Gupta’s group designed self-healing interpenetrating network (IPN) hydrogel-loaded scaffolds with dual crosslinking [Ca2+-based ionic crosslinking and Schiff base reaction crosslinking (A-A, A-ADA)] capabilities, which revealed great potential for supporting fibrochondrocyte behavior and chondrogenesis in vitro (Gupta et al., 2020a). Alginate has also been used in minimally invasive meniscal tissue engineering applications. For example, Kim et al. (2019) fabricated an ultrapurified alginate (UPAL) gel that was dicationically crosslinked by CaCl2 and injected into rabbit meniscal defects. The reparative tissues in the UPAL gel group had a mean stiffness of 27.8 ± 6.2 N/mm, which was significantly greater than that in the control group at 12 weeks (Kim et al., 2019). Other researchers have often used alginate in combination with other polysaccharides. Recently, Resmi et al. (2020) synthesized an injectable, self-crosslinking hydrogel from alginate dialdehyde and gelatin, and ex vivo application of this hydrogel in pig meniscal tears showed good integration with host meniscal tissue.

In contrast to alginate, chitosan is a linear, positively charged copolymer derived from deacetylated chitin, which can be found in the exoskeleton of fungal cell walls (Shah et al., 2019; Donnaloja et al., 2020). Chitosan has been extensively used in skin (Sandri et al., 2019), bone (Cui et al., 2019), cartilage (Izzo et al., 2019), and tendon (Depres-Tremblay et al., 2019) regeneration, as it demonstrates excellent biodegradability, and it is worth noting that the degradation rate can be regulated by the molecular mass and deacetylation degree (Vårum et al., 1997; Mi et al., 2002). A decellularized meniscal extracellular matrix (DMECM) and gelatin/chitosan (G/C) composite scaffold with a high elastic modulus and low cytotoxicity was reported by Yu et al. (2019). Chitosan has also been freeze dried in the fabrication of porous scaffolds for cell transplantation and tissue regeneration (Suh and Matthew, 2000). To further investigate the impact of the molar content of chitosan on the chondrogenic potential of mesenchymal stem cells (MSCs), a comparative study was performed. Chitosan (Ch) at different molar ratios was crosslinked with polyvinyl alcohol (PVA) using urethane prepolymer (PPU) chains, and articular chondrocytes (ACs) and adipose tissue-derived mesenchymal stem cells (ASCs) were then isolated and cultured. The authors confirmed that the AC-seeded PVA/Ch/PPU (1:4:1) scaffold showed higher expression levels of ECM components, superior meniscus regeneration and lower levels of cartilage degeneration than the comparator scaffolds (Moradi et al., 2017b).



Synthetic Polymers

Owing to their poor mechanical strength, unstable degradation and limited sources, natural polymers are still insufficient for meniscal repair and regeneration. Therefore, synthetic polymers with favorable mechanical properties, reproducibility and controllable degradation have been widely used to produce meniscal scaffolds (Makris et al., 2011; da Silva Morais et al., 2020; Table 3). However, one of the limitations of synthetic scaffolds is their paucity of bioactive cues, which could be overcome by adding biological coatings (Silva et al., 2020).

As a biodegradable polymer with excellent biocompatibility and mechanical strength, poly(glycolic acid) (PGA) has been widely used in the biomechanical and medical fields since the 1970s and can serve as a scaffolding material to repair articular cartilage in clinical practice (Siclari et al., 2018; Otsuki et al., 2019; Cojocaru et al., 2020). In meniscal tissue engineering, a 3D, meniscal-like, PGA-hyaluronan implant with high porosity was developed, and this scaffold showed high biocompatibility and improved the expression of chondrogenic genes during coculture with human meniscal cells in vitro. In addition, in a sheep model, the scaffold showed greater proteoglycan and collagen type I production than the control group (Cojocaru et al., 2020). For in vivo evaluation, a meniscus-shaped scaffold made of PGA covered with a polylactic acid/caprolactone [P(LA/CL)] sponge was implanted into the right knee in a medial meniscus resection minipig model. The results showed that the scaffold provided appropriate initial strength and could prevent cartilage degeneration with relatively low inflammation. However, the compressive stress and elastic modulus of the scaffold were significantly inferior to those of the native meniscus (Otsuki et al., 2019).

Poly(lactic acid) (PLA) is a thermoplastic aliphatic polyester obtained from the polymerization of lactic acid and/or the ring-opening polymerization of lactide, which has suitable biocompatibility and biodegradability but also some drawbacks, such as a high cost, long degradation time, low utility and limited molecular weight (Castro-Aguirre et al., 2016; Murariu and Dubois, 2016). In an interesting study, core-shell coaxial nanofibrous scaffolds were prepared by electrospinning. The PLA core provided mechanical strength, while the collagen shell facilitated cellular adhesion and matrix synthesis. In vivo experiments showed excellent integration between the scaffold and native tissue (Baek et al., 2019). The filamentous PLA structure was printed by 3D printing and modified by surface modification with active functional groups. Then, IPN hydrogels populated with hMSCs were applied to the surface-modified PLA structure for in vitro and in vivo research. At 28 days after implantation in a rat model, the structure of PLA remained relatively intact, which was consistent with the degradation curve in vitro. The integrity of the PLA scaffold ensured minimal mechanical stress on the hMSCs, allowing optimal function to be achieved (Gupta et al., 2020a).

Compared with that of PLA, the degradation time of poly(lactic-co-glycolic acid) (PLGA) can be controlled according to the glycolic acid content, while the higher the ethyl ester ratio is, the easier the polymer is to degrade (Zhou et al., 2012). PLGA is a linear copolymer composed of different proportions of glycolic acid and lactic acid monomers (Gentile et al., 2014). PLGA is an attractive polymer used in drug delivery and tissue engineering due to its favorable biodegradability, flexible processability, tunable degradation, surface functionalization and targeted drug delivery (Danhier et al., 2012; Mir et al., 2017; Zhao et al., 2021). PLGA is biodegradable because its ester linkages can be hydrolyzed in aqueous solution, and as byproducts, glycolic acid and lactic acid can be cleared from the body via normal metabolic pathways (Lü et al., 2009). Gu et al. (2012) used cartilage-derived morphogenetic protein-2 (CDMP-2) and TGF-β1 to preculture autologous myoblasts and then construct myoblast cell-seeded PLGA scaffolds, which presented accelerated healing after meniscal defect implantation. Regarding functionalized PLGA scaffolds, Kwak et al. (2017) reported a PRP-pretreated PLGA mesh scaffold seeded with human ACs to regenerate meniscal tissue. At 6 weeks after subcutaneous implantation, increased cell attachment and cartilaginous tissue formation were observed in the cell-seeded scaffold between native devitalized meniscal discs (Kwak et al., 2017). Other researchers have developed several PLGA-based approaches as drug delivery platforms. For instance, TGF-β3 and connective tissue growth factor (CTGF) loaded in PLGA microparticles were incorporated into 3D-printed PCL anatomical meniscal scaffolds and demonstrated promising reparative results (Lee et al., 2014; Figure 3).
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FIGURE 3. Spatiotemporally released rhCTGF and rhTGF-β3 induced fibrocartilage-like matrix formation in 3D-printed, porous scaffolds. (A) Anatomical reconstruction of human meniscus. Human meniscal scaffolds were 3D printed with the layer-by-layer deposition of PCL fibers (100 mm in diameter), forming 100- to 200-mm channels. (B) PLGA microspheres (μS) encapsulating rhCTGF and rhTGF-β3 were in physical contact with PCL microfibers. (C) Fluorescent dextran simulating CTGF (green, 40 kD) and TGF-β3 (red, 10 kD) was delivered into the outer and inner zones, respectively, of human meniscal scaffolds to show scaffold loading. The distribution of dextran was maintained from day 1 to day 8. (D) rhCTGF and rhTGF-β3 release from the PCL scaffolds over time in vitro. (E) When the scaffolds were incubated atop human synovial MSC monolayers for 6 weeks, spatiotemporally delivered rhCTGF- and rhTGF-β3 induced cells to form zone-specific collagen type I and II matrices, similar to those in the native rat meniscus. (F) Scaffolds with empty mS showed little matrix formation after 6 weeks of coculture with a 1:1 mixture of fibrogenic and chondrogenic supplements (no growth factors in medium). Spatiotemporal delivery of rhCTGF and rhTGF-β3 induced fibrocartilaginous matrix formation, consisting of alcian blue-positive, collagen II-rich cartilaginous matrix in the inner zone and picrosirius red-positive, collagen I-rich fibrous matrix in the outer zone. A total of five replicates were tested, with representative images selected from the same scaffold (reprinted from Lee et al., 2014 with permission from AAAS).


PCL is a hydrophobic polyester with a low melting point (56–61°C), slow degradation, favorable compatibility and satisfactory mechanical strength (Abedalwafa et al., 2013; Teng et al., 2014). However, its hydrophobicity and inadequate wettability may lead to poor cell attachment and proliferation (Mondal et al., 2016; Silva et al., 2020). For that reason, the surface modification of PCL is crucial for its biological application (Mondal et al., 2016). In one study, galactose was incorporated into electrospun PCL nanofibrous scaffolds for meniscal cell culture, whereas the composite scaffold resulted in increased cell attachment and proliferation (Gopinathan et al., 2015). In addition, PCL has been used to prepare nanofiber scaffolds with a high effective surface area-to-volume ratio to facilitate the release of biomolecules and ensure greater interaction between seeded cells and biomolecules (Qu et al., 2019). For example, Qu et al. (2019) developed an aligned protein-containing scaffold based on electrospun PCL-PLGA fibers using bovine serum albumin (BSA) to stabilize the loaded TGF-β3. Compared with the high-dose TGF-β3-loaded scaffold, the low-dose TGF-β3-loaded nanofiber scaffold effectively activated the fibrochondrogenic differentiation of synovium-derived stem cells (SDSCs). The results indicated that fibrochondrogenesis and chondrogenesis differed by growth factor concentration, with the former requiring a lower dose (Qu et al., 2019).

Polyurethane (PU) possesses elasticity, thermoplasticity and excellent biocompatibility and has already been applied in meniscal tissue engineering (Venkatesan and Kim, 2014; Koch et al., 2018; Vedicherla et al., 2018; Bharadwaz and Jayasuriya, 2020). For example, Actifit® implants have been studied as a cellular component delivery vehicle. Vedicherla et al. (2018) developed a cell-seeded PU scaffold. Fresh chondrocytes (FCs) and minced cartilage (MC) were cultured on the scaffold, and the tissue integration effect was evaluated in a caprine meniscal explant model. The results exhibited better matrix deposition and tissue integration in both the FC and MC groups than in the acellular scaffold group (Vedicherla et al., 2018). MSCs are also promising for meniscal repair due to their potential for fibrochondrogenesis and their ability to secrete reparative growth factors (Koch et al., 2018). An MSC-loaded PU scaffold was produced as a replacement for large, full-thickness meniscal defects. At 12 weeks after surgery, the vessel density in the scaffold group was superior to that in the cell-free groups. Additionally, significantly greater proteoglycan deposition and integration with the surrounding meniscal tissue were observed in the MSC-loaded group than in the acellular group. However, this advantage of MSC loading disappeared after 12 weeks (Koch et al., 2018). It has also been reported that MSC-seeded PU scaffolds exhibit little additional clinical benefit in the protection of articular cartilage (Olivos-Meza et al., 2019).

Another synthetic polymer that should be addressed is polycarbonate urethane (PCU). PCU is a flexible, biocompatible, biostable and wear-resistant material that can be incorporated in 3D-printed, porous structural scaffolds (Williams et al., 2015; Abar et al., 2020). In addition, as a hydrophilic material, PCU can mimic the lubrication mechanism in native synovial joints (Wan et al., 2020). A medial meniscus PCU prosthesis, called NUsurface® (Active Implants Corp., Memphis, TN, United States), has been undergoing clinical trials and has become available on the market (Drobnič et al., 2019). Another novel meniscus-shaped, wear-resistant full implant made of PCU was also developed. The study showed that the posterior horn of the implant was under maximum pressure at 3 months, and the deformation at 12 months after implantation was acceptable. However, one implant failed due to a complete tear during posterior angular extension. Therefore, it is essential to strengthen the posterior horn of the implant to prevent fixation failure of one horn under extension. The damage progression in the implant group was similar to that in the allograft group but significantly worse than that in the non-operated group (Vrancken et al., 2017).

PVA is a polymer synthesized from partially or completely hydroxylated polyvinyl acetate (Baker et al., 2012). As a bioinert, non-carcinogenic, moist, biocompatible composite material (Hayes and Kennedy, 2016; Marrella et al., 2018), PVA possesses good formability, mechanical properties and manufacturability (Kobayashi et al., 2005; Moradi et al., 2017a; Marrella et al., 2018) and has been widely used in the field of regenerative tissue engineering. Polyvinyl alcohol hydrogel (PVA-H) has viscoelastic properties similar to those of cartilage and meniscal cartilage and does not wear out even after millions of compression cycles (Moradi et al., 2017a). As early as 2005, Kobayashi et al. (2005) developed an artificial meniscus with high-water-content (90%) PVA-H and conducted a preliminary study in a rabbit model. This study showed that the articular cartilage of the knee was still in good condition 2 years after the operation (Kobayashi et al., 2005). As a physically crosslinked gel, PVA-H does not contain toxic monomers that may be present after chemical crosslinking. However, its poor tensile properties limit its practical use, especially in strong fibrous tissues, such as the meniscus, tendons and ligaments (Holloway et al., 2010, 2014). Therefore, it is particularly important to modify PVA-H with new materials. A 3D biomimetic meniscal scaffold was designed using 3:1 SF/PVA. Autoclaved eggshell membrane (AESM) powder (1–3% w/v) was used as a biomechanical enhancer, and the composite scaffold presented with good load-bearing performance and improved meniscal tissue regeneration (Pillai et al., 2018).

In addition, various copolymers based on poly(ethylene oxide) (PEO) have been developed and applied in the field of drug delivery due to their good biocompatibility and fast, non-toxic degradation (Kim et al., 2014). PEO can be used as a sacrificial, water-soluble scaffold material to increase porosity and promote cell infiltration (Baker et al., 2008). As Qu’s group reported, collagenase-loaded PEO electrospun fibers may trigger matrix degradation. When applied in meniscal tears in vitro, PEO degradation was accompanied by the release of enzymes in the local wound edge and successfully increased both tissue porosity and cell migration (Qu et al., 2013).



Decellularized Materials

The decellularization method has historically been used to isolate the ECM via cell removal and is widely applied in tissue regeneration (Gilbert et al., 2006). Due to their meniscus-specific chemical composition and architecture, implants derived from decellularized materials have been used as scaffolds in meniscal tissue engineering (Murphy et al., 2018; Ruprecht et al., 2019). Recently, decellularized materials have been explored for use in decellularized meniscal scaffolds (DMSs) to support the regeneration of meniscal tissue. For instance, Stabile et al. (2010) developed fresh-frozen meniscus allografts with increased porosity and promising mechanical integrity that presented potential for clinical application. DMECM presents components similar to those of the native meniscus and can be formed into various structures, thereby promoting cell infiltration and remodeling (Chen M. et al., 2019; Ruprecht et al., 2019). Researchers have demonstrated that meniscus-derived matrix scaffolds are capable of promoting the infiltration of endogenous meniscal cells and MSCs (Ruprecht et al., 2019). Although numerous studies have proven that decellularized matrix (DCM) may be able to regulate stem cell differentiation, Liang et al. (2018) demonstrated that synovial fluid-derived mesenchymal stem cell (SF-MSC)-loaded meniscus-derived DCM was incapable of inducing the differentiation of SF-MSCs into MFCs without TGF-β3 and IGF-1 supplementation. However, DCM materials suffer from poor performance in load-bearing applications. To tackle this problem, our team previously developed a hybrid scaffold for regenerating the meniscus in a rabbit model, combining acellular meniscus extracellular matrix (AMECM) and demineralized cancellous bone (DCB). The AMECM/DCB constructs demonstrated favorable mechanical properties and a promising capacity to promote fibrochondrocyte proliferation and GAG secretion (Yuan et al., 2016). Another common solution to improve the stiffness of implants is to hybridize them with other synthetic polymers. For example, Guo and coworkers used DMECM and a 3D-printed PCL scaffold to create a hybrid construct for rabbit meniscal regeneration. The hybrid scaffold displayed biomechanical strength similar to that of the native meniscus and facilitated whole meniscal regeneration in both rabbit and sheep meniscus repair models (Guo et al., 2021). Additionally, as another tissue engineering approach, DMECM-based injectable hydrogels have been developed. One early work by Yuan et al. (2017) developed hMSC-loaded DMECM hydrogels and found that the cell-laden DMECM hydrogel successfully retained the viability of hMSCs in nude rat meniscal injury for 8 weeks, resulting in neomeniscal tissue formation and preventing joint space narrowing, pathological mineralization and OA development.



Hybrid Polymeric Scaffold for Meniscal Tissue Engineering

Recently, researchers have fabricated numerous hybrid scaffolds made from two or more types of polymeric materials. While a single natural or synthetic polymer can only provide limited advantages for tissue-engineered meniscal scaffolds, the final product produced by a mixture of natural and synthetic polymers tends to possess comprehensive advantages that no single polymer can provide (Bakhshandeh et al., 2017). For example, natural polymers, such as chitosan, collagen and gelatin, usually contain biological molecules that can interact with cells, providing superior biological performance for hybrid polymeric scaffolds (Donnaloja et al., 2020), while synthetic polymers provide tunable physical properties such as mechanical support and a controllable degradation rate (Zhou et al., 2012; Figure 4).
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FIGURE 4. Key factors of polymeric scaffolds and their relationships.


Loading hybrid scaffolds with tissue-derived cells has the advantage of the encapuslated cells replenishing ECM loss and filling in defects as scaffold degradation occurs over time (Bilgen et al., 2018). For example, Chen M. et al. (2019) constructed a wedge-like, 3D-printed, MFC-loaded hybrid scaffold with a PCL scaffold as a backbone and then injected an optimized MECM-based Ca-alginate hydrogel (2%). In vivo experiments confirmed that the PCL-hydrogel-MFC group was similar to the sham group in terms of biochemical content, histological structures and biomechanical properties, which demonstrated an ideal capability for regeneration of the whole meniscus (Chen M. et al., 2019). In another study, by Cengiz et al. (2020), to meet the requirements of biomimetic meniscal scaffolds and cell coculture, PCL was blended with SF and entrapped in a 3D-printed cage (EiC) scaffold. Human stem cells or meniscocytes were cultured on the EiC scaffold and implanted subcutaneously in nude mice. The SF-based EiC scaffold showed better cell infiltration as well as a milder inflammatory response (Cengiz et al., 2020).

On the other hand, hybrid scaffolds combining polymers and biofactors can locally deliver signal molecules to create a favorable microenvironment. For instance, a PCL/SF hybrid scaffold based on 3D printing was developed by Li et al. (2020d) and exhibited a balance between the mechanical properties and degradation rate. The SF sponge provided cartilage protection due to its high elasticity and low interfacial shear force, the PCL provided excellent mechanical support, and the conjugation of a peptide with SMSC-specific affinity (LTHPRWP; L7) increased cellular recruitment and retention. In vivo experiments showed that this meticulously tailored scaffold greatly enhanced meniscal regeneration while protecting cartilage (Li et al., 2020d). In summary, hybrid scaffolds have been used for meniscal tissue engineering. The general design strategy consists of utilizing synthetic polymers as a supporting framework, with natural polymers more likely serving as an additive microenvironment to mimic extracellular microenvironments, while cells and bioactive factors may further assist in improving cell recruitment, proliferation, and differentiation and ultimately improve regeneration.



RECENT ADVANCEMENTS


3D Printing

Promising advances have been made in technology for the fabrication of meniscal scaffolds in terms of particulate leaching, freeze drying, solvent casting, electrospinning, and 3D printing (Esposito et al., 2013; Sun et al., 2017; Li et al., 2020e). Table 4 is a summary of the most relevant examples of meniscal scaffold fabrication techniques. Currently, in the fabrication of sponge scaffolds using physical and/or chemical treatments, the porous scaffold can provide a desirable microenvironment for the cells culturing, however, the pore size, porosity and interconnectivity cannot be controlled, and these scaffolds are often hindered by pore blockage effects in vivo (Sun et al., 2017). Another alternative manufacturing technology, electrospinning technology can be used to produce collagen-mimicking nanoscale fibers but is also limited in terms of controlling the structure and porosity of the construct (Megelski et al., 2002; Sun et al., 2017).


TABLE 4. Summary of the most relevant examples of meniscal scaffold fabrication techniques.
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As an emerging additive manufacturing technology, 3D printing is able to produce components with ideal shapes and structures, allowing the accurate construction of specified 3D hierarchical structures (Bahcecioglu et al., 2019; Fu et al., 2020). Hence, among all of these scaffolding technologies, 3D printing is more promising in meniscal tissue engineering. Indeed, 3D bioprinting is a branch of the development of 3D printing technology and represents the technology’s entry into the field of tissue engineering and regenerative medicine (Matai et al., 2020). 3D bioprinting is an automated, tissue-friendly manufacturing method that very accurately simulates the actual arrangement of the cells and ECM of the targeted tissue, with the ability to construct the 3D tissue equivalent of the desired shape and structure, reproducing the complexity of human tissue (Murphy et al., 2018; Chae et al., 2021). Generally, bioprinting technologies mainly applied in meniscus/cartilage tissue engineering can be classified as follows: 3D plotting/direct ink writing, stereolithography (SLA), selective laser sintering (SLS), fused deposition modeling (FDM), and extrusion-based bioprinting (Moroni et al., 2018). Table 5 presents several commonly used bioprinting techniques and provides some comparative information. At present, there are many studies using FDM to produce a PCL framework and then combining hydrogels to fabricate composite meniscal scaffolds. However, FDM techniques suffer from poor surface quality and difficulties in combining biopolymers owing to their high extrusion temperatures (Agarwal et al., 2021). The SLA technique is characterized by high resolution; however, a limited selection of photopolymers restricts its application in tissue engineering, and it has not yet been applied in meniscal tissue engineering (Qu et al., 2021). Tissue-engineered meniscal scaffolds produced by extrusion bioprinting techniques have high yields and excellent structural integrity, and this technique is the most common 3D bioprinting technology in the field of meniscal regeneration.


TABLE 5. Traditional 3D printing techniques for meniscal tissue engineering.

[image: Table 5]From a polymeric materials science point of view, numerous polymers have been extensively investigated to serve as bioinks in 3D printing for tissue engineering. Bioinks, mainly hydrogels that contain cells and various biological components, play an important role in creating a compatible microenvironment for cellular activity (Roseti et al., 2018; Samadian et al., 2020). Some single-component polymer bioinks, such as SF (Bandyopadhyay and Mandal, 2019), alginate (Narayanan et al., 2018), and GelMA (Grogan et al., 2013) bioinks, have been used for 3D meniscal bioprinting. However, a single polymer cannot reproduce the complexity of ECM in natural tissue and thereby provide a good microenvironment for cells in vivo. Researchers have made immense efforts to develop an optimal bioink that simultaneously meets the requirements of biocompatibility and printability. Recently, tissue-specific meniscal dECM (me-dECM) bioinks based on 3D cell printing were designed by Chae et al. (2021) and helped preserve the complexity of the natural ECM, thus demonstrating the potential for tissue regeneration and special biological functions. This printable bioink supported the proliferation and differentiation of encapsulated stem cells, and induced fibrochondrocytes were also observed in vitro (Chae et al., 2021). In addition to combining hydrogels and solid polymers to mimic the biphasic structure of the meniscus and produce an optimal cellular microenvironment, 3D bioprinting has also been used to incorporate growth factors and cells in hydrogel-based scaffolds (Caterson et al., 2001; Sun et al., 2017). In a pilot in vivo study performed by Sun et al. (2020), a ready-to-implant anisotropic meniscal scaffold fabricated by 3D bioprinting was implanted in a goat meniscus transplantation model. This 3D-bioprinted meniscus substitute contained microspheres encapsulating CTGF and TGF-β3 and was mixed with BMSCs. The in vitro and in vivo results demonstrated cell phenotypes and matrix formation resembling those of the native meniscus, as well as chondroprotection of the goat articular cartilage (Sun et al., 2020).

In addition to the implications of the aforementioned traditional bioprinting techniques for the engineering of meniscus substitutes, some advanced techniques have also generated enthusiasm about their potential applications in meniscal tissue engineering. For example, the inkjet technique, which is suitable for printing cellularized scaffolds, can be used to print customized cellularized menisci. The process of inkjet printing usually consists of two parts: droplet formation on the target substrate and droplet interaction with related materials (Li et al., 2020c). Recently, in a proof-of-concept study, a cellularized human meniscus was produced by a microvalve-based inkjet technique. Primary human bone marrow mesenchymal stem cells were isolated, embedded with collagen bioink and customized inkjet printing, resulting in a patient-specific meniscal scaffold with superior anatomical structure and favorable cell compatibility (Filardo et al., 2019). In addition, some new bioprinting technologies based on non-contact (acoustoelectric, optical and magnetic) guidance of cell chemotaxis are gradually coming into play. Traditional scaffold technology guides the migration, adhesion and orientation of cells through the conformation of its own scaffold fibers and controls the expression of extracellular matrix according to the orientation of the fibers. A new acoustic electrophoretic three-dimensional (3D) biomanufacturing method, which uses radiation forces generated by superimposing ultrasonic bulk acoustic waves (BAWs) to preferentially organize arrays of cells in monolayer and multilayer hydrogel structures, was developed. The researchers investigated the effects of the parameters on the cell array configuration by controlling the frequency and amplitude of the ultrasonic wave, the signal voltage, the viscosity of the bioink, and the time of action. Finally, a physiologically related 3D construction of the meniscus was presented (Chansoria et al., 2019).

In conclusion, the excellent ability of 3D bioprinting technology to precisely control the fiber diameter, orientation, and microarchitecture endows the resulting constructs with promising mechanical properties and favorable biological functions. Therefore, it is one of the most attractive and promising technologies for tissue engineering applications, particularly meniscal regeneration.



Meniscal Zonal Reconstruction Studies

Restoration the heterogeneities in anatomical, structural, mechanical and biochemical characteristics of meniscus is still a challenging goal albeit significant advances achieved in biomaterials science. Meniscal regeneration involves the two distinct regions that with different composition, structures and function. Hence, it requires an in-depth understanding of the zonal difference within meniscus and thus design such an optimal scaffold possessed with the anisotropic variation of (i) biomaterial composition, (ii) microarchitectures, and (iii) regional-specific pro-regenerative effects.

In this context, recent 3D fabrication techniques which can construct zone-dependent features, combined with polymeric biomaterials, have shed light on this topic. Firstly, biomimicry of meniscal spatial variation can be achieved by varying scaffolding materials. For example, in a study by Bahcecioglu et al. (2019), anatomically shaped PCL meniscal scaffolds were impregnated with cell-laden GelMA-agarose in the inner region and GelMA in the outer region. The in vitro results showed that inner GelMA-agarose hydrogel enhance chondrogenic differentiation, while the increasing COL I and decreasing COL II expression in the outer region was observed (Bahcecioglu et al., 2019). This structurally and biochemically correct scaffold presented with an advantageous solution on meniscus zonal reconstruction. Anatomical selected meniscus ECM were also exhibiting potential to develop anisotropic scaffolds able to induce the zonal fibrocartilage differentiation (Rothrauff et al., 2017). In addition to the biopolymers selections, the cell-loaded meniscal constructs in bioreactors is another approach to fulfill the zonal construction requirements. The application of bioreactors is commonly referred to applying controlled biophysical stimulus, especially valuable for hard tissue regeneration (Aguilar et al., 2019). Ideally, a zone-dependent mechanical stimulation in terms of tensile stimulus dominating on outer zone and compressive stimulus dominating on inner region can be a promising strategy for zonal differentiation (Puetzer and Bonassar, 2016). As an example, in Bahcecioglu et al. (2019a), fibrochondrocytes loaded in PCL scaffold were arranged to form scaffolds. The authors tested the effect of different cell-laden PCL/hydrogel using a custom-made bioreactor and compared the outcomes against static methods. The scaffolds treated with the dynamic stimulation resulted in increased ratio of COL II expression in the inner region (agarose impregnated along with compressive method), and enhanced ratio of COL I expression in the outer region (GelMA impregnated along with tensile method). From this instance, it is evident that bioreactor combined with spatial biopolymer incorporation enhance the formation of zone-specific tissues compared to the static seeding.

Furthermore, the region-specific infusion of various grow factors has also been explored for meniscal zonal reconstruction. For example, Lee et al. (2014) designed a 3D printed anatomic-mimicking PCL scaffold infused with different growth factors (Figure 3). The spatial-temporal releasing growth factors allowed dual induction of chondrogenic and fibrochondrogenic differentiation in the same construct (Lee et al., 2014). Another example is shown in Figure 5 where a dual growth factors functionalized scaffold was placed within a perfusion bioreactor (Zhang et al., 2019). The bioreactor was used to provide a consistent dynamic biomechanical stimulus to accelerate the spatial regulation of fibrochondrocyte differentiation. The authors used this biomechanical and biochemical combined strategy in an attempt to construct a physiological anisotropic meniscus. Their results showed that the cells expressed zonal-specific differences in the expression of the COL I and COL II, and also presented with a long-term chondroprotection of the knee joint when implanted into a rabbit model.
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FIGURE 5. Schematic diagrams for the reconstruction of a functional anisotropic meniscus. (A) Flowchart of stem cell-based strategies for the construction of a tissue-engineered meniscus with an anisotropic structure. BMSCs, bone marrow-derived stem cells. (B) 3D-printed PCL scaffold for implantation. (a) Photograph of rabbit knee during implantation. (b) 3D scaffold design model. (c,d) Top and cross-sectional views of the wedge-shaped circular PCL scaffold. (e,f) Top views of the outer and inner regions of the PCL scaffold obtained by SEM. (g,h) Cross-sectional views of the outer and inner regions of the PCL scaffold obtained by SEM. (e–h) Higher magnification images of regions outlined in c and d. (C) Biomechanical simulation. (a) Forces typically transduced by the knee meniscus in the human body. (b,c) Applied loading forces across the meniscal construct. (d,e) Calculated stress fields across the meniscal construct at 10% displacement of the loading plate. (d) von Mises stress distribution with a gradual decrease in stress from the internal to external rings. (e) Compressive circumferential stress in the internal rings and tensile circumferential stress in the external rings (reprinted from Zhang et al., 2019 with permission from AAAS).


In short, relevant studies have brought hope on zonal meniscal reconstruction which indicate that more attempts should paid on biomaterials innovations, manufacturing technologies, biomechanical stimulation, and other novel techniques.



Immune Compatibility and Tunability Studies

Polymeric materials science of the past focused on biocompatibility, including foreign body reactions (FBRs), degradability, and toxicity. However, current studies are aimed at solving one hurdle in terms of tissue engineering, that is, immune compatibility. In general, more advanced polymeric scaffolds are needed not only to fulfill the criteria of the present studies but also to regulate both the innate and adaptive immune responses.

Synthetic polymers, such as polyesters, are frequently used as cellular frameworks to support neotissue formation (Lee et al., 2019; Patel et al., 2019). For a long time, the immune compatibility of synthetic polymers focused on reducing the unwanted effects of FBR, fibrotic encapsulation, and toxicity (Chung et al., 2017). Numerous studies have confirmed that FBR may be a consistent process involved in neutrophil infiltration, monocyte/macrophage influx, fibroblast-mediated collagen and capillary bed formation, and the systemic response may also contribute to this process (Chung et al., 2017). On the other hand, natural polymers are manipulated not to induce an FBR response but to be a primary promoter for the regenerative process. For example, Ji’s and Lei’s groups found that glycidyl methacrylate-modified thermosensitive hydroxypropyl chitin hydrogels polarize macrophages both in vitro and in vivo at the cartilage defect site to accelerate a pro-regenerative process (Ji et al., 2020). It is believed that the bioactive motifs within ECM or ECM-like biological polymers can directly modulate the immune response (Rowley et al., 2019). For instance, the fibronectin sites FNI10–12 and FNII1–5 have been demonstrated to be able to modulate cellular responses in the regenerative cascade (Sawicka et al., 2015).

Apart from the composition of polymers, the factors involved in the immune response to biomaterials require further investigation. Interestingly, Veiseh et al. (2015) proved that spherical polymers (≥1.5 mm) in diameter triggered more severe fibrotic reactions than smaller particles or other shaped constructs, which indicated that the geometry and dimension of biomaterials are also vital impact factors of the FBR response. Currently, polymeric scaffolds are emerging as orchestrators to modulate the immune response that can influence tissue regeneration and repair processes (Chung et al., 2017). Recent research on biomaterial-mediated immunomodulation has two main directions. First, we focused on the modification of engineering scaffolds. A variety of surface chemical features have been studied, including the functional groups, surface charge, hydrophilicity, and molecular weight of the compound (Lee et al., 2019). Delivering anti-inflammatory drugs or cytokines is a second direction for engineered scaffolds to stimulate immunomodulation responses. For example, decellularized cartilage extracellular matrix has been decorated with the anti-inflammatory cytokine IL-4, and this modified scaffold promoted M2 macrophage polarization and osteochondral repair in a rat model (Tian et al., 2021). In addition, acellular cartilage matrix scaffolds functionalized with Wharton’s jelly mesenchymal stem cell-derived exosomes successfully reduced the inflammatory response in the joint cavity of a rabbit osteochondral model and improved cell proliferation, migration and polarization in vitro.

In summary, in recent decades, various biomaterial-mediated meniscal tissue engineering strategies have mainly focused on modulating the activity of different cells involved in meniscal regeneration to induce meniscal tissue formation. However, more attention should be given to the topic of biomaterial design to modulate the immune response and avoid undesirable inflammatory responses (Lee et al., 2019). To date, there are no systematic studies on the impact of immunomodulatory biomaterials on meniscal regeneration. We believe that this kind of engineered scaffold could have a profound impact on meniscal regeneration and associated patient recovery.



CHALLENGES AND FUTURE PROSPECTS

Our increasing understanding of the crucial functions of the meniscus in knee homeostasis propels clinicians and scientists to treat meniscal tears with more promising strategies. A successful regenerative strategy for meniscal tissue engineering requires a profound understanding of the structure and composition of native menisci. First, the investigation and reconstruction of the structure-composition-function relationship remains a primary challenge of meniscal regeneration. The capability of the meniscus to withstand mechanical functions in terms of resistance to tension, compression and shear stress is mostly attributed to the collagen-proteoglycan meniscal matrix; however, complete reconstruction of this structure has not yet been attained. With decades of development of biomaterial science, a range of polymers spanning from natural to synthetic have been optimized in the search for meniscal scaffolds with favorable indications in animal studies. In this context, recent efforts have focused on meniscal tissue engineering, which relies on well-designed scaffolds for regeneration and replacement purposes. Engineered menisci with more elaborate design and better biomimicry have emerged along with a deepening understanding of the composition and architecture, cellular biology and biomechanics of the meniscus.

The optimal scaffold should be characterized by many biophysical and biochemical properties, as well as bioactivity, to guarantee an ECM-like microenvironment for cell survival and differentiation and restoration of anatomical and mechanical properties of native meniscus. Generally, selecting polymers remains a knotty problem since natural polymers present better biocompatibility and intrinsic bioactivity, whereas synthetic polymers have superior mechanical properties. However, single-polymer scaffolds are insufficient to mimic the meniscal composition and structure. To address this problem, in preliminary studies, natural and synthetic polymer combinations have been developed and have shown promising therapeutic results. More importantly, meniscal tissue is a connective tissue with zonal variations in mechanical properties, cellular composition and vascularization. Thus, zonal meniscal regeneration represents another major challenge since individual size and shape variations and stable implant fixation also present difficulties to be overcome. For this purpose, improvements in manufacturing technologies, especially bioreactors and 3D bioprinting, are set to overcome the challenges mentioned above. Bioreactors used in tissue engineering have been proved to provide efficient biomechanical stimulus and thus accelerate region-specific differentiation, demonstrated to be a beneficial way in zonal meniscal reconstruction. Alternatively, 3D bioprinting technologies can be used to manufacturing zonally variant meniscus. 3D bioprinting techniques can ideally help mimic the specific anatomical size and shape of native menisci, and the macro/microporous properties of these fiber-reinforced constructs are also beneficial for guiding ECM deposition and cell distribution. Indeed, advanced bioinks are capable of producing constructs with a composition resembling that of the native meniscus as closely as possible. Furthermore, 3D-printed scaffolds can be loaded with multiple cells and bioactive molecules within bioinks to further simulate dynamic regeneration in vivo. For all these reasons, 3D bioprinting represents one of the most promising strategies in meniscal tissue engineering, although the suboptimal ability of this approach to construct zone-specific scaffolds requires further improvement.

Second, considering the limited self-repair capacity of the meniscus, which is mainly due to a lack of blood vessels, nerves and lymphatic tissue, investigating the innate regeneration process of the meniscus is required (Li et al., 2020a). The top priority for meniscal tissue engineering is still the formation of neotissue at the site of injury, especially the avascular zone of the meniscus, which has no self-healing ability. In the natural healing process, once tissue is injured, endogenous stem cells respond to biochemical signals, migrate to damaged sites, differentiate into somatic cells and restore their morphology and function (Yang et al., 2020). Ideally, these reparative cells usually mobilize upon the provision of chemotactic gradients. However, a major concern for meniscal scaffolds is that almost all endogenous cells are hampered by the surrounding dense ECM, which hinders cell migration (Patel et al., 2019). One additional concern for meniscal scaffolds is limited infiltration into the center of the scaffold. Therefore, polymeric materials that are able to induce cell migration and provide a suitable microenvironment for cell adhesion and proliferation have been shown to be promising candidates for use in meniscal regeneration. For example, Zhang et al. (2016) demonstrated that a 3D-printed PCL scaffold with a mean pore size of 215 μm significantly enhanced seeded cell colonization and further improved meniscal regeneration. Aside from changing the scaffold porosity, the incorporation of chemotactic chemokines could be a promising avenue (Tarafder et al., 2019; Baek et al., 2020; Zhu et al., 2020).

Apart from an amendable interfacial design and proper recruitment signals, relevant stimuli for regulating chondrogenesis are also needed. The discovery and exploration of types of biophysical and biochemical stimuli recently demonstrated promising contributions to meniscal scaffolds for meniscal repair. However, the meniscus exhibits spatial variations in cell phenotypes and components. Therefore, biofactor-functionalized scaffolds capable of spatiotemporal release hold great promise. A series of studies demonstrated that CTGF and TGF-β3 can induce zone-specific matrix formation in vitro and in vivo and may be a suitable combination for meniscal regeneration (Lee et al., 2014). Despite the type of material, biophysical properties, such as mechanical strength and matrix stiffness, can also influence cell fate (Wei et al., 2020). To mimic the development of neomeniscal tissue, the physical stimuli attributed to meniscal regeneration were proven by Zhang et al. (2019). In their study, a customized dynamic tension-compression loading system was developed to accelerate meniscal tissue formation in vitro and achieved anisotropic reconstruction of the meniscus in vivo (Zhang et al., 2019; Figure 5). This technique may inspire the future development and application of polymeric materials. Based on these findings, we believe that the optimization of materials, the selection of bioactive molecules and stimuli and the synergistic effect of their combinations as a bridge over the vicious cycle of chronic meniscal damage and support meniscal regeneration will most likely be future directions (Figure 6).


[image: image]

FIGURE 6. Hostile microenvironment of damaged meniscal tissue and the regenerative process initiated via polymeric scaffolds.


Finally, the success of polymeric biomaterials for meniscal regeneration depends on how well scaffolds interact with the in vivo local meniscal microenvironment and modulate the healing process. The immune response to biomaterials is another major barrier between successful application and scaffold implantation. Meniscal injury is characterized by the activation of inflammation and catabolism. For instance, synovitis after a meniscal tear often leads to mild to moderate inflammation within the joint and acts as a predictor of postmeniscectomy joint dysfunction (Riera et al., 2011; Scanzello et al., 2013). In recent years, we have gained a better understanding of the immunomodulatory effects of biomaterials in tissue regeneration and have paid more attention to designing and manufacturing “immune reprogramming” biomaterials rather than simply “immune friendly” biomaterials. Although previous studies have not yet extensively analyzed or experimented with immunomodulatory biomaterials in the meniscus, we believe that the current biomaterial-mediated immunomodulatory approaches that realize surface modification with bioactive factors will inevitably be beneficial for meniscal tissue engineering in the future.

Currently, we cannot obtain a tissue-engineered meniscus that meets all requirements and is functionalized as it is in its native state. However, a more profound understanding and the application of supportive polymeric materials in combination with other approaches to initiate endogenous meniscal regeneration would provide precious advances for meniscal regeneration (Figure 6).



CONCLUSION

Treatment of meniscal injuries currently remains a challenge, which calls for an advanced treatment strategy based on an understanding of the pathophysiology of damaged tissue. There is an urgent clinical need for more applicable therapeutics that are able to recapitulate not only the native microarchitecture and components but also the spatiotemporal signaling cascades in the healing process of meniscal tissue. In this progress report, we highlight recent developments in the field of polymeric biomaterials science and associated manufacturing technology for the repair and regeneration of meniscal tissue. Further investigation is required to produce, select, and combine ideal polymeric biomaterials that are repeatable, non-toxic, non-immunogenic, biodegradable, and have the ability to provide biophysical and/or biochemical cues for the regeneration of meniscal tissue. The formulation of a hybrid polymeric scaffold aimed at providing an optimal microenvironment, mechanical support, and delivery bioactivities proved to be a synergistically advanced approach. In addition, current scaffold manufacturing technologies based on 3D printing are proving promising. At the same time, we envision that the zonal meniscal reconstruction and immune compatibility of the scaffold are also vital factor that should be investigated in meniscal tissue engineering. In short, future exploration should be focused on the development of optimum biomaterials and advanced scaffold manufacturing technologies as well as the implications of biomaterial-directed immunomodulation that orchestrates the pro-regenerative process and finally promotes the anisotropic reconstruction of the native, predamaged meniscus.
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Peripheral nerve injury is a common complication in trauma, and regeneration and function recovery are clinical challenges. It is indispensable to find a suitable material to promote peripheral nerve regeneration due to the limited capacity of peripheral nerve regeneration, which is not an easy task to design a material with good biocompatibility, appropriate degradability. Magnesium has captured increasing attention during the past years as suitable materials. However, there are little types of research on magnesium promoting peripheral nerve regeneration. In this review, we conclude the possible mechanism of magnesium ion promoting peripheral nerve regeneration and the properties and application of different kinds of magnesium-based biomaterials, such as magnesium filaments, magnesium alloys, and others, in which we found some shortcomings and challenges. So, magnesium can promote peripheral nerve regeneration with both challenge and potential.
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MAGNESIUM AND PERIPHERAL NERVE INJURY

Magnesium is the fourth abundant mineral ion in the human body. Magnesium is involved in more than 300 kinds of enzymatic reactions (Alawi et al., 2018) and various metabolic cycles, playing a significant role in cellular energy metabolism, synthesis of nucleic acid, protein, and cytokine, regulation of various transporters and ion channels, and plasma membrane integrity (Romani, 2011; de Baaij et al., 2015). Therefore, it is necessary to take magnesium regularly for preventing magnesium deficiency. Studies have shown that magnesium deficiency can induce inflammatory syndrome, which is characterised by macrophage activation and release of inflammatory cytokines and acute-phase proteins (Pan et al., 2011), closely related to a variety of chronic and inflammatory diseases such as asthma, attention deficit hyperactivity disorder, diabetes mellitus, cardiovascular disease, migraine headaches, and osteoporosis (Song et al., 2005; Gröber et al., 2015; Dominguez et al., 2020). What is more, magnesium is also essential for the survival and function of neurons: magnesium is involved in the formation of membrane phospholipids, signal transduction (Stangherlin and O’Neill, 2018), the formation of the myelin sheath (Seyama et al., 2018) and synapse (Sun et al., 2016), and regulating the transmission of neurotransmitters such as dopamine and serotonin (5-HT). Many studies have shown that magnesium can promote axons growth and neural stem cells proliferation (Vennemeyer et al., 2014; Sun et al., 2016), regulate the inflammatory response, and then inhibit apoptosis. Magnesium deficiency is closely related to diabetic peripheral neuropathy (DPN) (Dong et al., 2011; Hyassat et al., 2014; Chu et al., 2016; Zhang et al., 2018) and various neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s disease (Oyanagi et al., 2006; Yamanaka et al., 2019). Therefore, magnesium plays an essential role in maintaining the health of the nervous system (Botturi et al., 2020).

Peripheral nerve injuries are usually caused by inflammation, tumours, and traumatic injuries, accounting for 3–10% systemic trauma (Lee et al., 2010). There are more than 300,000 cases of peripheral nerve injury worldwide every year (Siemionow and Brzezicki, 2009). Severe peripheral nerve injury can lead to lifelong dysfunction mediated by the injured nerve, high disability rate and cost, which greatly impact individuals and society. After peripheral nerve injury, the injured neurons undergo secondary oxidative stress response and degeneration, leading to the production of inflammatory cytokines such as IL-1, IL-6, TNF-α, and IFN-β, which promote the Wallerian degeneration and apoptosis of Schwann cells (SCs) (Pan et al., 2011). After that, degeneration occurs in the axons and myelin sheath at the distal stump of the injured nerve, causing secondary nerve damage, thus inhibiting the regeneration of the injured nerve and suppressing the recovery of nerve function (Pan et al., 2011; Allodi et al., 2012). After peripheral nerve injury, macrophages and SCs clear the remaining axons and myelin fragments. The proliferated SCs arrange into bundles surrounded by the basement membrane and secret a series of neurotrophic factors and cell adhesion molecules (Belanger et al., 2016). Thus, the axons of the proximal end grow to the distal end of the injury. Unfortunately, in most peripheral nerve injuries, the broken ends are far apart, and the long recovery time can easily lead to irreversible degenerative lesions in the innervated muscles. Therefore, it is almost impossible to achieve complete recovery after peripheral nerve injury without external intervention to guide and accelerate axonal regeneration (Pfister et al., 2011).

At present, many strategies have been adopted for peripheral nerve injury repair, and autografts are considered to be the “gold standard” clinically. At the same time, there are some insurmountable limitations of autologous nerve graft, such as the risk of donor site lesion, the limited supply and limited therapeutic effect, the risk of pathological changes in the donor site, the limited source of donor nerve and the limited therapeutic effect (Vennemeyer et al., 2015). To replace autografts, nerve conduits made of biomaterials have become a new choice. An ideal nerve conduit should provide mechanical guidance and a suitable microenvironment for nerve axon regeneration and also protect the regenerated nerve. The materials used for nerve conduits mainly include extracellular matrix, natural polysaccharides/proteins, and synthetic polymers (Fei et al., 2017). Studies have shown that they have the same effect as autografts on peripheral nerve repair (Jang et al., 2016). However, due to the lack of mechanical, their ability to repair long gap injuries beyond 20 mm is limited. Therefore, there is an urgent need for advanced materials to reach an ideal nerve repair. Based on the protective effect of magnesium on the nervous system, magnesium begins to be used in the treatment of peripheral nerve injury in recent years, and related research has developed rapidly. In this review, we are aiming at providing an overview of magnesium in promoting peripheral nerve regeneration.



THE EFFECT AND MECHANISM OF MAGNESIUM ION ON PERIPHERAL NERVE REGENERATION

Magnesium ion is one of the necessary ions for cell metabolism. It is abundant in cells and participates in hundreds of enzyme reactions in the body. In the local microenvironment, magnesium ion has been proved to regulate mitochondrial calcium buffering as the second messenger, also with the effects of anti-apoptosis, anti-oxidation and anti-inflammatory, which is also of great significance for nerve impulse conduction. At present, most of the studies on the nervous system of magnesium ion focus on craniocerebral injury and spinal cord injury (Vennemeyer et al., 2014; Li W. et al., 2015; Jia et al., 2016), while only a few studies focused on peripheral nerve injury. According to the existing studies, the potential mechanism of magnesium ion in peripheral nerve injury repair can be summarised as the following aspects:


Nerve Protection

The protective effect of magnesium ions on the central nervous system has been studied. Clinically, magnesium sulfate has been used to prevent cerebral palsy in preterm infants. Wolf et al. (2020) has revealed that in the case of imminent preterm birth, prenatal treatment with magnesium sulfate during 24–32 weeks of gestation reduced the risk of moderate to severe cerebral palsy and had a neuroprotective effect. In addition, magnesium has been suggested to improve functional neurological outcomes in patients with global cerebral ischemia associated with cardiac surgery and cardiac arrest (Pearce et al., 2017). Identically magnesium also exerts neuroprotective effects on peripheral nerves.

It is generally believed that magnesium ions can play a neuroprotective role by inhibiting the secondary injury after nerve injury through regulating cell function, antagonizing of N-methyl-D-aspartic acid receptor (NMDA receptor) and calcium ions (Koltka et al., 2011). In addition to the degeneration of the damaged nerve stump, the uninjured nerve might also suffer from degeneration. Under the stress state, the magnesium ion level decreases. Then the calcium ion channel opens massively, and the calcium ion flows inside, leading to cell swelling and apoptosis. Thus, a supplementary magnesium ion can block the ion channel of NMDA receptor through the action of electric charge, thereby inhibiting the entry of calcium ion into cells and antagonizing the changes in cell permeability caused by injury and the neurotoxic effect of calcium ion (Jia et al., 2016).

Lambuk et al. (2017) found that the excitatory toxicity of glutamate plays a crucial role in the loss of retinal ganglion cells (RGCs) in glaucoma. The toxic effect of glutamate on RGCs was mediated by overstimulation of NMDA receptors. At the same time, intravitreal injection of magnesium Acetyltaurate (MgAT) could prevent NMDA-induced retinal and optic nerve damage (Lambuk et al., 2017).



Inhibition of Inflammatory Response

Inhibition of the inflammatory response promotes nerve regeneration by preventing SCs from apoptosis (Pan et al., 2009a,b,c), and magnesium supplements have also been reported to prevent motor neuron death in neonatal sciatic nerve injury (Nikolaos et al., 2004). Magnesium ion can promote peripheral nerve repair by inhibiting inflammation.

Pan et al. (2011) found that a high magnesium diet significantly increased magnesium concentrations in plasma and nerve tissue, which improved neurobehavioural and electrophysiological functions and reduced the deposition of inflammatory cells (such as macrophages) and inflammatory cytokines expression. High magnesium supplementation inhibits the expression of MCP-1 and RANES, thereby inhibiting macrophage deposition and myelin clearance (Pan et al., 2009c). Meanwhile, macrophages are a principal source of many inflammatory factors. However, it should be noted that the low magnesium environment might exert an opposite effect of enhancing inflammation in the damaged nerves compared with high concentration. Meanwhile, Pan et al. (2011) also found that high magnesium supplementation could reduce the apoptosis of SCs by promoting the expression of bcl-2 and bcl-XL and then down-regulating active caspase-3 and cytochrome expression.

Plenty of evidence demonstrates that magnesium ion is closely related to inflammation. Magnesium has been shown to inhibit activated macrophage-induced inflammation and thus promote the differentiation of mesenchymal stem cells (Hu et al., 2018). In addition, magnesium deficiency leads to significant increases in pro-inflammatory cytokines such as tumour necrosis factor-α, IL-1, and IL-6 (Nielsen, 2018). Arfuzir et al. (2020) observed that pre-treatment with MgAT prevented endothelin-1-induced IL-1β, IL-6, and tumour necrosis factor-α(TNF alpha) expression increasing, and also protected rats from endothelin-1-induced activation of nuclear factor κB (NF-κB) and c-Jun.

However, the underlying mechanisms of magnesium deficiency causing inflammatory response are not fully understood. Possible mechanisms include: (1) Cell entry of calcium and initiation of phagocytes; (2) Calcium channel opening and NMDA receptor activation; (3) Release of neurotransmitters such as substance P; (4) Membrane oxidation and activation of NF-κB.



Promote Schwann Cell Proliferation and Axon Regeneration

Schwann cells are neuro-gliocytes that constitute the peripheral nervous system. It not only participates in the formation of the myelin sheath but also maintains the growth environment of the axons through its rapid proliferation, division and secretion of various protein molecules after peripheral nerve injury and also promotes the self-repair and regeneration of nerves.

After peripheral nerve injury, SCs secrete large amounts of endogenous neurotrophic factor (NTF), including nerve growth factor (Guo et al., 2018). NGF plays a promoting role in the repair and regeneration of injured peripheral nerves (Shen et al., 2020), which can induce the growth of neuronal processes, prevent neuron degeneration and apoptosis, and then promote the regeneration and repair of injured nerves. It has been reported that NGF acts on the growth of axon fibres rather than neurons themselves (Kumamoto et al., 2015), which proves that it is feasible to apply topical drugs to promote the regeneration of the nerve.

Appropriate concentrations of magnesium ions in the tissue microenvironment can promote SCs proliferation (Monfared et al., 2018a), as well as SCs synthesis and NGF secretion. Therefore, magnesium filaments play a role in promoting the regeneration of neuronal axons, which is manifested by an increase in the number of regenerated axons and the cross-section of regenerated myelinated nerve fibres (Li B. H. et al., 2016). However, the effect of magnesium ions on the promotion of SCs proliferation is not positively correlated with its concentration. Excessive magnesium ion concentration had been reported to inhibit SCs proliferation (Monfared et al., 2018a).



THE CORROSION OF MAGNESIUM

The ideal degradation rate of magnesium should match the growth rate of nerve tissue, but in reality, the degradation rate of magnesium is faster than the growth rate of tissue, which fails to provide long-term physical support and play the biological function of promoting nerve regeneration (Kiani et al., 2020). In vivo, magnesium mainly undergoes electrochemical reaction, which is affected by the properties of the material itself and the local microenvironment such as pH and protein. Magnesium mainly undergoes pitting corrosion in vivo, which is more likely to lead to material fracture and is not conducive to nerve regeneration (Raman and Harandi, 2017).

The corrosion process of magnesium can be divided into the following two steps: (1) In electrolyte solution, magnesium acts as anode to occur galvanic cell reaction, losing electrons and generating Mg2+, while water gets electrons and generates H2 and OH–. Then Mg2+ reacts with OH– and forms Mg(OH)2, which is deposited on the surface of the material and has a certain protective effect on magnesium; (2) As time goes on, Mg(OH)2 reacts with Cl– in body fluid to form MgCl2 which is more soluble in water, resulting in Mg(OH)2 falling off and magnesium corrosion. In order to have a better application in magnesium promoting peripheral nerve regeneration, the improvement of material properties can provide enough support to maintain sufficient strength and be gradually degraded and absorbed by the human body (Table 1; Williams et al., 2015; Charyeva et al., 2016).


TABLE 1. The corrosion resistance improvement of Magnesium.
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MAGNESIUM IN PROMOTING PERIPHERAL NERVE REGENERATION


Magnesium Metal

The structural and functional damage of the peripheral nerve could be caused by various factors. The current “gold standard” of clinical treatment of peripheral nerve repair replaces the injury gap with an autograft. However, given the limitations of autografts, including the risk of donor site lesion, the limited supply and therapeutic effect, nerve guide conduit has gradually become a more potential alternative (Vijayavenkataraman, 2020). However, due to the lack of mechanical support provided by the empty conduits for nerve regeneration, the empty conduits fail to induce satisfying axon regeneration when injury gaps are more than 1 cm in length (Kuffler and Foy, 2020). Therefore, magnesium metal with excellent biocompatibility and degradability can be used as scaffold material in nerve conduit to provide mechanical support and promote nerve regeneration.

Li B. H. et al. (2016) bridged the two ends of the injured nerve for acute sciatic nerve compression injury model with magnesium wire. The results demonstrated that sciatic functional index (SFI), NGF, p75 neurotrophin receptor and tyrosine receptor kinase A expression increased in the magnesium group after 4 weeks, which suggested that magnesium wire could provide linear support for nerve regeneration thus improving peripheral nerve regeneration across the injury gap. However, the repair effect varies with the different lengths of the injury gap. Hopkins et al. (2017) compared the effect of magnesium filaments used in short and long gaps. The results suggested that regenerating nerve cells and axons could be seen at the end of the nerve stumps in the short gap repair; While in the long gap repair, although functional improvement in the isografts group was not observed in empty conduits plus magnesium wire group, it still found that regenerating tissue associated with the nerve stumps, which proved that magnesium wire could improve histological indexes of regenerated tissues.

Besides, the degradation rate of magnesium filament will also be affected by the filler in the conduit. Vennemeyer et al. (2015) repaired a 6 mm gap of the adult rat sciatic nerve with magnesium filaments placed in poly(caprolactone) nerve conduits for 6 weeks. The results showed that magnesium filaments absorbed actively were surrounded by regenerating nerve tissue, and inflammation caused by magnesium implants was mild. However, there is no synergistic effect between magnesium wire and keratin, which probably was related to the accelerated corrosion of magnesium filaments caused by keratin hydrogel.

In conclusion, magnesium metal is widely used for peripheral nerve repair due to the following advantages: (i) Magnesium metal is featured by rapid and complete degradation; (ii) Magnesium metal has good histocompatibility. While other biomaterials may lead to severe inflammation during absorption, magnesium metal has less tissue stimulation and does less damage to the regenerating nerve tissue; (iii) During degradation, soluble magnesium ions and hydrogen are released, which have neuroprotective and antioxidant effects; (iv) Compared with other metal materials, magnesium metal has better flexibility and smoother surface, which are conducive to the adhesion of SCs; (v) The electrical conductivity of magnesium metal may provide electrical stimulation path for the injured nerve and its dominated muscle, thus contributing to nerve regeneration (Gordon, 2016).

However, magnesium metal still faces many challenges in clinical application: (i) Magnesium metal is not strong enough or degrades too fast to provide enough mechanical support for nerve regeneration during the whole healing process; (ii) The rapid degradation of magnesium metal results in the accumulation of degradation products and then does harms to tissues. Soluble magnesium ions and hydrogen released will increase pH, thus interfering with nerve generation; (iii) Compressive stress can also affect the degradation rate of magnesium metal and even lead to the fracture of magnesium metal. Therefore, faced with these problems, the magnesium metal to be used in clinical treatment should be improved further to slow degradation rate, which can be achieved by alloying with other metals, altering the surface by anodization or physical treatment and coating with water-resistance substances like polymers (Bordbar-Khiabani et al., 2019).



Magnesium Alloy

As a new biodegradable bimetallic material, magnesium alloy has been widely studied and has a certain potential in applying nerve guidance conduit (NGC). Compared with pure magnesium, magnesium alloy has the following characteristics: (1) In addition to magnesium ion, other metal ions such as Li, Zn, and Ca can be released to facilitate nerve repair (Fei et al., 2017); (2) The degradation rate is more likely to adjust than pure magnesium; (3) Zinc, aluminium, manganese, calcium, lithium, zirconium, rare earth, and other elements are commonly used in magnesium alloys. The corrosion properties, mechanical properties and biocompatibility of magnesium alloys may can be adjusted by changing the composition of elements (Li X. et al., 2016). At the same time, degradation rate, mechanical properties and cytotoxicity may vary with the changing composition of the alloy.

Fei et al. (2017) chose three magnesium alloys with good mechanical alloys with good mechanical properties, namely NZ20 (Mg-Sn-Zn), ZN20 (Mg-2Zn-Nd), and Mg-10Li, to explore their performance. The degradation was found to be: ZN20 < NZ20 < Mg-10Li, and researchers found the potential and feasibility of Mg-10Li and ZN20 in nerve repair, and NZ20 has potential cytotoxicity. However, the experiment has several limitations. Instead of using SCs, which are involved in peripheral nerve regeneration, the researchers selected endothelial cells. At the same time, the experiment was limited to the short term, and the long-term effects of magnesium alloy on neurons are still unclear. Given the limited existing results, more experiments are still needed to explore the impact of composition of magnesium alloy. At the same time, the degradation rate of magnesium alloy and the release rate of magnesium ions still cannot meet the needs of long gap nerve repair. On the basis of this experiment, magnesium alloy shows noticeable potential, and may be promising in promoting regeneration of peripheral nerve. Potential improvement directions include (1) Surface modification, such as surface coating, ion implantation, laser surface melting, and surface nano-crystallization. (2) Structure design: phase structure, particle structure, and amorphous structure (Li X. et al., 2016).



Mg-Based Metallic Glasses

Metallic glasses, also known as an amorphous alloy or liquid metal, have attracted significant attention. The amorphous structure imparts higher strength, higher wear resistance and corrosion resistance, and good fatigue performance. Magnesium, calcium, zinc, and strontium-based glasses represent a class of biodegradable amorphous alloys. As for magnesium-based glass, many metallic glass systems have been successfully developed, among which the Mg-Zn-Ca metallic glass system possesses a high glass-forming ability and contains the necessary elements of Ca and Zn for the human body (Sun et al., 2012; Dambatta et al., 2015). At the same time, rapid degradation of magnesium is a challenge in long nerve repair. Long nerve distances are difficult to be fully regenerated. It is vital to reduce the corrosion rate and maintain integrity during regeneration. Metallic glass can be a potential substitute for crystalline alloys in neural tissue applications.

Monfared et al. (2018b) used a Mg-Zn-Ca metallic glass system prepared by melt spinning method to prepare relaxed alloys (magnesium-based glass) and crystallised alloys (ordinary alloys), with the main composition of Mg70Zn26Ca4. By impregnation method and potential polarisation method, the result indicates that the relaxed ribbon had higher corrosion resistance. Biocompatibility was studied by MTT assay. The survival rates of the relaxed ribbons and crystallised ribbons were above 75% after 1, 3, and 7 days, indicating their good biocompatibility with the potential for nerve regeneration. However, the cell viability of the relaxed ribbons was higher than that of the crystallised ribbons at all time points, which could be attributed to the fact that the crystallised ribbons had more degradation rate than the relaxed bands. Because the concentration of ions released by the glass system exceeds the optimal concentration, the crystal ribbon released more ions into the medium and exerted toxic effects on cells. The results showed that the corrosion resistance of the relaxed band was better than that of the crystalline band, and it had good cell compatibility with SCs.

Many experiments have demonstrated that the promoting effect of magnesium ion on peripheral nerve regeneration is not positively correlated with the concentration, but there is an optimal concentration. The release rate of magnesium ions in the magnesium-based glass system prepared in this experiment is still beyond the optimal concentration, suggesting that further improving the preparation process and optimising the performance will be the direction of future research.



Surface Modification of Magnesium and Its Alloys

Although magnesium alloy and Mg-based metallic glass can significantly improve the corrosion resistance of magnesium and slow down the degradation rate, the long-term neurotoxicity of zinc, calcium, and other ions released from magnesium alloys in vivo still needs to be considered, and its corrosion resistance also needs to be further improved. Therefore, the surface modification of magnesium and its alloys become the focus of research and application of peripheral nerve regeneration now.

Surface modification methods of magnesium and its alloys mainly includes conversion coating, anodization, micro-arc oxidation and others. In contrast, in terms of biomedical and neural application, the frequently used way of surface modification of magnesium and its alloys is polymer coating by electrospinning, electrochemical deposition, dip-coating, spray-coating, spin-coating, and other ways. Moreover, it will lead to differences in the coating performance if different coating ways are applied (Tian and Liu, 2015).

Poly (3,4-ethylenedioxythiophene) (PEDOT) is an ideal coating material with excellent conductivity and biocompatibility, which has been used in nerve implantation (Richardson-Burns et al., 2007; Krukiewicz et al., 2019). Many types of research have been performed on how the coating improves the properties. Sebaa et al. (2013) modified the Mg surface with PEDOT coating and explored its properties. The adhesion strength of the PEDOT coating was good, in the range of 3–4B measured by ASTM-D 3359 standard tape test. Moreover, the corrosion resistance enhanced with the PEDOT coating. Catt et al. (2017) found that a composite coating composed of PEDOT and graphene oxide (GO) (PEDOT/GO) could significantly enhance the corrosion resistance of Mg. PEDOT/GO coated Mg exhibited lower toxicity and higher biocompatibility. However, Sebaa et al. (2013) lacked the test on the biocompatibility of the PEDOT coated Mg, and they only inferred the role in promoting the peripheral nerve regeneration from the properties of PEDOT instead of measuring the role of the PEDOT coated Mg. Moreover, when Catt et al. (2017) carried out the cytotoxicity experiments, the neurons were cultured only lasted for one day, and the long-term toxicity of the coated Mg has not been clarified.

There are some other coatings to be studied. Monfared et al. (2018a) coated Mg70Zn26Ca4 ribbons (a Mg-based metallic glass) with tannic acid (TA)/poly(N-vinylpyrrolidone) (PVPON). They investigated the corrosion resistance, and biocompatibility was higher than the uncoated and significantly higher than pure Mg. What is more, SCs had an excellent initial attachment with typical morphology on the surface of coated ribbons in vitro.

Those studies did not evaluate its promotion effect in vivo. Hydroxyapatite (HA) coated magnesium alloy (WE43) in vitro improved the adhesion and proliferation of adrenal pheochromocytoma cells (PC12). However, those of SCs were not significantly improved, while in vivo, it showed controlled degradation and reduced gas production, but only a little regeneration of sciatic nerve tissue (Almansoori et al., 2018). This research is more convincing to evaluate the properties of HA-WE43 because of the experiments in vivo. However, the role in promoting peripheral nerve regeneration is still not good enough, which need to be further improved.

Through most of the above experiments, there was a lack of tests on whether the coated magnesium and its alloys could promote peripheral nerve regeneration, which indicates that it is not rigorous to infer the role of samples after coating based solely on the effect of the coating itself on the peripheral nerve regeneration. Moreover, most of the experiments have only been performed in vitro and lacked in vivo experiments. What is more, in those studies, the methods to study the properties of the coatings are relatively fragmentary and different, so it is also necessary to establish a more systematic and scientific evaluation system for the properties of the coating. Except for the homogeneity of the coating, more universal properties such as thickness, adhesion, electrical conductivity, degradability, and hydrophobicity should also be included. Strong and homogeneous adhesion is the basis for constructing metals with a stable coating and predicting their properties in vivo (Sebaa et al., 2013). Good electrical conductivity and suitable degradation rate are the basis for promoting peripheral nerve regeneration. Hydrophobicity plays a role in isolating Cl– in solution from metals for corrosion resistance (Conceicao et al., 2010). These universal properties are extremely crucial for the application of coated samples, while characteristic properties such as self-healing, negatively charged, and mediating the attachment of another kind of coating are also excellent ways to improve coatings. Self-healing means it can repair its surface coatings and extend the life of the coatings (Fan et al., 2015). Negatively charged itself hinders Cl– in solution from entering the metal surface for corrosion resistance (Prabakar et al., 2013). At the same time, whether the properties of the metals will change after coating also required to be investigated, such as the change of conductivity and the ability to promote peripheral nerve regeneration. Although many challenges remain to be solved, it is undeniable that the coatings of magnesium and its alloy have great potential in promoting peripheral nerve regeneration, such as the combination of coatings with anti-inflammatory drugs to moderate the host response (Zhang et al., 2015), the modification of functional sites of coatings to improve histocompatibility, the combined use of different coatings to improve coating properties (Catt et al., 2017).



Mg2+-Improved Biomaterials

In addition to magnesium wire, magnesium alloy and magnesium and its alloys after surface coating, magnesium ion also possess good neuroprotective and nerve regeneration promoting effect. Thus, the performance of biomaterials improved by incorporation of Mg2+ to play its role in promoting peripheral nerve regeneration has attracted many researches.

Sun et al. (2019) hybridised Mg2+ and poly(glycerol-sebacate-maleate) (PGSM) into PGSM-Mg and investigated the properties improvement. PGSM-Mg showed suitable biodegradability and sustained release of Mg2+. It could promote SCs adhesion and proliferation better and expressed more neural-specific genes than several kinds of scaffolds, showing great potential to promote peripheral nerve regeneration.

Ramburrun et al. (2019) added magnesium-oleate (MgOl) and N-acetyl-L-cysteine (NAC) at different ratios in poly (3-hyroxybutyric acid-co-3-hydroxyva-leric acid) (PHBV) as a different experimental group. The morphology of PC12 was observed as linearly oriented fibre deposition, and cell proliferation was improved. Improved-PHBV had good physical properties, which is favourable for processing and fabricated as a nerve conduit. So, this Mg2+-improved biomaterial will hold great promise for applications in promoting peripheral nerve regeneration. If the study explored which concentration of MgOl can better promote SCs growth and proliferation, the study would be more valuable for peripheral nerve regeneration. Moreover, it lacked biodegradability tests, which is also essential for clinical application.

The variousness of peripheral nerve injury makes difficulties regenerating peripheral nerves, so exploring different biomaterials depending on the injury situation and combining with Mg2+ will enrich the pathways and fields of promoting peripheral nerve regeneration. Additionally, in order to make Mg2+ released at an appropriate rate at the site of the peripheral nerve injury and reduce the toxicity of magnesium, it will be an effective measure to explore how to control the binding and release of Mg2+ through biomaterials for the applications of magnesium to promote peripheral nerve regeneration. At the same time, it is necessary to detect and improve the degradability and plasticity of Mg2+-improved biomaterials.



CHALLENGES AND PROSPECTS

Based on the existing literature, our review not only expounds the importance of magnesium ion to the nervous system and the mechanism of magnesium ion promoting peripheral nerve regeneration but also summarises the application of magnesium-based biomaterials to promote peripheral nerve regeneration by improving the corrosion resistance and biocompatibility (Figure 1 and Table 2). Above all, we can conclude that magnesium can promote peripheral nerve regeneration with both challenge and potential.
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FIGURE 1. Magnesium promotes the regeneration of the peripheral nerve.



TABLE 2. Magnesium promotes the regeneration of the peripheral nerve.
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(1) The research on the effect and mechanism of magnesium on the peripheral nervous system has not been fully clarified, such as the toxic effect of magnesium. However, its effect and mechanism still play a crucial role in providing effective theoretical guidance for promoting peripheral nerve regeneration.

(2) The research on the properties of modified magnesium needs to be improved. At present, the research mainly focuses on its corrosion resistance and biocompatibility in vitro. However, it is still necessary to investigate its role in promoting peripheral nerve regeneration in vivo and further confirm the improvement of corrosion resistance and biocompatibility.

(3) The methods to study the properties of magnesium and its alloys are similar and systematic in research, while the methods to study the properties of coatings are relatively fragmentary and immethodical. However, various experimental methods have accumulated rich and valuable experience, which lays a good foundation for improving the coating performance testing system in the future.

(4) Magnesium alloy, its surface coating and other biomaterials modified by magnesium are the main forms to promote peripheral nerve regeneration. So, on the one hand, it is necessary to develop new alloys, coatings or biomaterials, and explore their properties and peripheral nerve promoting effects. On the other hand, in addition to further optimisation on the properties of the alloys, coatings or biomaterials, it is also necessary to consider the cost, efficiency, stability, and other issues, which is expected to play an important role in clinic widely.

(5) The ability of magnesium to promote bone regeneration and vascular regeneration has been widely recognised and has been used in the clinic (Witte, 2010; Chen et al., 2019). Combined with nerve regeneration ability, we can foresee the great potential of magnesium in clinical application, such as dental implants. However, there are still many difficulties to be overcome from the basic to the clinical.



The research on magnesium to promote peripheral nerve regeneration is rising in recent years, but research is relatively deficient. There is still great potential in this field where opportunities and challenges coexist, which needs the joint investment and efforts of many researchers, promoting the development of the research and putting it into clinical use in the future for the benefit of patients!
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Bone fractures have a high degree of severity. This is usually a result of the physical trauma of diseases that affect bone tissues, such as osteoporosis. Due to its highly vascular nature, the bone is in a constant state of remodeling. Although those of younger ages possess bones with high regenerative potential, the impact of a disrupted vasculature can severely affect the recovery process and cause osteonecrosis. This is commonly seen in the neck of femur, scaphoid, and talus bone. In recent years, mesenchymal stem cell (MSC) therapy has been used to aid in the regeneration of afflicted bone. However, the cut-off in blood supply due to bone fractures can lead to hypoxia-induced changes in engrafted MSCs. Researchers have designed several oxygen-generating biomaterials and yielded varying degrees of success in enhancing tissue salvage and preserving cellular metabolism under ischemia. These can be utilized to further improve stem cell therapy for bone repair. In this review, we touch on the pathophysiology of these bone fractures and review the application of oxygen-generating biomaterials to further enhance MSC-mediated repair of fractures in the three aforementioned parts of the bone.
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BONE ISCHEMIA

This review is mainly focused on the use of oxygen releasing biomaterials with mesenchymal stem cell therapy to address hypoxia in the treatment of bone fractures (Figure 1). Bone fracture cases are commonly presented in varying degrees of severity and are usually a manifestation of direct physical injury or bone-related diseases such as osteoporosis (Burge et al., 2007). With gradual improvements in healthcare and living, an increase in these cases is predictable because of the longer life expectancies (Rommens, 2019). Although the bone is seen as a rigid structure, it is classified as a connective tissue that constantly remodels itself throughout a human’s lifespan in a highly vascularized environment (Boskey and Coleman, 2010; Cowan and Kahai, 2018). Despite having modest regenerative potential, especially in children, a loss of blood supply in the bone can impede cellular repair and potentially lead to osteonecrosis (Shah et al., 2015). This cut-off in blood circulation can be due to fractures or dislocations that physically cause an interruption. This pathophysiology is commonly observed in the neck of femur (Shah et al., 2015), scaphoid (Hayat and Varacallo, 2018), and talus bone (Matthews and Stitson, 2018).
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FIGURE 1. A schematic diagram of the review summary.


The femur is a piece of bone in the upper leg that articulates with the acetabulum of the pelvic bone and the tibia of the lower leg. A fracture of the femur neck, which connects the femur head to the shaft, has a high risk of cutting off the blood supply by damaging the ascending arteries and causing necrosis (Gumustas et al., 2018). This avascularity in the femur head was found to arise in about 72% of patients who suffered from femur neck fractures, and the incidence increases with severity (Han et al., 2019). One example is a displaced femoral neck fracture (Figure 2A). Fractures of the scaphoid (Figure 2B) are common in the carpals, and are often observed in young, working individuals (Hayat and Varacallo, 2018). Similar to the femur neck, blood vessel interruption in this wrist bone can lead to avascularity and even arthritis if treatment is inadequate (Dias et al., 2016).
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FIGURE 2. (A) An anteroposterior fluorograph of a displaced femoral neck fracture fixed with cannulated screws. The femoral neck (region around white arrow) connects the femoral head to the rest of the femur. (B) Plain radiograph of the left anteroposterior carpals of a young adult presented with a full thickness scaphoid fracture (red arrow). (C) Post-operative plain radiograph of a talus presented with a fracture. Adapted from Patel (2012), Li et al. (2013), and Kim and Yanuck (2018).


Much like how the carpal bones are important for wrist movement, the talus (Figure 2C) is a bone in the lower foot that is crucial for movement. Due to its unique retrograde blood supply, as well as having no direct attachments to any other bones, physical trauma such as from a heavy fall can displace the talus and disrupt vascular supply (Clare and Maloney, 2019). This was found to have a high association with the occurrence of avascular necrosis (Lindvall et al., 2004).



HYPOXIA LIMITS ORTHOPEDIC TREATMENT EFFICIENCY

Clinical treatment in these cases depends on the severity of the fracture and typically involves an immediate fixation or application of a cast to promote bone union (Matthews and Stitson, 2018). However, the risk of osteonecrosis remains. A more severe injury in the talus, for example, gives rise to more complications regardless of the timing of treatment (Vallier et al., 2004). Even with surgical or non-surgical treatments, bone union and cessation of osteonecrosis are not guaranteed, including the aforementioned bones (Sanders et al., 2004; Dias and Singh, 2011; Gumustas et al., 2018). In recent years, mesenchymal stem cell (MSC) therapy has been used to aid in the regeneration of bone afflicted with osteonecrosis, such as in the femur head (Wang et al., 2019). Since MSCs are multipotent, these stem cells are able to differentiate into osteocytes as the cells are derived from the mesoderm (Fafián-Labora et al., 2019). However, the cut-off in blood supply due to bone fractures can lead to hypoxia-induced changes in engrafted MSCs. Hypoxia is known to affect the proliferation, differentiation, metabolism, and viability of MSCs in vitro (Ejtehadifar et al., 2015). Exposure to hypoxia leads to increased cell death, but over time there is an upregulation of stemness genes such as Oct-4, Sox2, and Nanog, as the cells persist in an undifferentiated state (Samal et al., 2021). Interestingly, high oxygen tensions also affect MSCs by reducing proliferative capacity (Krinner et al., 2009).

Besides lowering cell viability, hypoxia has been shown to inhibit metabolic switch and osteogenesis of MSCs (Hsu et al., 2013). The inhibitory effects were demonstrated by suppressed osteogenic markers expression and mineralization of MSCs during osteogenic differentiation (He et al., 2010). Kim et al. (2016) has reported downregulation of calcification, and osteonectin and osteopontin gene expression, implying suppression of osteogenesis in adipose-derived stem cells (ADSCs). It was described that the suppression of osteogenic differentiation involves the generation of reactive oxygen species under oxygen deficiency, which activates Mitogen-Activated Protein Kinase (MAPK) and Phosphatidylinositol 3-Kinase/Akt (PI3K/Akt) signaling pathways and upregulates intracellular Insulin-like Growth Factor-Binding Protein 3 (IGFBP3) level. Osteogenic differentiation in bone marrow-derived mesenchymal stem cells (BMSCs) was also suppressed under low oxygen condition. Hypoxia of 2% oxygen decreased mineralization and alkaline phosphatase (ALP) activity during osteogenesis (Huang et al., 2012). As such, hypoxia results in a reduction of therapeutic efficacy for bone regeneration due to reduced osteogenesis. Oxygen supplementation can therefore reverse this, and promote bone regeneration by introducing normoxic conditions for osteogenic MSCs. However, this requires careful optimization as too much oxygen supply can lead to hyperoxia and subsequently cell death due to the presence of reactive oxygen species, e.g., hydroxyl radicals (OH-) (Northup and Cassidy, 2008).

Ischemia represents a critical issue during engraftment procedure, especially in the regions without intact vasculature or vascular supply, such as femur, talus, and scaphoid. Persistent ischemia can cause cell death and tissue necrosis (Blaisdell, 2002). Supplementation of oxygen to hypoxic tissue lack of vascularization can ameliorate hypoxia-induced cell death by improving cell rescue and viability. The provision of oxygen is beneficial for tissue regeneration. Supplemental oxygenation of the engineered tissue scaffold can eliminate the hindrance of insufficient oxygen in hypoxic tissues, thus reducing dying or dysfunctional cells in the tissue-engineered graft. Continuous and localized oxygen supply can also delay the onset of necrosis in tissue experiencing hypoxia, resulting in extended tissue viability and improved wound repair. However, the supply of oxygen to hypoxic tissue during engineered tissue engraftment remains the main medical challenge. In the effort to avert ischemia-related cells death, numerous approaches have been studied for the delivery of oxygen to various tissues under hypoxia or ischemia. Creating arteriovenous loops (AV) is one method. In a rat AV loop model, an increase in vascularization was correlated with the increase in Hypoxia Inducible Factor-1 alpha (HIF-1α) rate (Yuan et al., 2018). Another method is to pre-vascularized grafts before transplantation. In a rabbit model, pre-vascularized synthetic bone grafts lead to neovascularization and enhanced bone regeneration (Vidal et al., 2020). Apart from these, the use of scaffolds with oxygen-releasing biomaterials is particularly promising. These can be produced by incorporating the compounds on a 2D scaffold surface or as a 3D capsule. Examples include solid peroxides, liquid peroxides, and fluorinated compounds that function to provide oxygen to cells (Suvarnapathaki et al., 2019).



OXYGEN RELEASING BIOMATERIALS

Researchers have designed several oxygen-generating biomaterials and yielded varying degrees of success in enhancing tissue salvage and preserving cellular metabolism under ischemia. Delivering a sustained source of oxygen would represent a major therapeutic advancement in tissue restoration and regeneration following acute trauma and bone defect. Harrison et al. (2007) have reported sustained release of oxygen by Poly(D,L-lactide-co-glycolic acid) (PLGA) films integrated with sodium percarbonate (SPO). The implantable oxygen-rich compound SPO can delay tissue death in the hypoxic milieu. The SPO contains sodium bicarbonate and hydrogen peroxide, which readily convert to oxygen upon contact with water as shown in the following chemical equation.
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The films were also shown to prolong skin cells survival demonstrated by delayed cells degradation, including apoptosis, lactate accumulation, and skin discoloration. The in situ production of oxygen has shown to reduce cellular apoptosis and tissue necrosis in the ischemic tissue of mouse model. The effect of cell ischemia continues once the oxygen production is exhausted. This technology employed as a skin wound healing agent was able to delay the onset of necrosis up to 3 days (Harrison et al., 2007). The use of oxygen-releasing peroxide on PLGA films for enhanced cell viability was also validated on a hypoxic fibroblast proliferation study in a 3D tissue-engineered constructs (Oh et al., 2009). Researchers also developed an injectable composite system of PLGA encapsulated in calcium peroxide (CaO2)/manganese dioxide (MnO2) microparticles (Hsieh et al., 2020). Under low oxygen tension-induced cultures, they were able to promote the differentiation of pre-osteoblast cells. The enhanced local oxygenation by this composite system was found to possess improved bone regeneration potential.

Hypoxic conditions can cause interruption to skeletal muscle metabolism and function. Biomaterials supplementation of oxygen by active element SPO has been demonstrated to support resting skeletal muscle homeostasis under ischemia (Ward et al., 2013). In the study, oxygen-generating SPO mitigated elevations of muscle cells resting tension following contractile fatigue under normoxic conditions. Under oxygen deficiency, SPO lessens HIF-1α build-up, oxidative stress, and ameliorated intramuscular glycogen depletion. SPO administered into ischemia rat skeletal muscle enhanced in vivo contractility and ameliorated intramuscular glycogen depletion (Ward et al., 2013). The results indicated that SPO can maintain the contractility of skeletal muscle both in vitro and in vivo under ischemia. Hypoxia-induced loss of skeletal muscle viability and metabolic homeostasis can also be prevented in the micro-environment with no functioning vasculature.

Calcium peroxide is one important source of oxygen production via its decomposition by water.
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However, the hydrolysis reaction occurs too quickly in the conversion of solid peroxide to oxygen. This causes hyperoxide conditions and leads to the accumulation of reaction intermediate hydrogen peroxide (H2O2). In addition, the reaction increases the possibility of side reactions such as the production of hydroxyl radical (OH-) (Northup and Cassidy, 2008). Previously reported oxygen releasing biomaterials have mutual limitations, which are less controllable reaction kinetics and short-lived due to the PLGA hydrolytic decomposition. Moreover, cytotoxicity caused by H2O2 might occur which can lead to cell death as well as reduced ALP activity and mineralization during the osteogenic differentiation process (Lee et al., 2006). Catalase supplementation is always required to counter H2O2 cytotoxicity by catalyzing its decomposition (Tiedge et al., 1997). Therefore, utilization of such biomaterials can be harmful to transplanted MSCs.

A possible solution for a slower and sustained oxygen release is solid peroxide encapsulation. Calcium peroxide without encapsulation rapidly generates oxygen via hydrolytic conversion, leads to spurts of oxygen that are too transient for cells utilization (Northup and Cassidy, 2008). The bio-stable and hydrophobic (polydimethylsiloxane) PDMS can serve as a diffusional barrier which can decrease the reactivity of the encapsulated calcium peroxide. The capturing of solid peroxide within PDMS were found to regulate oxygen release into the surrounding for over 40 days. Oxygen production by the system is dependent on the water diffusion rate into the PDMS-CaO2 disk and the amount of solid peroxide in the disks (Watson and Baron, 1996). PDMS is highly permeable for the oxygen generated to be diffused efficiently out of the system for cellular usage (Robb, 1968). With the controllable features, the concentration of solid peroxide in the disks, and the disks geometry and dimensions can be optimized to design an oxygen generating system with ideal kinetics of oxygen release. The modulation of reactivity of solid peroxide hydrolysis and rapid clearance of end products ensure the dynamic of the forward reaction, thus eliminating the accumulation of hydrogen peroxide intermediate and side reactions such as hydroxyl radicals. As such, PDMS serves as a suitable biomaterial for maintaining viability and function of transplanted cells under ischemic conditions.

Pedraza et al. (2012) have reported the fabrication of a hydrolytically activated oxygen-producing biomaterial. The designed disk of solid calcium peroxide (CaO2) encapsulated in hydrophobic polydimethylsiloxane (PDMS), PDMS-CaO2 can generate continuous oxygen release for as long as 6 weeks. A single PDMS-CaO2 disk was sufficient to regulate cells function of both β cell line and pancreatic rat islets to their normoxic controls. Hypoxia-induced cell dysfunction and death were ameliorated, where the cellular metabolic function and the production of glucose-dependent insulin were regulated as to that under normoxic conditions. Under experimental ischemia, the viability of the β cell line was improved for almost a month with the sustained supply of oxygen from the PDMS-CaO2 disk (Pedraza et al., 2012). Ischemia-induced cells apoptosis and dysfunction were prevented by suppression of cell stress pathways activation and shifting to anaerobic metabolism (Lee et al., 2006). Additionally, scaffolds have been used with CaO2 to better modulate oxygen release (Touri et al., 2020). These CaO2-coated scaffolds were found to augment bone formation at the regions between the scaffolds and the host’s bone. Osteogenic markers such as osteonectin and osteocalcin were upregulated compared to the bone treated with uncoated scaffolds. Other researchers have also developed methods to directly release molecular oxygen instead of hydrogen peroxide-based methods that rely on decomposition to generate oxygen. One such team was able to create hypoxia-sensitive, oxygen molecule-releasing, microspheres and co-injected them with MSCs into mouse ischemic limbs (Guan et al., 2021). They found significant MSCs survival, proliferation, and angiogenesis without the induction of inflammation.

Another approach was conducted to encapsulate pure H2O2 into a dual-layer matrix to produce clean oxygen for tissue salvage applications (Abdi et al., 2013). The direct usage of encapsulated H2O2 can prevent the generation of by-products including metal cations, and only yield oxygen and water which are non-toxic (Fatokun et al., 2006). Encapsulated raw H2O2 normally diffuses out of the biological matrix at a slow pace, increases its direct contact with the cells and the possibility of exerting cytotoxic effect (Abdi et al., 2011). Therefore, the PLGA matrix was coated with catalase-grafted alginate in the study to serve as a protective layer and promote H2O2 decomposition. In this method, oxygen release can be controlled by manipulating alginate concentration in the microspheres encapsulating H2O2. Sustained oxygen supply from decomposition of encapsulated H2O2 in the fabricated dual layered system has shown to enhance cell survival under ischemia (Abdi et al., 2011). The study also revealed optimum H2O2 concentration to generate efficient amount of oxygen to maintain muscle cells viability under controlled release manner (Abdi et al., 2013). Some researchers have produced a bile acid-based dual-functional prodrug nanoparticle that can scavenge H2O2, promote osteogenesis, and inhibit adipogenesis of MSCs in a bone defect rat model (Arai et al., 2020). They found a significant improvement in bone regeneration as well as potent anti-inflammatory activities in the MSCs. Other than that, catalase enzymes could be grafted onto microspheres such as poly (L-lactic acid) (PLLA) to speed up the conversion of H2O2 (Mohseni-Vadeghani et al., 2021). Additionally, by using PLLA to load CaO2 and allowing mesenchymal stem cells to adhere to the surface, the oxygen release profile of this system was found to be further sustained. This led to the thought of a potential microcarrier with an injectable cell system for improved bone regeneration.



CONCLUSION

Engineered graft implants face major challenges of tissue necrosis and cellular apoptosis upon contact with the hypoxic micro-environment. Provision of sufficient oxygen to the surgery site is of utmost importance for maximum survival and integration of transplanted cells to the wound. Technology to generate oxygen releasing biomaterials as transplantable graft can provide a sustained infusion of oxygen to the local tissue to accelerate tissue regeneration, thereby represents a viable solution for rescuing hypoxic cells. There are, however, potential limitations to this method. A compromised vasculature in the bone defect that persists over the long term could limit the effectiveness of the oxygen-releasing biomaterial since it is transient. Revascularization as a more general treatment against osteonecrosis may yield better long-term recovery, but this requires in-depth studies. Not only that, the failure of mesenchymal stem cell survival after implantation may be due to glucose shortage rather than hypoxia (Moya et al., 2018). As such, exploring glucose-releasing biomaterials could yield surprising results. Still, the importance of vascularization in transplantation and bone repair should still be investigated.

The concept of supplemental oxygen by biomaterials is particularly attractive in orthopedics tissue salvage application. The early bone graft transplantation stages in femur, talus, and scaphoid are susceptible to failure due to the absence of sufficient oxygenation and vascular infiltration. The introduction of engineered tissue graft further aggravates ischemia due to higher metabolic requirements. Sustained in situ production of supplemental oxygen appears to be promising for tissue repair applications as tissue graft can remain viable during surgery and proliferate as normal in the hypoxic milieu. The biomaterials help to prevent the development of harmful oxygen gradients that might occur in tissue-engineered implants. Furthermore, oxygenation by biomaterials omits the need for multiple operations to refill engineered tissue grafts due to hypoxic-induced cell loss. Therefore, the provision of supplementary oxygen would serve to enhance cellular viability and benefit the wound healing process. Thus, oxygen-producing biomaterials represent an ideal tool for mitigating oxygenation of orthopedics engineered tissue transplant, specifically for femur, talus, and scaphoid.
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Repairing segmental bone deformities after resection of dangerous bone tumors is a long-standing clinical issue. The study’s main objective is to synthesize a natural bioactive compound-loaded bimetal-substituted hydroxyapatite (BM-HA)-based composite for bone regeneration. The bimetal (copper and cadmium)-substituted HAs were prepared by the sol-gel method and reinforced with biocompatible polyacrylamide (BM-HA/PAA). Umbelliferone (UMB) drug was added to the BM-HA/PAA composite to enhance anticancer activity further. The composite’s formation was confirmed by various physicochemical investigations, such as FT-IR, XRD, SEM, EDAX, and HR-TEM techniques. The bioactivity was assessed by immersing the sample in simulated body fluid for 1, 3, and 7 days. The zeta potential values of BM-HA/PAA and BM-HA/PAA/UMB are −36.4 mV and −49.4 mV, respectively. The in vitro viability of the prepared composites was examined in mesenchymal stem cells (MSCs). It shows the ability of the composite to produce osteogenic bone regeneration without any adverse effects. From the gene expression and PCR results, the final UMB-loaded composite induced osteogenic markers, such as Runx, OCN, and VEFG. The prepared bimetal substituted polyacrylamide reinforced HA composite loaded with UMB drug has the ability for bone repair/regenerations.

Keywords: biocompatible, hydroxyapatite, new cell development, osteosarcoma, umbelliferone


INTRODUCTION

Bone is a mineralized connective tissue from which bones, the vertebrate skeleton’s primary segment, are shaped (Frost, 2001). Bones can have several sorts of bone complications, including osteonecrosis, low bone density, osteoporosis, osteogenesis imperfect, Paget’s disease, rickets, bone cancer, etc. (Sabir and Cole, 2019). Bone cancer is the most common bone disease with nearly two thirds of all cancer cases, mainly affecting the younger generation (Marina, 2010). Approximately 1,200 patients are diagnosed with osteosarcoma per year in the United States, and worldwide, there are 3.4 cases per million people in a year (Demellawy et al., 2018; Misaghi et al., 2018). Surgical treatment with bone grafts involve the replacement of defected bone with tissues from the same patient or with artificial or synthetic or natural grafts. Autograft and allograft are two of the treatment methods. This has several limitations: donor site morbidity, restricted bone availability and graft resorption, the risk of disease transmission, restricted bioactivity, and donor dependence (Randal and Betz, 2002). The artificial bone device is widely used for curing bone repair/regeneration because of several advantages, including safety (Reena et al., 2015), resorption (Shi et al., 2021), functionality (Gomes et al., 2019), and osteogenic potential (Mortada and Mortada, 2018). It also overcomes the limitations of other treatments, such as cardiotoxicity, pulmonary toxicity, gradual hearing loss, etc. (Marina, 2010).

Recently, calcium phosphate is widely used for bone growth in the form of hydroxyapatite, calcium diphosphate, calcium triphosphate, octacalcium phosphate, etc. (Lakshmanaperumal et al., 2017). Hydroxyapatite (HA) is an inorganic graft material frequently used for orthopedic applications due to its osteoconduction, hardness, and acceptability by the bone. HA is incredibly closely related to the apatite structure of bone (Hench and Thompson, 2010). However, HA has the advantage over the mineral phase of the natural bone similarity; it also has some limitations for load-bearing applications due to its poor mechanical properties (Kattimani et al., 2016). Besides this, some minerals, such as F, Cl, Na, K, Fe, Zn, Sr, Mg, etc., are substituted to the HA to enhance specific activity, such as antimicrobial, anti-inflammatory, osteogenesis, and angiogenesis (Supova, 2015). Several reports are available because of its enhancing osteogenic nature and reducing bone diseases such as osteosarcoma and osteomyelitis by substituting minerals and biomolecules in HA-based (Lu et al., 2016) and cisplatin-loaded graphene oxide/chitosan/HA composite (Sumathra et al., 2018a,b). The cadmium (II) complex exhibits an anticancer activity against cancer cell lines with IC50 of 1.54 ± 0.25 and 31.02 ± 3.76 μmol/dm–3 (Huang et al., 2015), and CuO NPs can suppress the proliferation and induce apoptosis of cancer cells (Nagajyothi et al., 2017). Recent studies on HA composites with a combination of organic polymers, such as polylactic acid/HA composite (Blitterswijk and Habibovic, 2014), polylactic acid-HA scaffolds (Zimina et al., 2020), and collagen-HA-based coral (Siswanto et al., 2020), show a significant role in bone regeneration.

The organic phase of bone consists of protein collagen (a polymer), which plays a significant role in its mechanical properties and tissue interactions (Qu et al., 2019; Xiao et al., 2020). Biodegradable polymers, such as poly(lactic acid) (PLA) (Madhavan et al., 2010), poly(lactide-co-glycolide) (PLGA) (Zhao et al., 2021), and chitosan (CS) (Okada et al., 2017) are widely used to develop scaffolds for bone regeneration. Poly(acrylamide) (PAA) is importantly used in biomedical applications (Yang, 2008). Recent studies prove that the polymer PAA and HA mineralized with PAA-dextran hydrogel is a well-applicable composite for bone tissue regeneration (Fang et al., 2019), and it is reported to have a lead ion removal property due to its porous nature (Jang et al., 2008).

Single materials cannot fulfill all the properties, especially for the repair and regeneration of bone. Previously, cisplatin, doxorubicin, and gingerol composites were investigated for self-repair of bone implants (Sumathra et al., 2018a,b, 2020). Synthetic anticancer drugs induce toxicity effects against normal cells and low bioavailability. The natural compound Umbelliferone (UMB) is a pharmacologically active agent categorized under the 7-hydroxycoumarin family, and it exhibits various pharmacological activities such as pro-oxidant anti-inflammatory properties against degenerative diseases, microbial infections, and cancer cells in health-related conditions (Mazimba, 2017). UMB was found to exhibit significant anticancer effects via the induction of apoptosis, cell cycle arrest, and DNA fragmentation in cancer cell inhibition (Yu et al., 2015).

Based on these points, here we have prepared for the first time a UMB drug-loaded BM-HA/PAA composite for diseased-affected bone regeneration. The UMB-loaded bimetal-substituted HA was not investigated elsewhere previously for osteosarcoma bone regeneration purposes. The prepared composites were assessed for their physicochemical properties, bioactivity, and biocompatibility by FT-IR, XRD, Zeta potential, SBF immersion, in vitro cell studies, and gene expression.



EXPERIMENTAL SECTION


Materials

The following chemicals were utilized and purchased from commercial sources for preparing the composite for osteosarcoma bone repair: Calcium nitrate tetrahydrate (CaH8N2O10), diammonium phosphate [(NH4)2HPO4], cuprous chloride (CuCl), cadmium iodide (CdI2), PAA [(C3H5NO)n], UMB (C9H6O3), and ammonia solution (NH3); for preparing simulated body fluid (SBF) solution, the required chemicals, such as sodium chloride (NaCl), sodium bicarbonate (NaHCO3), potassium chloride (KCl), dipotassium hydrogen phosphate (K2HPO4), magnesium chloride (MgCl2), calcium chloride (CaCl2), 1 M-HCl, sodium sulfate (Na2SO4), tris buffer, and sodium hydroxide (NaOH) were purchased from Sisco Research Laboratories Pvt., Ltd., Mumbai, India. The solvents used are ethanol (C2H5OH), and methanol (CH3OH), such as received from Sisco Research Laboratories Pvt., Ltd., Mumbai, India. The complete reaction was carried out through double-distilled (DD) water.



Methods


Preparation of BM-HA Ceramic

The sol-gel method was used to synthesize the bimetal-substituted HA (copper and cadmium–substituted HA) (Oliveira Marcela et al., 2003). Briefly, in a 250-mL beaker, 0.4 M of calcium solution was taken, and it was prepared by dissolving the Ca salt in 50 mL of water and stirred using a magnetic stirrer. Then, 0.05 M of cuprous solution and 0.05 M of cadmium solution were added slowly, drop by drop, using burette in calcium solution with minimum 1 h consumption. The solution was maintained at pH 11.0 using ammonia solution. Then, 0.3 M of diammonium phosphate was prepared by dissolving the ammonium phosphate in an aqueous solution and added dropwise to the calcium solution mixture. The solution was left under constant stirring for a day; the solution was filtered, washed with ethanol, and dried in an oven at 75°C. After drying the BM-HA ceramic, it was ground using a blender for uniformity. Then, the BM-HA was sintered in a muffle furnace at 450°C over 5 h to remove impurities before use (Negrila et al., 2018). The HA was prepared separately without substituting the metals following the same procedure.



Preparation of BM-HA/PAA/UMB Composite

Poly(acrylamide) (0.3 g) was dissolved with 25 mL of cold water in a 250-mL beaker and stirred using a magnetic stirrer until it became a jelly solution. Then, 0.5 g of water used by the BM-HA was dispersed in 25 mL of water and added to the above polymeric solution, stirring vigorously until getting a homogenous form. This was followed by 0.3 g of UMB drug in ethanol solution added and stirred over 10 h. The composite solution was allowed to evaporate until all the solvents evaporated. The final composite was scratched and ground by a blender to obtain a fine powdery BM-HA/PAA/UMP composite. Following the above procedure, BM-HA/PAA composite was also prepared without adding UMB drug. Scheme 1 describes the possible mechanism for the formation of each composite as well as the final composite.
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SCHEME 1. The possible mechanism for the formation of BM-HA/PAA/UMP composite.




Physiochemical Characterizations


FT-IR Analysis

The functional group analysis was carried out for all the prepared composites using the instrument SHIMADZU IRTRACER-100 under the region of wave-number 4000–400 cm–1 with 2 cm–1 resolutions.



XRD Studies

The XRD BRUKER ECO D8 ADVANCE was used to analyze the crystalline nature and phase characteristics for all the composites prepared with the monochromatic Cu Kα source operated at 40 kV and 30 mA. The operating range of the analysis was over 2θ range of 10° to 80° in step scan mode with a step size of 0.02° and a scan rate of 0.02°/min.



SEM Studies

The morphology of prepared composites was analyzed with scanning electron microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDX) (JEOL JSM- 6400, Japan). SEM images were analyzed by coating the composites in a glass plate by dispersing the composite in ethanol.



Transmission Electron Microscopy (TEM) Analysis

The model JEOL JEM 2100 Co., Tokyo, Japan, was utilized for high-resolution transmission electron microscopy (HR-TEM). For TEM analysis, the composite was dispersed in ethanol, and it was coated to the Cu grid for perfect magnification. The SAED pattern was studied to know the crystal structure of the composite.



Bioactivity

The SBF was prepared and utilized here due to its similar ionic concentration to human blood plasma. It was prepared by the procedure described in previous literature (Danoux et al., 2014). The final composite was taken and made in pellet form, and it was immersed in a sealed tube. SBF solution was added to immerse the composite and placed at room temperature for 1, 3, and 7 days. For the samples placed for more than a day, the SBF solution was changed daily. After attaining a particular time, the sample was washed and dried. Then, the sample was examined by SEM and XRD analysis to access the bioactivity in terms of apatite formation to make the bonding ability of the composite.



Zeta Potential

The zeta potential examination was used to determine the charge of the surface of the composites and the particle size by using the Delsa analyzer instrument (Beckman Coulter) by dispersing the composite in water at room temperature.



Biological Studies


In vitro Cell Culture

The human bone marrow mesenchymal stem cells (hBMSCs) purchased from American type culture collection (ATCC PCS-500–012) were maintained in 24-well tissue culture plates with different testing composites, such as BM-HA, BM-HA/PAA, and BM-HA/PAA/UMB, with the medium of normal culture of Dulbecco’s modified eagle medium (DMEM, GIBCO) and with minimal essential media (HiMedia Laboratories) and the supplementation of 10% fetal bovine serum (FBS). To avoid any bacterial infection, drugs, such as penicillin (100 U mL–1) and streptomycin (100 U mL–1), were given for 48 h. Next to this period, normal media was then refreshed by fresh growth media. Then, the growth circumstance was changed to the humidified atmosphere of 95% air and 5% CO2 at 37°C. To remove the unwanted moieties in the composite sample specimens for examinations, they were sterilized at 90°C for 120–150 min in an autoclave and then placed in 96-well cell plates (Pan et al., 2020).



Determination of Cell Viability

An MTT assay was carried out to analyze the proliferation of mitochondrial dehydrogenase activity measurements quantitatively. The hBMSC-loaded medium was detached from the culture after 1, 3, 7, and 14 days and shifted into new 96-well cell plates with a density of 1 × 104 cells per well to assess cell proliferation. After 24 h, 2 mL of MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] solution in serum-free medium was added to every sample and then incubated under a humidified atmosphere containing 5% CO2 for 4 h at 37°C. The solution was removed, and to dissolve the formazan crystals, 10% DMSO was added to every well plate for 15 min. The cell viability was assessed by observing the optical density (OD) values at 570 nm on the spectrophotometric microplate, and the following equation calculated the percentage of cell viability (Wang et al., 2012). Three replicates averaged the experiments.
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Gene Expression Analysis for Cell Differentiation

By utilizing real-time polymerase chain reaction (RT-PCR), mRNA levels were examined to perform the osteogenic differentiation study. After 1, 3, 7, and 14 days culture, the specimens were suspended in 1 mL of cold TRIzol Reagent (Life Technologies Co.) after being cleaned with PBS solution three times. A standard TRIzol protocol was followed to extract the total RNA of each sample, and they were resuspended in 50 μL of RNase-free water. The cDNA was generated using the transcriptase reaction mix (SuperScript III First-Strand Synthesis System, Life Technologies) protocol. The cDNA was stored at −20°C until further studies. The triplicate (n = 3) experiments were carried out in quantitative PCR analysis using a Power SYBR Green RT-PCR kit (Life Technologies) protocol. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous housekeeping gene to determine the other gene relative transcripts. Untreated cells were set as control, and the relative marker gene expression levels were designed as one fold. Osteogenic marker genes are osteocalcin (OCN), runt-related transcription factor (RUNx), and vascular endothelial growth factor (VEGF) (Singh et al., 2015).



Western Blot Analysis

The concentration of proteins in cell lysates was assessed using Bio-Rad detergent-compatible (Dc) microprotein assay using bovine serum albumin (BSA) as a protein standard. Depending on protein concentration, cell lysates were diluted in RIPA buffer to the gel-loading concentration of proteins (3 μg/μL) mixed with an equal volume of 2x Laemmli buffer and heated for 5 min at 110°C. Protein samples were separated using 10% SDS gel electrophoresis (Bio-Rad, Hercules, CA, United States). The separated proteins were transferred to PVDF membrane Immunoblot (Bio-Rad, United States) employing the wet transfer method. The membrane was then incubated for 1 h at room temperature in a blocking buffer (5% non-fat milk in PBS) followed by incubation with mouse monoclonal IgG primary antibodies (Anti-Osteocalcin, Cat # SC-73464; Anti-VEGF, Cat # SC-7269 from Santa Cruz Biotechnology, India, Anti-GAPDH, Cat # WH0002597M1; and Anti-Runx2, Cat # SAB1412665 from Sigma-Aldrich, India) at 4°C overnight. After the incubation, the membrane was washed three times (5–10 min) with TBS containing 0.1% Tween-20. Immunoblots were detected using anti-mouse horseradish peroxidase–conjugated secondary antibody (goat anti-mouse IgG antibody, Cat # AP308, Sigma-Aldrich, India). GAPDH was used as a loading control. Band intensity was captured using SuperSignalTM West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, United States) in the ChemiDoc Imaging system (Bio-Rad, United States), and band intensity was measured using the Image J software.



Statistical Analysis

The obtained triplicated data are given as ± standard deviation. One-way ANOVA built-in origin pro 8.5 was utilized to perform the statistical analysis of the experimental groups. The significance level was set as p < 0.05.



RESULTS AND DISCUSSION


Functional Group Analysis

The functionality of the formed composite was examined by FT-IR spectroscopy, and the results are presented in Figure 1. The FT-IR spectrum given in Figure 1A corresponds to the functional groups of pure HA ceramic. The peaks mainly arise due to the phosphate (PO43–) group in the HA lattice. The modes of fundamental vibrations appeared at 1117.63 cm–1 and 1026.84 cm–1 (ν3), 472.63 cm–1 (ν2), 635.26 cm–1 (ν4), and 955.0 cm–1 (ν1) corresponds to the PO43– group in pure HA. The sharp absorption peak appears at 3568.9 cm–1 for the hydroxyl group’s vibration mode (-OH) of the HA (Bundela and Bharadwaj, 2012). The Cd and Cu metal substituted in the HA lattice, replacing the Ca2+ ions, affected the PO43 absorption peak intensity given in BM-HA/PAA (Figure 1B). The FT-IR spectrum clearly showed that the intensity of the ν2 absorption peak and an absorption peak of -OH vibrational mode were decreased due to the breakage of the electric charge balance in the HA lattice caused by the substitution of a divalent Ca2+ ion with Cu and Cd ions (Arcos and Vallet-Regi, 2020). The positions of the PO43– absorption peaks were retained as placed in the pure HA spectrum. Figure 1C represents the FTIR spectra of PAA polymer, in which the peaks at about 3298, 3184, and 1660 cm–1 show the presence of primary amide (-NH stretching vibration) groups of the polymer. Whereas the peaks near 1595 and 1429 cm–1 correspond to C = O asymmetric stretching, the strong intensity bands appearing around 3300 and 3200 cm–1 are associated with the N-H stretching vibrations due to the stretching of symmetric and asymmetric vibrations of the NH2 group. The C-O stretching (amide I) vibrations occur at about 1670 cm–1. There is a considerable contribution from C-C stretching and NH2 deformation vibrations for this amide I band in PAA. The infrared band observed at 1600 cm–1 is due to the NH2 bending (amide II band) vibrations. The medium intensity band observed at about 1430 cm–1 has been assigned to C-N stretching (amide III), whereas the medium intensity band about 1380 cm–1 has been assigned to CH2 wagging vibrations (Lili et al., 2012). In the Figure 1D FT-IR spectrum, UMB shows a sharp peak of the -OH group at 3182.55 cm–1. It shows C = O stretch at 1726.29 cm–1, aromatic C–H stretch from 3061.03 to 3084.18 cm–1, and aromatic C = C stretch (Kassim et al., 2013). These peaks may appear due to various functional groups and natural compounds in the UMB compound. These results from FT-IR spectra strongly suggest the formation of desired composites with appropriate interactions.
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FIGURE 1. FT-IR spectrum of (A) HA, (B) BM-HA, (C) BM-HA/PAA, and (D) BM-HA/PAA/UMB composite.




Material Phase Analysis

XRD examination was used to analyze the crystallinity phase of HA, BM-HA, BM-HA/PAA, and BM-HA/PAA/UMB composites. The XRD patterns of the pure HA ceramic, BM-HA, BM-HA/PAA, and BM-HA/PAA/UMB composites are shown in Figure 2. The diffraction peak in Figure 2A corresponds to pure HA ceramic, which shows the peaks at 2θ values of 25.5°, 29.6°, 31.1°, 32.6°, 34.2°, 39.7°, 47°, and 48.1°correspond to (210), (217), (211), (300), (202), (310), (222), and (213) planes, respectively. The observed diffraction peaks are identified by the preferred JCPDS (File no. 09-0432) report and argue the tremendously crystalline structure of HA (Alexopoulou et al., 2015). The XRD spectrum of BM-HA ceramic corresponds to the peak in Figure 2B. A slight deviation in plane positions occurs, and the decrease in the crystalline nature was noticed when the cadmium and copper were substituted in the Ca2+ ion’s matrix. The substitution of Cu and Cd in the HA ceramic affects the crystalline nature of HA. It may be due to the difference between the ionic radius of bimetals and Ca2+ as showed by Lakshmanaperumal et al. (2021). Some peaks in the plane of (210), (217), (211), (300), (202), (310), (222), and (213) were deviated from their original position, and the intensity of existing peaks is decreased and broadened during the bimetal substitution. Figure 2C shows the composite with the slight broadening of the apatite peaks, thus suggesting a decrease in HA’s crystallinity due to incorporating amorphous polymer into the crystalline material. Besides this, the spectrum shows a diffraction peak at about 31.9°, indicating well crystalline nature HA even in the composite state. The peak in Figure 2D corresponds to the BM-HA/PAA/UMB composite. The UMB load in the composite shows the intense sharp diffraction peaks of crystallinity at a diffraction angle (2θ) of 15.8°. This confirms the presence of the UMB in the composites. The crystallinity of the composite was altered by adding external organic moiety into the apatite lattice.
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FIGURE 2. The XRD patterns of (A) HA, (B) BM-HA, (C) BM-HA/PAA, and (D) BM-HA/PAA/UMB composite.




SEM Analysis

The microstructural examination of the composite HA, BM-HA, BM-HA/PAA, and BM-HA/PAA/UMB was carried out, and the results are given in Figure 3. The SEM morphological features were observed on the compounds of HA, BM-HA, BM-HA/PAA, and BM-HA/PAA/UMB composites as shown in Figures 3A–D. The sharp bed-like morphology was observed for HA ceramic (Figure 3A). After adding minerals, such as Cu and Cd, its morphology was changed into some agglomerated sphere-like particles (Figure 3B). These sphere-like particles will disappear, and the formation of different non-uniform-like morphology appeared after making a composite with a PAA polymer (Figure 3C). The addition of the UMB natural drug makes a sheet and flake-like morphology as shown in Figure 3D. These different morphologies corresponding to different composites show the considerable interaction between the components present in individual composites. The elements in the prepared composite were shown in EDX spectra for BM-HA, and the BM-HA/PAA/UMB composite is given in Figures 3E,F, respectively. The EDX analysis confirmed that the substituted minerals (Cu and Cd) were present as well as the Ca, P, and C elements. The HA was formed with the atomic ratio of 1.73 and 1.87 in the BM-HA and BM-HA/PAA/UMB composite. The obtained atomic percentage of each element from the mapping analysis for the final composite BM-HA/PAA/UMB is given as follows: C (PAA and UMB) = 6%, Ca = 46%, P = 40%, Cd = 7%, and Cu = 1%. The mapping images are shown in Supplementary Figure 1 for the BM-HA/PAA/UMB composite and each element present in this composite. From the elemental mapping of the composite, we can see the equal and uniform distribution of particular elements in the UMB-loaded composite.


[image: image]

FIGURE 3. SEM images of (A) HA, (B) BM-HA, (C) BM-HA/PAA, and (D) BM-HA/PAA/UMB composites and EDAX images of (E) BM-HA ceramic, and (F) BM-HA/PAA/UMB composite.




TEM Analysis

In addition to SEM observation, the microstructures of the HA, BM-HA, BM-HA/PAA, and BM-HA/PAA/UMB composites were further evaluated with HR-TEM analysis. At the 200-nm level, both HA (Figure 4A) and BM-HA (Figure 4B) show a particle-like morphology with a loosely bound manner. After the polymer and drug addition, the two composites are not positioned compactly. A separate view of BM-HA and the polymer in the BM-HA/PAA composite is in Figure 4C. After the addition of UMB to that composite, some rod-like needles appeared (Figure 4D). We can confirm that the addition of UMB can produce some crystal growth due to the interaction of various functional groups and BM-HA particles. The SAED pattern of the BM-HA/PAA and BM-HA/PAA/UMB composites is shown in the insets of Figures 4C,D. The SAED results firmly stand for the XRD concept of the influence of the HA-based composite in the crystallinity of the BM-HA/PAA/UMB matrix (Figures 4E,F). In both composites, the HA crystalline nature was retained, and a fine crystalline pattern was observed in the BM-HA/PAA/UMB matrix; it was well correlated with the XRD results.
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FIGURE 4. TEM images of (A) HA, (B) BM-HA, (C) BM-HA/PAA, and (D) BM-HA/PAA/UMB composites and the SAED pattern of BM-HA/PAA (E) and BM-HA/PAA/UMB (F) composites.




Surface Charge of the Composites

The zeta potential value was measured in terms of the composite’s surface charge; it is used to determine the implants’ bioactivity. The high value of the zeta potential was observed for the BM-HA/PAA/UMB composite compared with the BM-HA/PAA composite. This increment in zeta potential value may have resulted from the UMB incorporation in the BM-HA/PAA composite because UMB has some negative functional groups. The zeta potential values BM-HA/PAA and BM-HA/PAA/UMB composites are −36.4 mV and −49.4 mV, respectively. We confirm that BM-HA/PAA/UMB serves as a better bioactive implant (Ohgaki et al., 2001). The zeta potential plots for BM-HA/PAA and BM-HA/PAA/UMB are given in Supplementary Figures 2A,B. The electronegative charge-containing surface is a favorable site for the growth of the apatite layer because, initially, the absorption of Ca2+ ions is more preferential for that negatively charged surface. As a result of these Ca2+ ions, the negative charge decreases and moves toward the positive charge. The absorption of phosphate ions takes place on the positively charged Ca2+ surface. Based on the mechanism, the apatite nucleation occurred on the more negatively charged surface of the material (Prabakaran et al., 2021). Supplementary Figures 2C,D show the particle size distribution of the BM-HA/PAA and BM-HA/PAA/UMB composites. The particle size of BM-HA/PAA and BM-HA/PAA/UMB were observed as ∼351.6 and ∼274.1 nm. These can analyze the insertion of UMB in BM-HA/PAA composite decreasing the particle size. It is due to the good interactions of the composite and UMB drug.



Bioactivity of the Composites in SBF Immersion

The bone-bonding activity of the prepared composite was the measure of examining its bioactive nature when exposed to in vivo implantation. The appearance of apatite crystals act as the bridge between the composite and the host bone tissue. The apatite makes the bio-active bond between the composite and living bone tissue when implanted. It develops the osseointegration of the implant material for new bone formation. The BM-HA/PAA/UMB composite was immersed in SBF solution for 1, 3, and 7 days and the bone-bonding nature examined to find the apatite crystal formation. The morphology of the apatite formation was viewed by SEM analysis and given in Figures 5A–C. As the time of immersion increases, the structure of apatite crystals is more on the BM-HA/PAA/UMB composite. The original morphology disappeared slowly when immersed in SBF for long days due to the formation of apatite crystals as rod-like particles. Figures 5A–C indicate the formation of apatite crystals as small to long rods on the BM-HA/PAA/UMB composite immersed in the SBF solution for 1, 3, and 7 days.
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FIGURE 5. SEM image of apatite formation on SBF immersion at (A) 1, (B) 3, and (C) 7 days and (D) XRD pattern of BM-HA/PAA/UMB composite in SBF immersion at (a) 1, (b) 3, and (c) 7 days. The black-colored circle indicates the formation of rod-like apatite particles.


After completing 7 days of immersion, the apatite crystals were formed as a long rod-like structure coated with white-colored HA particles. In all 3 days of immersion, the apatite formation was indicated as a black-colored circle. On the first day of immersion, the rod length was found as ∼5.6 μm, whereas the rod length on the third and seventh days of immersion were found as ∼17 and ∼25.4 μm, respectively, using image J software. The result confirms the bioactive nature of the implant, and it is biocompatible for further in vivo implantation in terms of the formation of a bond between the implant and the native bone of the body (Francesco Baino and Seiji Yamaguchi., 2020). Moreover, the formed apatite crystals existed in an exact crystalline nature, evidenced by the XRD diffraction pattern after the BM-HA/PAA/UMB composite was immersed in the SBF solution. After the first and third day of immersion, the peaks in Figures 5Da,b and were raised due to the apatite formation on the BM-HA/PAA/UMB composite. The intense peak at 2θ∼ 28° becomes more intense on the seventh day of immersion as shown in Figure 5Dc. An increase of HA peak at 31.9° in Figure 5Dc shows that the composite’s apatite structure was significantly formed.



In vitro Biological Activity


Cell Viability

The biocompatibility of the composites, including HA, BM-HA, BM-HA/PAA, and BM-HA/PAA/UMB, were examined in vitro by culturing the hBMSCs on each composite separately. In all cases, untreated cells are taken as control cells throughout the examination. Figure 6 shows the optical microscopy images of hBMSCs after treating all composites at various (1, 3, 7, and 14 days) periods. More cells with dense manner were proliferated at 14 days of treatment with the BM-HA/PAA/UMB composite than other composites. Moreover, the number of dead cells was lower in this case against all other cases.
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FIGURE 6. Optical microscopic images of hBMSC viability after treatment with (I) HA (a–d), (II) BM-HA (e–h), (III) BM-HA/PAA (i–l), and (IV) BM-HA/PAA/UMB (m–p) for various days, such as 1, 3, 7, and 14 days. (A) Untreated control cells.


The effect of different composites on the viability of cells started immediately on the first day of the incubation treatment. On the first day of the treatment of hBMSCs cells with varying testing samples (HA, BM-HA, BM-HA/PAA, and BM-HA/PAA/UMB), the viability of cells was greatly affected (Figure 7). The addition of extra components (bimetals, PAA, and UMB) into HA ceramic also involves cell proliferation at all periods, including the first day of treatment. In detail, the viability of cells at all days of treatment with the BM-HA/PAA/UMB composite was significantly higher than control cells and the other three composites (Figure 7). The highest cell viability occurred at 14 days of treatment with BM-HA/PAA/UMB composite (92%). For the osteoblast activity of UMBs, BM-HA/PAA composite shows higher cell growth. A significant difference between the viability of cells on BM-HA/PAA and BM-HA/PAA/UMB composites was observed. From these results, the prepared BM-HA/PAA/UMB composite has a higher ability of stem cell proliferation than other composites due to the presence of all components. The UMB drug does not negatively affect the viability of hBMSCs and helps in the proliferation of the hBMSCs.
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FIGURE 7. The hBMSC viability on different composites *Comparison of the indicated group with control cells within the same set; p < 0.05. #Comparison of the indicated group with HA composite within the same set; p < 0.05. **Comparison of the indicated group with BM-HA composite within the same set; p < 0.05.




Osteogenic Differentiation Assessment by Gene Expression and Protein Analysis

For the osteogenic differentiation of hBMSCs in all composites utilized for cell viability analysis, here we have executed the differences of osteoblast gene markers quantitatively by RT-PCR analysis. The mRNA expression of essential osteogenic marker genes, such as RUNx, OCN, and VEGF, were analyzed for 14 days. Quantitative analysis of osteogenic marker gene (RUNx, OCN, and VEGF) expression by the BM-HA, BM-HA/PAA, and BM-HA/PAA/UMB composites is given in Figures 8A–C. The overall expression of the osteogenic marker genes in the cells treated with the pure BM-HA/PAA and M-HA/PAA/UMB composites showed a significant increase in osteogenic marker gene levels than the control cells. Figure 8A shows the RT-PCR analysis of RUNx, and its level has significantly increased as the treatment period increases for all the stages of composites. The comparison between the nanocomposites showed that the relative gene expression of osteogenic marker genes in BM-HA/PAA- and BM-HA-treated cells is lower than BM-HA/PAA/UMB. After adding UMB to the composite, the relative gene expression was significantly higher than control (untreated cells). It may be due to the ability of UMB to suppress the RANKL-induced Akt-c-Fos-NFATc1 signaling pathway and the attenuation of osteoclast-specific genes, such as TRAP, OSCAR, ATP6v0d2, and CtsK (Sung Chul et al., 2019). Another specific OCN marker is a late-stage osteogenesis and mineralization marker; the prepared composite evaluated the OCN expression, and the results are given in Figure 8B. With increasing treatment time, the expression level of the OCN gene was elevated, suggesting osteogenic differentiation of hBMSCs on the BM-HA/PAA/UMB composite. The expression levels of the OCN gene treated with the M-HA/PAA/UMB composite were significantly higher than those with the BM-HA and BM-HA/PAA composites. Like OCN, the relative gene expression of VEGF is increased substantially in the BM-HA, BM-HA/PAA, BM-HA/PAA/UMB composites than in the control (Figure 8C). The BM-HA/PAA/UMB composite cells showed a significant increase in the levels of all three osteogenic marker genes on day 14 of incubation compared with the other composites and other incubation days, indicating this gene expression is time-dependent. In particular, the VEGF gene—an important gene for osteogenesis—expression levels were more than the other genes. Similarly, the Western blot analysis (Figure 9) reveals an increase in the levels of osteogenic marker proteins (Runx2, OCN, and VEGF) in the BM-HA/PAA/UMB-treated group than the control. These results reveal the stem cell proliferation and differentiation capability of the BM-HA/PAA/UMB composite. Among the various composites, the UMB-incorporated composite has significantly higher expression among other composites. The UMB drug loading does not depress the bone cells or relative genes as shown by Sung Chul et al. (2019). The osteogenic ability of the BM-HAP was not affected by the loading of the UMB drug.
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FIGURE 8. Specific osteogenic differentiation markers (A) Runx2, (B) OCN, and (C) VEGF were assayed by qRT-PCR analysis. *Comparison of the indicated group with control cells within the same set; p < 0.05. #Comparison of the indicated group with the BM-HA composite within the same set; p < 0.05. **Comparison of the indicated group with the BM-HA/PAA composite within the same set; p < 0.05.
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FIGURE 9. The Western blot images of RUNX2, OCN, and VEGF on the 14th day posttreatment with various composites. L1, Control; L2, BM-HA treated; L3, BM-HA/PPA treated; L4, BM-HA/PPA/UMB treated. GAPDH, Loading control.




CONCLUSION

The natural bioactive compound UMB successfully loaded into the PAA-reinforced Cu- and Cd-substituted HA matrix. The FT-IR and XRD expressed the purity and expected crystallinity phases of the synthesized composites. The morphology of the composites was confirmed by SEM and TEM observation. The zeta potential value of the final composite is −49.4 mV, which is lower and more negative than the BM-HA/PAA composite (−36.4 mV). The anticancer drug was released from the composite in a controlled manner and analyzed. In vitro experiments in hBMSC viability reveal that the prepared BM-HA/PAA/UMB composite shows more bioactive osteogenic potential among other groups, such as BM-HA and BM-HA/PAA composites. Thus, the synergetic osteogenic ability of Cu and Cd ions and organic UMB compounds in the BM-HA/PAA/UMB composite was clearly evaluated. Therefore, our work expresses that the natural UMB compound enhances the osteoblast cell growth when combined with the BM-HA/PAA composite. It may be used for disease-affected bone regenerations after in vivo and clinical evaluations.
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The behavior of nerve cells plays a crucial role in nerve regeneration. The mechanical, topographical, and electrical microenvironment surrounding nerve cells can activate cellular signaling pathways of mechanical transduction to affect the behavior of nerve cells. Recently, biological scaffolds with various physical properties have been developed as extracellular matrix to regulate the behavior conversion of nerve cell, such as neuronal neurite growth and directional differentiation of neural stem cells, providing a robust driving force for nerve regeneration. This review mainly focused on the biological basis of nerve cells in mechanical transduction. In addition, we also highlighted the effect of the physical cues, including stiffness, mechanical tension, two-dimensional terrain, and electrical conductivity, on neurite outgrowth and differentiation of neural stem cells and predicted their potential application in clinical nerve tissue engineering.
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ROLE OF PHYSICAL CUES IN THE REGULATION OF NERVE CELL BEHAVIOR

Currently, clinical treatment strategies for nerve injury are varied, including autotransplantation, decompression surgery, hormone shock, and life support, while the recovery of nerve function is unsatisfactory. After nerve injury, primary and secondary injuries cause a large number of cell deaths in the nervous system (Ahuja et al., 2017b). As the main undertaker of functional activities of the nervous system, neurons are non-renewable cells and cannot produce offspring by self-division to replace dead cells (Myers et al., 1981). With advances in neuroscience, researchers have found that neural stem cells (NSCs) in the adult mammalian central nervous system hold the key to neural regeneration through proper migration, differentiation, and maturation, to replace dead neurons and establish nascent neural networks, which can be integrated into damaged neural circuits to repair function (Yang Z. et al., 2015). However, primary and secondary injuries also destroy the extracellular matrix (ECM) and impede survival, migration, and differentiation of potential replacement cells of nerve cells in the nervous system, which is an important cause of nerve repair failure (Okada, 2016; Bradbury and Burnside, 2019). Recently, the regulation of nerve cell behavior by ECM remodeling has been considered the most promising strategy and has been widely explored in nerve injury repair. More importantly, reeducation of nerve cells, such as promoting robust growth of neurites and large-scale directional differentiation of NSCs into neurons by physical cues in the ECM, is a feasible method for the formation of new functional connections to potentiate repair of nerve injury (Yang Z. et al., 2015; Rao et al., 2018).

The regulation of nerve cell behavior by biochemical cues based on bioactive substances is often limited by their disadvantages, such as short half-life, easy inactivation, and low efficacy in vivo (Fornaro et al., 2020). Although various delivery systems based on biomaterials have been developed for the sustained release of bioactive substances with functional behavioral regulation, the effect is still not ideal because of the non-matched release profiles with nerve injury repair. With the development of neuroscience, it has been proven that nerve cells have a biological basis for performing mechanical transduction, consisting of integrins, mechanically sensitive ion channels, G proteins, second messengers, and the cytoskeleton, which can transform physical cues in the ECM, such as mechanical, topographic, and electrical signals, into intracellular biological signals to alter the behavior of nerve cells (Martinac, 2004). In contrast to bioactive substances, the physical cues in matrices tend to be relatively persistent and stable. In view of this, physical cues such as advantageous stiffness, topography, mechanical tension, and conductivity are being considered for integration into the preparation of neural tissue engineering scaffolds to regulate the behavior of nerve cells directionally, contributing to the repair of nerve injury (Liu et al., 2018; Amani et al., 2019).

To systematically and comprehensively show the development of the physical cues and explain their mechanism, we review the biological basis and pathways of mechanical transduction from the perspective of molecular biology. In addition, we discuss the remodeling of neurite outgrowth and NSC differentiation through stiffness, mechanical tension, two-dimensional (2D) terrain, and conductivity provided by biomaterial matrices, as shown in Figure 1 and Table 1. Finally, the potential applications of physical cues in nerve tissue engineering are also discussed.
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FIGURE 1. Schematic illustration of physical cues for remodeling nerve cells.



TABLE 1. Behavior regulation of neural cells by physical cures of biomaterial matrices.
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BIOLOGICAL BASIS OF NERVE CELL MECHANICAL TRANSDUCTION

Nerve cells with mechanical sensors can sense changes in the external mechanical, topographical, and electrical microenvironment and transform physical cues into a series of biochemical signals inside the cell, ultimately leading to changes in gene expression (Martinac, 2001). During mechanical transduction, the ECM, cell membrane, cytoskeleton, and nucleus are connected to form a perfect tension integration system for operation (Provenzano and Keely, 2011; Chighizola et al., 2019).

The nerve cell membrane plays an important role during mechanical perception as a unit in direct contact with the outside world. The cell membrane is an elastic structure composed of a lipid bilayer and proteins. Under the action of an external force, the area of the cell membrane increases, the thickness is reduced, and the local curvature changes, simultaneously leading to the deformation of the lipid bilayer (Fletcher and Mullins, 2010). In addition, as the lipid bilayer changes, the conformation and activity of membrane proteins change, which ultimately leads to the activation of various signal transduction pathways. In particular, integrins, mechanically sensitive ion channel proteins, and G proteins are the most important membrane proteins during mechanical transduction and have attracted extensive attention (Hughes-Fulford, 2004; White and Frangos, 2007; Groves and Kuriyan, 2010). In addition, second messengers and the cytoskeleton in the cytoplasm also play an important role in mechanical signal transduction (Janmey and McCulloch, 2007).


Integrins

Integrins are a family of membrane surface protein receptors, which are composed of two subunits, α and β. Both α and β subunits are single transmembrane glycoproteins, which are composed of the extracellular, intracellular, and transmembrane regions. Currently, more than 20 integrins have been identified, all of which are heterodimeric transmembrane glycoproteins (Cabahug-Zuckerman et al., 2018). In the process of integrin-mediated extracellular mechanical stimulus conversion into intracellular biochemical signals, the interaction between an integrin and the ECM is first required; second, the integrin and its ligand need to form a new connection. The extracellular membrane domain of an integrin is a large N-terminal domain that recognizes polypeptide sites containing arginine–glycine–aspartic acid sequences and binds to specific ligands (e.g., collagen, fibronectin, and laminin) in the ECM through changes in its folding and internal rotation (Humphries et al., 2019). The intracellular domain of integrins can bind to structural proteins, such as the cytoskeleton. In addition, it can bind to various signaling proteins, such as focal adhesion protein tyrosine kinases (FAK) and protein kinase C (PKC), which play an important role in signal transduction in both cellular and extracellular domains (Sun et al., 2016; Moreno-Layseca et al., 2019).

Once an integrin binds to a ligand in the ECM, integrin aggregation and protein kinase aggregation occur. The protein kinases and adaptor proteins move together to the tail inside the cytoplasm of the integrin β subunit and promote the connection to the actin cytoskeleton, leading to the formation of myosin tension fibers (Baaske et al., 2019). The rearrangement of the actin cytoskeleton further leads to the aggregation of other intracellular signaling factors, resulting in the formation of a complex known as the focal adhesion complex (FAC). The aggregation of signaling and cytoskeletal proteins causes various enzymes to contact their substrates, thereby triggering intracellular signal transduction (Servin-Vences et al., 2018). FAK, a calcium-independent tyrosine kinase belonging to the Src family, is one of the most important molecules for conjugation with the newly formed FAC. FAK is activated by most integrins, and once activated, autophosphorylation occurs, producing an SH2-binding site for Src or Fyn. Src kinase then phosphorylates various components clustered at the FAC, such as pile-tensin and P130Cas, leading to further signal transduction (Bachmann et al., 2019). On the one hand, Grb2/SOS enters the Ras pathway and activates mitogen-activated protein kinase (MAPK). On the other hand, FAK recombines with Src to activate MAPK by phosphorylating Cas and statin, which in turn connects to the guanosine triphosphate (GTP) exchange factor through the connector protein and enters the Ras pathway (Geoghegan et al., 2019; Orre et al., 2019).



Mechanosensitive Ion Channels

In the body, a variety of cells, including nerve cells, can activate the cell signal transduction pathway through mechanically sensitive ion channels after sensing mechanical stimulation in the extracellular environment, affecting cell proliferation, differentiation, migration, and apoptosis (Figure 2A). The mechanically sensitive gated channels have two structures of double layer and direct tether. Both can be coincident, where the structural scaffold protein focuses the force into the mechanically sensitive channel domain, but the final transducer is a bilayer structure (Figure 2B). It is worth noting that pressure distribution across the pure bimolecular layer is symmetric. In each monolayer, there are negative pressure peaks caused by the surface tension of the water lipid interface and repulsive positive pressure peaks at the lipid head group and hydrophobic end (Figures 2C,D; Cox et al., 2019).
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FIGURE 2. Diagram of cell membrane and gating models for mechanosensitive ion channels (Cox et al., 2019). (A) Structure of mammalian cell environment. (B) Bilayer and direct tether models of mechanosensitive (MS) channel gating. (C) Ideal pressure curves for symmetric bilayers. The profile can be altered by the properties of the embedded membrane proteins and constituent lipid components. (D) Calculated the pressure distribution of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) double-layer molecular dynamics simulation at rest and apply tension. Figures reproduced with permission from the references listed.


Eukaryotic mechanically sensitive channel proteins mainly include degenerin/epithelial sodium channels, transient receptor potential channels, two-pore-domain potassium channels, and Piezo proteins. In particular, Piezo, a newly discovered mechanically sensitive channel protein, plays a crucial role in the mechanical transduction process. Piezo was first identified by Coste et al. (2010). in a mouse neuroblastoma. Subsequently, a series of studies have confirmed that Piezo protein is widely expressed in the kidney, bladder, colon, blood vessel, lung, ganglion, and other tissues (Coste et al., 2010). They can non-selectively pass divalent ions and monovalent basic ions, which are important for the generation of mechanically gated non-selective cation currents. Piezo proteins constitute a family with two genetically similar proteins, Piezo1 and Piezo2, which are composed of approximately 2,500 amino acids and contain 24 to 36 transmembrane regions (Anava et al., 2009). These proteins are known to have the largest number of transmembrane regions and are not homologous to other mechanically sensitive or voltage-sensitive channel proteins currently known.

In particular, the Piezo2 protein is primarily present in neurons (Ingber, 2008). In the human body, the Piezo2 protein channel is mainly distributed in trigeminal sensory cells, dorsal root ganglion cells, Merkel cells, and somatic neuron cells (Martinac, 2004; Tay and Di Carlo, 2017). Studies on somatosensory neurons in mice have shown that the use of a selective exchange protein directly activated by a cyclic adenosine monophosphate (cAMP) 1 agonist enhanced Piezo2 expression, resulting in increased nerve sensitivity and a decreased pain threshold. After the Piezo2-related genes were knocked out, the nerve cells lost their ability to respond to the stimulus. When the Piezo2b gene fragment was specifically knocked out during the embryo stage, zebrafish lost almost all light tactile responses, suggesting that Piezo2 mediates both the pain and the tactile response to the mechanical stimulus (Llobet et al., 2018). Moreover, after blocking the expression of Piezo2 via small interfering RNA interference, dorsal root ganglion cells lost their ability to respond to the fast stimulus, suggesting that the expression of Piezo2 controls the generation of the fast adaptive current mediated by the mechanical stimulus.



G Proteins

G proteins, also known as GTP-binding proteins, or guanine nucleoside regulatory proteins, are a special family of regulatory proteins. They are coupled to many membrane receptors and effectors in a specific way, which play an important role in the process of cell signal transmembrane transduction (Zhang et al., 2008). When the α subunit of the G protein is bound to guanosine diphosphate, the protein is inactive. Guanosine diphosphate dissociates as soon as the ligand binds to the corresponding receptor, resulting in changes in G protein configuration (Wang J. et al., 2018). GTP can then bind to the empty guanosine binding site to form α-GTP. With the participation of the magnesium ion, the α subunit is activated, and the G protein is decomposed into active α-GTP and βγ dimers to perform the task. Subsequently, the α subunit acts as a GTP enzyme and hydrolyzes the GTP attached to it into guanosine diphosphate. Then, α-GDP reassociates with βγ to restore the heterotrimeric inactive G-GDP complex, thus completing the cycle.

In recent years, many studies have suggested that large and small G proteins are important links in the mechanical stimulation of cells (Hong et al., 2016; Balemans et al., 2017). In particular, large G proteins are anchored to the cell membrane by lipid modification of amino acid residues on their subunits, thus providing a structural basis for them to receive structural signals from the cell membrane. Small G proteins, including Ras, Rab, Arf, Rho, and Sar, receive extracellular mechanical signals mainly through the ECM–integrin–cytoskeleton system (Wang J. et al., 2018; Cortes et al., 2019). In addition, Rab, Arf, and Sar are also involved in intracellular protein and vesicle transport; Ras plays a key role in mediating the MAPK phosphorylation cascade; and the Rho subfamily regulates cytoskeletal function, such as the ectopic recombination of cytoskeletal depolymerization to create new forms.



Second Messengers

After sensing mechanical stress, nerve cells generate a series of second messenger molecules, such as calcium ions (Ca2+), cAMP, PKC, and inositol triphosphate. In particular, calcium ions constitute the most important second messenger and the most widely distributed signal molecule in cells. All types of extracellular signals can be transmitted to cells via Ca2+, causing a cascade of intracellular signals and regulating biological processes such as cell proliferation, differentiation, and secretion. For example, the regulation of genes related to cell proliferation and functional activation, such as c-los, c-an, and c-myc, requires the participation of Ca2+. Intracellular calcium occurs in two forms: binding calcium and free calcium (Zhang et al., 2020). In general, more than 99.9% of intracellular calcium is in the form of binding calcium, which is mainly distributed in the nucleus, mitochondria, endoplasmic reticulum, and plasma membrane, while intracellular free calcium is very rare.

The regulation of intracellular free Ca2+ concentration is a key factor in the process of information transfer. The concentration of cytoplasmic Ca2+ can be significantly increased when cells are stimulated by physical and chemical factors (Provenzano and Keely, 2011; Ranade et al., 2015). Changes in Ca2+ concentration are mainly realized through calcium channels on the membrane, including voltage-controlled calcium channels, mechanically controlled calcium channels, and receptor-controlled calcium channels. Voltage-controlled calcium channels are of great concern (Clausen et al., 2017). This pathway can be opened when the nerve cell is stimulated, and the membrane depolarizes. Channels are classified into three types according to their sensitivity to membrane voltages: L-type, T-type, and N-type. In particular, the L-type, with a large conductance, high threshold, and long opening time, can be blocked by traditional calcium channel blockers. Mechanically controlled calcium channels, also known as stretch-sensitive calcium channels, can directly induce mechanical signals to regulate Ca2+ signal conduction (Stukel and Willits, 2016). Campbell et al. (2008) added an L-type Ca2+ channel blocker to partially inhibit the biological effects of osteoblasts induced by mechanical stimulation. Peake et al. (2000) reported that the addition of extracellular Ca2+ receptors or mechanically sensitive calcium channel blockers could partially block the downstream activation of Ca2+. Therefore, the variation in intracellular Ca2+ concentration is considered an early response to mechanical stress and an important signal for nerve cell proliferation and differentiation.



Cytoskeleton

The cytoskeleton consists mainly of microtubules, microfilaments, and intermediate fibers, which are networks of protein fibers inside the cell membrane (Blanquie and Bradke, 2018). Microtubules are hollow, cylindrical organelles with polarity and consist of tubulin and microtubule-binding proteins. In particular, tubulin has obvious homology with G proteins and has their functional characteristics (Kast and Dominguez, 2017). Microfilaments are helical structures composed of actin subunits. Actin exists in two forms, namely, active polymerized fibrous actin and inactive soluble globular actin, and there is a dynamic balance between the contents of these two forms. Intermediate fibers are fibrous proteins with diameters between microfilaments and microtubules, which can extend from the nuclear fiber layer through the cytoplasm and form a lattice structure in the cytoplasm (Halpern et al., 2017; Marsico et al., 2018). Although the three fiber components differ in morphological structure and function, they are interconnected to form a complex skeleton system that runs through the whole nerve cell and determines the terrain and rigidity of the nerve cell. In addition, the cytoskeleton is related to growth, differentiation, migration, apoptosis, intracellular information transfer, gene expression, and other important life activities (Provenzano and Keely, 2011; Konietzny et al., 2017; Svitkina, 2018).

The cytoskeleton, as the key of the whole signaling network, conducts mechanical signaling through physical and chemical pathways. These pathways coordinate with each other to complete the transfer and transformation of external mechanical stimuli. First, external forces can cause tension redistribution within the cytoskeleton, leading to the rearrangement of cytoskeletal fiber bundles, which mainly play a physical conduction role (Fletcher and Mullins, 2010; Provenzano and Keely, 2011). Mechanical stimulation of nerve cell membranes with different intensities immediately causes intracytoplasmic organelle translocation and nuclear deformation, even though the elasticity coefficient of the nucleus is almost 10 times that of the cytoplasm. When cytoskeletal protein depolymerizing agents (e.g., cytochalasin and acrylamide) are applied to destroy the microfilaments and intermediate filaments, nuclear stiffness is significantly reduced, suggesting that cytoskeleton proteins have a direct effect on nuclear structure (Lin et al., 2009).

Second, as a converter between mechanical and chemical signals, the adaptive changes in the cytoskeleton can increase the permeability of ion channels and the activity of some receptors and finally transmit mechanical signals to the nucleus with the help of a second messenger, regulating the expression of related genes (Mui et al., 2016; Hohmann and Dehghani, 2019). In terms of the integrin–cytoskeleton pathway, they can regulate the receptor tyrosine kinase/Ras/MAPK pathway by various methods such as regulating receptor tyrosine kinase activation, blocking Ras to root abundant factor signaling, and blocking extracellular signal-regulated kinase transfer to the nucleus. In addition, actin interacts with cadherin and α-catenin, leading to the release of β-catenin from the nerve cell membrane and binding to the transcription factor in the cytoplasm, both of which enter the human nucleus. In these ways, the cytoskeleton is involved in regulating gene expression (Chighizola et al., 2019).

In summary, there are many different signal transduction pathways that are closely linked during mechanical transduction. Different mechanical signals may influence cellular responses in different ways through interconnected and mutually regulated signaling pathways. Mechanical stimuli depend on the above related biological basis and trigger some signaling pathways; however, the detailed mechanism of nerve cell response to mechanical stimulus needs to be further studied.



REGULATION OF PHYSICAL CUES ON NEURONAL BEHAVIOR

Regulation of neuronal behavior by physical cues of remolded matrix are considered the most effective strategies to replace dead nerve cells and rebuild neural circuits for the repair of nerve injury. Currently, physical properties of the matrix, such as stiffness, mechanical tension, 2D terrain, and electrical conductivity, have been found to have positive effects on neuronal neurite growth and NSC differentiation. Here, we summarize the effect of various physical cues on the regulation of neural behavior.


Stiffness

Stiffness refers to the ability of a material or structure to resist elastic deformation under stress. Many researchers have proposed a correlation between matrix stiffness and cellular behaviors after injury, disease, and cancer (Wu et al., 2019; Kayal et al., 2020; Prager et al., 2020). Further studies confirmed that the stiffness of the cellular environment affects cell adhesion, proliferation, migration, differentiation, and phenotype. Furthermore, matrix stiffness has a certain effect on neurite outgrowth (Wells, 2008; Khoshakhlagh and Moore, 2015). In particular, two general relationships have been proposed between the behavior of neurites and the stiffness of the matrix: (1) the growth of neurites is inversely proportional to the stiffness of the 2D substrate and the 3D hydrogel and (2) the maximal rate of neurite outgrowth is reached at an intermediate range of stiffness (Kim et al., 2015; Lantoine et al., 2016; Wen et al., 2018). In addition, neurites have a threshold response to matrix stiffness. Leach et al. (2007) cultured pheochromocytoma (PC12) cells on substrates with different stiffness to investigate the response of neurites to matrix stiffness. On the softest matrix (shear modulus ∼10 Pa), there were relatively few, short in length and unbranched neurites. On a harder matrix (shear modulus ∼102–104 Pa), neurites were longer and more branched, and the proportion of cells expressing neurites was higher. However, no significant difference was found in these measures on a substrate with a shear modulus of >102 Pa (Leach et al., 2007).

The stiffness of the matrix mainly affects the differentiation of NSCs into different cell phenotypes. When the stiffness of the matrix is approximately 1 kPa, NSCs are more easily differentiated into neurons (Rammensee et al., 2017; Blaschke et al., 2019). Leipzig and Shoichet (2009) developed a photopolymerized methylacrylamide chitosan biomaterial with a Young’s modulus adjustable from less than 1 kPa to greater than 30 kPa. The matrix was then co-cultured with neural progenitor cells, which proliferated the most on the surface with a Young’s modulus of 3.5 kPa. In the 1-kPa matrix, there were more mature neurons, and oligodendrocyte maturation and myelination were the best (Leipzig and Shoichet, 2009). Experiments by Blaschke et al. (2019) confirmed this view. They prepared polydimethylsiloxane (PDMS)-coated cell culture plates to simulate the physiological microenvironment of the living brain and produce varying degrees of elasticity, ranging from 1 to 50 kPa. Compared with the 50-kPa PMDS matrix, the proliferation rate of NSCs on 1 kPa PDMS was reduced by 45%. On 1 kPa PDMS, the number of neurons was 42%, while on 50 kPa PDMS, the number of neurons was 25%. Neurons from NSCs on 1 kPa PDMS showed 29% longer neurites compared with those on stiffer PDMS substrates, suggesting optimized neuronal maturation and an accelerated generation of neuronal networks (Blaschke et al., 2019). If the stiffness of the matrix exceeds or decreases below a certain range (∼1 kPa), the proportion of neurons will decrease. Mosley et al. (2017) found that the expression of tubulin III decreased to varying degrees (approximately 65% and 25%, respectively) when the matrix stiffness increased from 1.44 to 75 kPa or decreased from 1.44 to 520 kPa (Figure 3A). Furthermore, the response of NSCs to the stiffness of the matrix is not particularly sensitive and requires a larger span to be apparent. When the stiffness of the matrix was 15 and 50 kPa, the proportion of neurons was equal (Saha et al., 2008; Blaschke et al., 2019). In terms of NSC differentiation into glial cells, in general, the differentiation ability increased as the stiffness of the matrix increased. When the stiffness of the matrix increased from 1 kPa to 1 GPa, the proportion of astrocytes increased from 50 to 82% (Blaschke et al., 2019).
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FIGURE 3. Effect of stiffness, mechanical tension, and 2D terrain on behaviors of nerve cells. (A) Fabrication procedure of gradient hydrogel. Immunofluorescent staining of tubulin III (red) and nucleus (blue) in human neural stem cell (hNSC) after 14 days for culture on PEG hydrogel possessing a continuous gradient in Young’s modulus (Mosley et al., 2017). Scale bar = 100 μm. (B) Poly(lactic-co-glycolic acid) (PLGA) film is stretched by the control system. Immunofluorescence staining of neurons after 3 days in vitro on upstretched film and films stretched at 4.8, 9.6, and 14.3 mm day–1 (Feng et al., 2016). Scale bar = 50 μm in all images. (C) Micropatterned film preparation and Schwann cell cultivation (Wu et al., 2018). (D) Mouse E13 NSCs were plated onto poly(ε-caprolactone) (PCL) fiber mat. Immunofluorescent staining of nerve cells on different diameters (Czeisler et al., 2016). Scale bar = 100 μm. Figures reproduced with permission from the references listed.


Currently, many different forms of matrices (e.g., electrospinning films, 3D printing scaffolds, and hydrogels) with various stiffnesses are implanted in the body for nerve repair. In particular, hydrogels are widely used because their stiffness can be precisely controlled by convenient methods such as adjusting the concentration of the solute or the illumination time. Fan et al. (2018) encapsulated induced pluripotent stem cell-derived NSCs (iNSCs) in light crosslinking poly(ethylene glycol) (PEG)–methacrylate gelatin (GelMA) with different stiffnesses. iNSCs encapsulated in 3D hydrogels survived and differentiated well in vitro. In low-modulus hydrogels, neurite growth was more vigorous and neuronal differentiation was more obvious. Furthermore, the GelMA/iNSC hydrogel was implanted into the mouse spinal cord transection model and was found to have a significant therapeutic effect on promoting axon regeneration while inhibiting the formation of glial fibrillary acidic protein (GFAP)-positive cells and glial scar and significantly promoting functional recovery (Fan et al., 2018).



Mechanical Tension

Mechanical tension is the mutual traction force existing on the contact surface between two adjacent parts of the inside of an object when the object is under tension (Ahuja et al., 2017a). The idea that mechanical tension is involved in nervous system morphogenesis was first revealed in the late 1970s, and traction neurites were used in the first attempts to apply mechanical stimulation to nerve cells. Studies have shown that force is involved in growth cone-mediated axon growth and guidance, as well as stretch-induced elongation when an organism increases in size after forming an initial synaptic connection (Athamneh and Suter, 2015). Currently, mechanical tension is applied to nerve cells through various strategies. For instance, a micromanipulator can precisely control the mechanical force applied to specific single cells, allowing neurites to grow and extend quickly. However, the feasibility of the micromanipulator is limited because the setup of the micromanipulator is complicated, and it is difficult to maintain the stability of the force for long-term observation. In recent years, to achieve a better control effect, the application of mechanical tension has changed. The stimulus of mechanical tension is transmitted indirectly to the cell through application to the matrix, rather than directly acting on a single nerve cell. Some researchers have studied nerve cell mechanics by stretching elastic membranes. This flexible membrane installed in the translation stage can transmit uniform stress and stable strain to cells in long-term experiments, and the reliable setup of the platform overcomes the inconvenience of the micromanipulator (Athamneh and Suter, 2015). Furthermore, the mechanical tension exerted on nerve cells can be indirectly assessed by more controllable factors, such as the amplitude of the matrix shape change (Arulmoli et al., 2015).

During stretching, the elongation of neurites is obviously enhanced, the number of neurites is reduced, and the growth direction of neurites tends to be parallel. Feng et al. (2016) cultured E15 spinal motor neurons on poly(lactide-co-glycolide) membranes with stretched parameters of 4.8, 9.6, and 14.3 mm day–1. The neurite grew longer and reached 209 μm, an increase of 113% in length, when the mechanical tension was 14.3 mm day–1 compared with the unstretched group (Figure 3B). Furthermore, the primary motor neurons on unstretched matrix had an average of 4.4 neurites, whereas only 2.5, 2.2, and 2.7 neurites were found when the matrix was stretched with 4.8, 9.6, and 14.3 mm day–1 as parameters, respectively (Feng et al., 2016). The parallelism between the direction of neurite growth and the direction of mechanical tension increases to a certain extent when the mechanical tension gradually increases from 4.8 mm day–1 (Chang et al., 2013; Feng et al., 2016). In addition, it is worth noting that the diameter of the axon does not decrease after application of mechanical tension (Anava et al., 2009). In addition to guiding neurites, mechanical tension can promote the elongation of NSCs and enhance the differentiation of NSCs into mature neurons. When mechanical tension that can only cause static deformation of nerve cells is applied, the differentiation of NSCs incubated on a specific ECM into oligodendrocytes is inhibited; however, the differentiation into neurons and astrocytes is not affected (Chang et al., 2013). Mechanical tension causes nerve cells to undergo dynamic deformation, which is beneficial for the directional differentiation of NSCs into neurons (Arulmoli et al., 2015). Since few studies have examined the effect of mechanical tension on the differentiation of NSCs, the conclusions need to be further evaluated.



Two-Dimensional Terrain

The 2D terrain is a general term for various micropatterns of the matrix surface (Zhang et al., 2018). Nerve cells in contact with the surface micropatterns of the matrix are subjected to pressure that is asymmetric and irregular compared to the flat surface, thus initiating the process of converting mechanical stimuli into biochemical signals that influence nerve cell behavior (Jeon et al., 2014; Kim et al., 2018). Advances in manufacturing technology have resulted in a number of 2D terrains designed to guide the behavior of nerve cells, such as nerve templates, honeycombs, oriented fiber arrangements, and grooves. In particular, oriented fibers and grooves are widely used owing to their mature fabrication technology (Tsuruma et al., 2008; Du et al., 2014; Yang et al., 2014). For instance, electrospinning technology can easily and quickly prepare oriented nanofiber scaffolds with highly consistent alignment directions (Panahi-Joo et al., 2016). Photolithography is also widely used to prepare micropatterned surfaces because of the advantages of simplified operation and accurate control of the ditches, ridges, and heights of grooves during the preparation process (Yang K. et al., 2015).

The 2D terrain regulates the growth of neurites mainly through physical contact to guide the growth direction of neurites (Wang et al., 2015; Yao et al., 2016). Neurites grow randomly on unaligned fibers and highly parallel on aligned fibers (Lins et al., 2017). Zhang et al. (2021) prepared conductive composite fibers composed of poly(ε-caprolactone) (PCL) and carbon nanotubes (CNTs) with high orientation by electrospinning at different rotational speeds (500, 1,000, and 2,000 rpm). In particular, the overall morphology of PC-12 neural cells seeded on PCL/CNT–composite fibers at 1,000 rpm was visualized by microscopy after 7 days, revealing a spindle-spreading morphology as well as an extension of the filamentous cytoskeleton. Additionally, the direction of cell elongation was precisely parallel to the orientation direction of the fibers, indicating that a substrate architecture with longitudinally aligned topography may support spatial cell proliferation in vitro through contact guidance (Zhang et al., 2021). Grooves can guide the growth direction of neurites through the walls of the grooves to limit the growth of neurites, but grooves with different shapes have different directional guiding effects on neurites. Mobasseri et al. (2015) designed various surface topographies, including sloped (SL), V-shaped, and square-shaped wall grooves, using PCL and polylactic acid (PLA) blended films. Compared with the square-shaped grooves, the V-shaped and sloped wall grooves led to better effects on the orientation of neurite growth (Mobasseri et al., 2015). In addition, neurons can grow in different orientations even in grooves of the same shape, due to differences in the ditches, ridges, and heights. When the width of the ditch and nerve cell is similar, and the ridge is narrow, the nerve cell can only grow inside the ditch and exhibit the best orientation of neurite growth. If the ditch is much wider than the width of a single cell, nerve cells can grow randomly in the ditch and show a slight effect on the orientation of neurite growth. Compared with poly(glycerol sebacate)-co-aniline pentamer (PGSAP)-flat films, Schwann cells cultured on micropatterned PGSAP films exhibited better alignment behavior. In particular, as high as 90% and 73% of the cells were within ±10° orientation on PGSAP-50 (groove/ridge: 50/50 μm) and PGSAP-100 (groove/ridge: 100/50 μm) films, respectively (Figure 3C; Wu et al., 2018).

In contrast to random fibers, well-arranged fibers provide a topographic cue to stimulate elongation and enhance neuronal differentiation of adult NSCs and mesenchymal stem cells (Yao et al., 2016). In addition, fibers with larger diameters modified by specific substances are more conducive to the differentiation of NSCs into neurons while inhibiting their differentiation into glial cells. As shown in Figure 3D, NSCs were co-cultured with fibers of different sizes modified with poly(D-lysine) and laminin, the average goodness of fit of β-tubulin III gene expression in cells on 10 μm fiber modified by laminin was greater than 0.8 μm, and the average goodness of fit of GFAP gene expression in cells on 10 μm fiber modified by poly(D-lysine) was less than 0.8 μm. The proportion of neurons increased by approximately 20% and the proportion of glial cells decreased by approximately 10% on the 749-nm fiber compared with that on the 283-nm fiber (Czeisler et al., 2016). Groove or porous structures alone have little effect on NSC differentiation. However, the combination of the groove and porous structure can play a synergistic role in promoting the differentiation of NSCs into neurons (Tsuruma et al., 2008; Yang et al., 2014). In addition, the specific protein levels of neurons in composite structural matrices are approximately 80–100% higher than those on single microgrooves or nanopore matrices (Yang et al., 2014).

In addition to verifying the regulation of nerve cells by the 2D terrain at the cellular level, the linearly oriented 2D terrain is widely integrated into the scaffold to repair nerve injury. Koffler et al. (2019) used a microscale continuous projection printing method to prepare a complex central nervous system structure scaffold that can have precise and highly linearly arranged linear channels to simulate the linear organization of white matter. Furthermore, the scaffold was loaded with neural progenitor cells and implanted into rodents, where highly linear axons were subsequently found. In addition, the axon of the injured host was regenerated into the 3D bionic scaffold, and the neural progenitor cells in the implanted scaffold extended the axon from the scaffold to the host spinal cord below the injury, forming synaptic transmission and significantly improving function (Koffler et al., 2019).



Electrical Conductivity

Nerve tissues are in the microelectric microenvironment, which is critical in maintaining normal physiological functions (Stewart et al., 2015). The growth, differentiation, and migration activities of embryonic and adult nerve cells mainly depend on electrical conductivity, synapse formation, and the survival of neurons during the last stages of development. Electrical conductivity is related to ion channels in the plasma membrane that are responsible for triggering the signaling pathways between neurons, and it seems to play important roles in various stages of neural development. In particular, the physiological function of the mammalian central nervous system is highly dependent on the electroresponsive properties of single neurons. In some of these cells, the ionic conductances responsible for their excitability also endow them with autorhythmic electrical oscillatory properties. In addition, chemical or electrical synaptic contacts between these neurons often result in network oscillations. The conductive matrix with ionic conductances can be used to promote the exchange of ions inside and outside the cells, the receptors on the cell surface being rearranged, and the deposition of active molecules and proteins on the membrane (Yu et al., 2008). Activation via phosphorylation of ERK1/2 and increasing the expression of early growth response protein 1 gene by NGF is one of the possible mechanisms for neuronal growth through electrical stimulation. It was previously claimed that activating PKC by electrical stimulation can also control neurite outgrowth. PKC through NGF-induced pERK1/2 pathway enhances neurite outgrowth (Farokhi et al., 2020). By using electrical stimulation, it is also possible to induce the regeneration of axons after axotomy by enhancing the expression of brain-derived neurotrophic factor. This phenomenon occurs by activation of Ca2+ and Erk-dependent signaling pathways. The high amounts of Ca2+ in intracellular elevate the level of intracellular cAMP. The high level of cAMP and Ca2+ provokes the regeneration of axon by mediating the fusion of axonal fragments and stimulating the postsynaptic branching. The cAMP pathway is linked to many other signaling pathways including phosphatase and tensin homolog, MAPK, and signal transducer and activator of transcription 3 that concurrently induce neurite outgrowth and promote axon regeneration (Brandl et al., 2007; Pires et al., 2015).

Conductive biomaterials can not only simulate the microelectric microenvironment of the body and maintain the integrity of the electrical pathway, but can also combine with external electrical stimulation to synergistically regulate the physiological activities of nerve cells, affecting proliferation, migration, differentiation, and neurite outgrowth, which provides a new direction for nervous tissue repair (Arioz et al., 2018; Zhu et al., 2018). In particular, conducting polymers have been used in biomedical research since the 1990s because of their advantages such as easy preparation, stable electrical properties, good biocompatibility, and controllable release of biomolecules. In the last 10 years, the trend in the development of conductive polymers has reflected the strong research interest and enthusiasm of the researchers and proves the importance of conducting polymers as biomaterials and their application potential in tissue repair. Polypyrrole (PPy), polyaniline (PANI), and poly(3,4-ethylenedioxythiophene) (PEDOT) have been the most widely used conductive polymers in recent years (Xu et al., 2016; Wang et al., 2017; Lee et al., 2018; Chen et al., 2019). These conductive materials are often used in conjunction with other polymers [e.g., PLA, PEG, chitosan (Cs), and polystyrene] to prepare a conductivity matrix (e.g., films, scaffolds, and hydrogels) by electrospinning, 3D printing, or microemulsion polymerization methods (Gajendiran et al., 2017; Gupta et al., 2019). For instance, Sudwilai et al. (2014) used a mixture of PPy and PLA to prepare conductive scaffolds by electrospinning. In addition, the conductivity of the conductive matrix can be adjusted by controlling the doping of the oxidant, the adsorption and dispersion of the conductive substance, and so forth (Nguyen et al., 2014; Zhou L. et al., 2018).

According to the reported results, the electrical conductivity that affects the number and length of neurites is mainly concentrated in the range of 10–10–10–3 S cm–1 (Zhou Z. et al., 2018; Chen et al., 2019). With the upregulation of electrical conductivity, the length and number of neurites increase disproportionately. Arioz et al. (2018) developed a supramolecular electroactive nanosystem containing tetra aniline peptide nanofibers, which exhibited electroactivity with conductivity values of 6.97 × 10–6 S cm–1. Compared with the matrix with a conductivity of 1.10 × 10–10 S cm–1, the neurite length of PC12 cells co-cultured with the supramolecular electroactive nanosystem could be more than doubled, and the percentage of neurite-bearing PC12 cells was increased by 10%. However, the growth of the neurite does not increase with a further increase in electrical conductivity (Arioz et al., 2018). In addition, the conductive matrix combined with exogenous electrical stimulation further improved the effect of neurite outgrowth. PC12 cells were cultured on the biomimetic PEDOT matrix; when the applied voltage was 20, 40, and 60 mV, neurite outgrowth experienced substantial increases, and when the applied voltage was 60 mV, the median neurite length reached a maximum of 35.7 μm, corresponding to a 124% enhancement of the original value (15.9 mm) on PEDOT (Zhu et al., 2014).

The conductivity of the matrix mainly regulates the differentiation direction of NSCs. In general, when the conductivity of the matrix increases, the ability of NSCs to differentiate into neurons increases, but the enhancement may be tortuous (Zhou Z. et al., 2018). Based on plant-derived polyphenols and PPy, a highly conductive (0.05–0.18 S cm–1) polymer hydrogel was developed, which can accelerate the differentiation of NSCs into neurons and inhibit the development of astrocytes in vitro (Figure 4A). The proportion of neurons was the highest when the conductivity was 0.18 S cm–1. However, when the conductivity was 0.12 S cm–1, the proportion of neurons was lower than that when the conductivity was 0.05 S cm–1. After implantation of the conductive polymer hydrogels into the rats of the spinal cord injury hemisection model, it was found that conductive polymer hydrogels can also activate the endogenous neurogenesis of NSCs in damaged areas (Figure 4B) and significantly restore their motor functions (Zhou L. et al., 2018). In addition, in a matrix with electrical conductivity, while promoting differentiation of NSCs into neurons, the differentiation into glial cells is inhibited (Wang et al., 2017; Zhou L. et al., 2018). When NSCs were co-cultured with PEDOT/Cs/gel and Cs/gel scaffolds, the relative gene expression levels of β-tubulin III and GFAP in cells with the PEDOT/Cs/gel scaffolds were approximately 2.76 and 1.96 times higher, respectively, than those in cells with the Cs/gel scaffolds (Wang S. et al., 2018).


[image: image]

FIGURE 4. Conductive hydrogels repair spinal cord injury (Zhou L. et al., 2018). (A) The possible mechanism for conductive hydrogel to promote tissue regeneration is to restore the interrupted spinal circuit through endogenous neurogenesis. (B) Immunohistofluorescence images of transverse spinal cord sections obtained from animals in the sham, injury, and hydrogel groups at 6 weeks. Scale bars = 200 and 100 μm, respectively. Figures reproduced with permission from the references listed.




CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The physical cues provided by biomaterial matrix have a significant effect on the behavior regulation of nerve cells and show considerable advantages. First, physical cues are quite economical and effective in the process of preparation and use. Second, in addition to a single physical cue, multiple physical cues can play a synergistic effect. Third, different physical cues have different regulatory focuses, and the biomaterial matrix can be personalized and tailored according to requirements. Suitable physical cues can not only provide a livable microenvironment for transplanted or autologous nerve cells but also synergistically improve the therapeutic effect with biochemical cues.

However, research on the regulation of neural cells by various physical cues is scarce and fragmented currently. We have a shallow understanding of the role played by different physical cues in the regulation process, and no definite consensus has been reached. The key questions remain unanswered, such as what is the most suitable conductivity for conductive materials, what happens to the most suitable electrical stimulation when conductivity changes, and whether the optimal stiffness of different materials is the same despite the lack of a comparative test. These are not conducive to the precise regulation of nerve cells, which may become uncontrollable factors in neural repair. In addition, NSCs differentiate into a large proportion of neurons and the longest neurite, which we are currently pursuing. However, during nerve repair, we should consider various factors to seek the best state after balancing in all aspects to achieve the best nerve repair effect. These questions are the directions we should strive to explore in the future.

Although we are still in the early stages of revealing the effects of physical cues on nerve regeneration, with the deepening of our understanding of nerve injury and the advancement of manufacturing technology, it is very promising to achieve excellent nerve repair in clinical practice.
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Advantages

e Safe, low-complication morbidity (Duteille et al., 2018)
o Mature technology

e Economical and accessible (Kling et al., 2013)

o Without risk of allergic reaction (Kling et al., 2013)

e Share the function of both lipofilling and regeneration
(Simonacci et al., 2017)

o Greater size of the transferred tissue (Mohan et al., 2016;
Abraham and Saint-Cyr, 2017)

e Adequate blood supplement and low possibility of weight loss
(Abraham and Saint-Cyr, 2017)

e Easy procedure
o Absorbable and less rejection reaction (Lemperle et al., 2003)

e Improved survival rate and reduced postoperative retention
(Laloze et al., 2018)

e Overcome the problem of capsular contracture and
complications (Hunsicker et al., 2017)

e Providing an opportunity of immediate breast reconstruction
(Salzberg, 2012; Hadad et al., 2015)

Disadvantages

o Xenobiotic immune reaction

e Capsular contracture (Prasad et al., 2019)

e Migration and extrusion (Coroneos et al., 2019)

o Graft absorption and retention (Strong et al., 2015)

e Unpredictable survival and durability (Strong et al., 2015)

e Requirement of adequate tissue of donor site (Mohan et al., 2016;
Abraham and Saint-Cyr, 2017)

e Large scars (Mohan et al., 2016; Abraham and Saint-Cyr, 2017)
e Time-consuming, expensive, and high requirement for surgeons
and the healthcare system (Alderman et al., 2011; Panchal and
Matros, 2017)

o High expenses

e Not used in large-volume reconstruction (Lemperle et al., 2003)
e Induction of adverse reaction such as inflammation (Ferneini and
Ferneini, 2016)

e The need for reinjection (Ferneini and Ferneini, 2016)

e The application is limited to small-volume fat grafting (Laloze
etal., 2018)

e High expenses (Glasberg, 2017)
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Abbreviation

BS/TV

BS/BV

Conn.D

SMI

Th.N
Tbh.Th

Th.Sp

Tb.Th.SD

Th.Sp.SD

DA

MIL

Variable

Total volume

Bone volume

Bone surface area
Bone volume fraction

Bone surface density

Specific bone surface

Connectivity density

Structure model index

Trabecular number
Trabecular thickness

Trabecular separation

Standard deviation of trabecular thickness

Standard deviation of trabecular separation

Degree of anisotropy

Mean intercept length

Description

Volume of the entire region of interest
Volume of the region segmented as bone
Surface of the region segmented as bone

Ratio of the segmented bone volume to the total volume of the
region of interest

Ratio of the segmented bone surface to the total volume of the
region of interest

Ratio of the segmented bone surface to the segmented bone
volume

A measure of the degree of connectivity of trabeculae normalized
by TV

An indicator of the structure of trabeculae; SMI will be O for
parallel plates and 3 for cylindrical rods

Measure of the average number of trabeculae per unit length

Mean thickness of trabeculae, assessed using direct 3D
methods

Mean distance between trabeculae, assessed using direct 3D
methods

Measure of the homogeneity of trabecular thickness, assessed
using direct 3D methods

Measure of the homogeneity of trabecular separation, assessed
using direct 3D methods

1 = isotropic, >1 = anisotropic by definition; DA = length of
longest divided by shortest mean intercept length vector
Measurements of structural anisotropy

The variables highlighted in bold are the minimal set of variables that should be reported when describing trabecular bone morphology.

Standard unit

mm?3
mm?
mm?

%

mm2/mm?

mm2/mm?

1/mm?3
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IHC target

CD31/PECAM-1

CD34

a-SMA

VEGF

Endomucin

ALP

Osteopontin

Type | collagen

Osteocalcin

Marker of

Angiogenesis

Angiogenesis

Angiogenesis

Angiogenesis

Angiogenesis

Osteogenesis

Osteogenesis

Osteogenesis

Osteogenesis

Description

Platelet endothelial cell adhesion
molecule (PECAM-1), or CD31,
is expressed by endothelial cells,
platelets and all leucocytes. It is
used as a biomarker for the
presence of epithelial cells and
for angiogenesis.

Expressed in haematopoietic
stem cells. Used as a biomarker
for vascular endothelial cells to
assess angiogenesis (Nielsen
and McNagny, 2008).
Alpha-Smooth Muscle actin is
highly expressed in vascular
smooth muscle cells which
facilitates its use as a biomarker
of angiogenesis.

Vascular endothelial growth
factor (VEGF) is a potent
simulant of angiogenesis. It
would be expected to be
upregulated in regions
undergoing active angiogenesis.
It also has effects on bone
remodeling with pro-migratory
and pro-proliferative effects on
osteoblasts and stimulates
osteoclasts via the RANK
pathway (Yang et al., 2012)

A marker of endothelial and
haematopoietic stem cells.

ALP is expressed early in bone
development and has is involved
with the early stages of
calcification and mineralization.
Osteopontin (OPN) is a
non-collagenous protein
component of extracellular bone
and is expressed early in
osteogenesis.

Type | collagen is a mid-to-late
target in investigating
osteogenesis. It is the
predominant protein in osteoid.

Produced exclusively by
osteoblasts and a major
non-collagenous component of
bone. Its expression peaks late
in osteogenesis.
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Stain

Haematoxylin

Eosin

Masson'’s trichrome

Toluidine blue

Van Gieson

Alizarin Red S

Calcein

Tetracycline

Target

Stains nuclei blue

Stains cytoplasm
pink

Stains collagen
blue/green

Stains
proteoglycans and
glycosaminogly-
cans

purple

Stains collagen red

Stains calcium
orange/red

Binds to calcium
ions

Binds to calcium

Description

Stains the chromatin in cell nuclei
dark blue. Also stains rough
endoplasmic reticulum,
ribosomes, collagen, myelin,
elastic fibers, and mucins.

Often used as a counterstain with
haematoxylin, together known as
H&E. Stains cytoplasm pink.

Variable three color staining
depending on the specific
application of the stain. Usually
produces: blue/green collagen;
red keratin and muscle fibers;
pink cytoplasm and black nuclei.

Stain color is produced by
metachromasia. High affinity for
DNA and RNA which are stained
blue. Stains proteoglycans and
glycosaminoglycans purple.
Combination of piric acid and acid
fuchsin. Differentiates collagen
from other connective tissue.
Known as HvG when combined
with haematoxylin and collagen
will appear pink.

Used to locate tissues with high
calcium content such as bone
Fluoresces green with
excitation/emission wavelengths
488 nm/520 nm, respectively.
Fluoresces yellow with
excitation/emission wavelengths
450-490 nm/529 nm. Localizes
to sites of active mineralization.
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A: bone bonding (Class B material)
B: non-bonding (low reactivity)

C: non-bonding (high reactivity)

D: non-bonding (non glass forming)

E: Class A bioactivity (Bioglass®
composition exists within this region)
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Materials Application Degradability Biocompatibility Regeneration Future
mechanism researchimprovement

Magnesium Mg promote nerve Yes Yes (1) contact guidance increase the number of
filaments regeneration animals

(2) the release of ion
may be ineffective
Mg (1) promote nerve — Yes (1) axon nerve overcome the problem of
regeneration in short regeneration a critical gap size
gaps
(2) cannot promote (2) formation of normal
nerve regeneration in blood vessel
long gaps
Mg, Al, Zn promote nerve - Yes (1) promote myelination explore the degradation
regeneration of magnesium
(2) inhibit the
inflammation
Magnesium Mg-10Li nerve regeneration ZN20 < NZ20 < Yes Mg-10Li and ZN20 (1) reduce cytotoxicity
alloy potential Mg-10Li make axon dense and caused by Mg?+
long
ZN20 Yes (2) adjust the released
amount of other ions
NZ20 No(cytotoxicity)

Mg-based Mg-Zn-Ca nerve regeneration Yes Yes control the corrosion carry out in vivo
metallic metallic potential experiment
glasses glass

system
Magnesium PEDOT on (1) nerve regeneration Yes - control the corrosion (1) co-deposition of other
with Mg potential coatings
surface
coating
(2) good adhesion (2) carry out in vivo
strength of PEDOT experiment
PEDOT/GO (1) nerve regeneration Yes Yes (1) control the corrosion (1) involve the release of
on Mg potential anti-inflammatory drugs
(2) build-up of negative (2) promote the (2) provide loci for
charges attachment and neurite surfaces functionalization
extension of primary
neuron
TA/PVPON (1) nerve regeneration Yes Yes (1) control the corrosion determine the
on potential concentration of other
Mgz0ZnosCay ions and their effects on
nerve cell
(2) self-healing ability (2) promote the
attachment of SCs
HA on a little nerve Yes Yes control the corrosion improve the flexibility of
WE43 regeneration in vivo conduits
Mg?2+- PGSM-Mg (1) promote SCs Yes Yes enhance the (1) involve the release of
improved adhesion and proliferation and drugs
biomateri- proliferation in vitro neural-specific gene
als expression of SCs
(2) sustained release of (2) favourable for
Mg2+ procession
PHBV with (1) nerve regeneration - Yes promote the growth of (1) carry out in vivo
MgQOl potential pPC12 experiment

(2) easily processing

(2) favourable for
procession

“—”means it did not be studied. NZ20: Mg-Sn-2Zn; ZN20: Mg-2Zn-Nd; PEDOT: Poly (3,4-ethylenedioxythiophene); GO: graphene oxide; TA/PVPON: tannic acid/poly (N-
vinylpyrrolidone); HA: hydroxyapatite; WE43: Mg, 3.78%Y,2.13%Nd,0.46% Zr; PGSM: poly(glycerol-sebacate-maleate); PHBV: poly (3-hyroxybutyric acid-co-3-hydroxyva-

leric acid); MgOl: magnesium-oleate.
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Materials Electrolyte Immersion Corrosion Corrosion characterisation
time resistance
Mg-10Li DEME 14 days i pH
DEME with FBS
ZN20 DEME 14 days 4 pH
DEME with FBS
Nz20 DEME 14 days N pH
DEME with FBS
Mg-Zn-Ca metallic glass system DMEM/F12 7 days 4 (1) icorr (A/cm?):crystallised
ribbon:7.94 x 10~%/relaxed
ribbon:5.24 x 106
(2) Ecorr(V/SCE):crystallised
ribbon:-1.38/relaxed ribbon: -1.21
PEDOT on Mg SBF - 1 icorr(A/cm?2):Mg:9.08 x 10~*/coated
Mg:6.14 x 105
PEDOT/GO on Mg PBS 22 days 1 (1) Magnesium ion release reduce 41.1%
(2) OH~ production decrease 43%
(3) icorr(A/cm?):Mg:49.6 x 10~ */coated
Mg:12.3 x 10~°
(4) Ecorr(V/SCE):Mg:-1.705/coated
Mg:-1.55
TA/PVPON on Mg7oZnsCay PBS 14 days % (1) Magnesium ion release reduce
@)
icorr(A/em?2):Mg70ZnpsCas:3.89 x 10~4
2 layers:3.24 x 10~7
5 layers:2.75 x 107
10 layers:3.16 x 107
(3) Ecorr (V/SCE):Mg70Zn26Cag:-1.22
2 layers:-0.26
5 layers:-0.20
10 layers:-0.22
HA on WE43 12 weeks (in vivo) 3 (1) maintain a well-integrated structure
(2) no gas formation
PGSM-Mg PBS 28 days % (1) amass loss of 22.5 + 3.3%
(2) Magnesium ion release 54.8 + 4.2%
(3) pH stable
PHBV with MgOI FBS 15 days i inhibit water inter-action and erosion

“—”means it did not be studied. NZ20: Mg-Sn-2Zn; ZN20: Mg-2Zn-Nd; PEDOT: Poly (3,4-ethylenedioxythiophene); GO: graphene oxide; TA/PVPON: tannic acid/poly (N-
vinylpyrrolidone); HA: hydroxyapatite; WE43: Mg, 3.78%Y,2.13%Nd,0.46% Zr; PGSM: poly(glycerol-sebacate-maleate); PHBV: poly (3-hyroxybutyric acid-co-3-hydroxyva-
leric acid); MgOl: magnesium-oleate; DEME: Dulbecco’s Modified Eagle Medium; FBS: 10 vol% foetal bovine serum; aCSF: artificial cerebrospinal fluid; PBS: phosphate

buffer solution; SBF: simulated body fluid.
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Fused deposition
modeling (FDM)

Extrusion-based

Bioprinting (EBB)

Stereolithography
(SLA)

Process

Heated polymer
was extruded and
hardened after
printing to form
solid construct
Bioinks containing
cells and biofactors
were extruded as
programmed and
were crosslinked to
form designed
structures

Polymer solidified
at focal points while
exposed to focused
light

Materials

PCL (Chen M. et al., 2019)
PLA (Gupta et al., 2020D)

PLA-PCL (Li et al., 2020e)
SF/gelatin (Bandyopadhyay and
Mandal, 2019)

Collagen (Filardo et al., 2019)
PU/PCL/me-dECM (Chae et al.,
2021)
PCL/gelatin/fibrinogen/HA/glycerol
(Sun et al., 2020)

GelMA, PEGDA, RNTK (Zhou et al.,
2020)

GelMA/methacrylated HA (Lam
etal., 2019)

GelMA/cECM (Chen et al., 2019)

Prons

Fast

Convenient
Repeatability
Needs no support
structure

Direct deposition of
cells and
biomolecules

High fabrication
accuracy
possibility to
fabricate complex
internal structures

Cons

High temperature
Poor surface
properties

Low resolution
Low mechanical
strength

Narrow material
selection

Limited material
selection

References

Moroni et al., 2018;
Agarwal et al., 2021

Qu et al., 2021

Corbel et al., 2011;
Agarwal et al., 2021

PEGDA, poly(ethylene glycol) diacrylate; RNTK, lysine-functionalized rosette nanotubes.
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3D printing
Crosslinking

3D printing
Blending

3D printing
Crosslinking

3D bioprinting

3D bioprinting

3D bioprinting

PLA/collagen-A-
ADA

PCL/GelMA (outer
region)/GelMA-Ag
(outer region)

PCL/DMECM-A

Collagen

PU/PCL/me-dECM

PCL/gelatin/fibri
nogen/HA/glycerol

400 pm
Young’s modulus:
130 MPa

Pore size: 810 + 40
wm Compressive
modulus: 150-400
kPa

Tensile modulus:
13-18 MPa

> 80%

>150 pwm
Compressive
modulus:

6.54 £+ 0.88 MPa
Tensile modulus:
34.64 + 2.34 MPa

Compressive
modulus:
3.49 4+ 1.28 MPa

Human UC-MSCs

Human
fiorochondrocytes

Rabbit MFCs

Human BM-MSCs

Human BM-MSCs

Goat BM-MSCs

In vivo
biocompatibility rat
model

Total medial
meniscectomy
rabbit model

Total medial
meniscectomy
rabbit model

Total medial
meniscectomy goat
model

Scaffold promoted proliferation,
activity and differentiation of
chondrocytes in vitro and
showed promising
biocompatibility in vivo after
implantation

Cell-hydrogel constructs
induced aggrecan expression
and produced a high ratio of
COL II/COL lin vitro

Hybrid scaffold improved MFC
proliferation and chondrogenic
mRNA expression in vitro and
showed regeneration of
superior meniscus and articular
cartilage protection in vivo

Provided an anatomically
shaped, patient-specific
construct with good cellular
biocompatibility

Scaffold exhibited favorable
biocompatibility and excellent
mechanical properties and
promoted the formation of
neofibrocartilage

Improved mobility with minor
articular cartilage degradation;
the regenerated meniscus
exhibited region-specific matrix
components and cell
phenotypes

Gupta et al., 2020a

Bahcecioglu et al.,
2019

Chen M. et al.,
2019

Filardo et al., 2019

Chae et al., 2021

Sun et al., 2020

3D, three-dimensional;, PGA, poly(glycolic acid);, HA, hyaluronic acid; DMECM, decellularized meniscal extracellular matrix; G, gelatin; Ch, chitosan; PLA, polylactic
acid; P(LA/CL), polylactic acid/caprolactone; PVA, polyvinyl alcohol; SF, silk fibroin; AESM, autoclaved eggshell membrane; UCM, unique combination of biomolecules;
PCU, polycarbonate urethane; PCL, poly(e-caprolactone); PEG, polyethylene glycol; A, alginate; ADA, oxidized alginate; GelMA, gelatin methacrylate; Ag, agarose;
PU, polyurethane; me-dECM, decellularized meniscal extracellular matrix. BM-MSCs, bone marrow-derived mesenchymal stem cells; AD-MSCs, adipose-derived
mesenchymal stem cells; ACs, articular chondrocytes; PDGF-BB, platelet-derived growth factor-BB; SM-MSCs, synovium-derived mesenchymal stem cells; UC-MSCs,
umbilical cord-derived mesenchymal stem cells; MFCs, meniscal fibrochondrocytes.
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Scaffold
fabrication
methods

Lyophilization

Lyophilization

Lyophilization

Blending
Lyophilization

Blending
Crosslinking

Injection molding

3D
wet-electrospinning

Coaxial
electrospinning

Coaxial
electrospinning

3D printing
Crosslinking
Lyophilization

Polymeric
materials

PGA/HA

DMECM/G/Ch

PGA/P(LA/CL)

sponge

PVA/SF (reinforced
and functionalized
by AESM and
UCM)

PVA/Ch

PCU

PCL/SF

PLA/collagen

PLA/PEG

PCL/SF

Biophysical
properties
[porosity (%),
pore size (Lm),
mechanical
properties)]

90% in the outer,
50% in the center
48.2 pm

Elastic modulus
(1% DMECM):
8.44 + 0.11 MPa
Compressive
modulus (50%
strain): ~5 MPa
Tensile elastic
modulus: ~20 MPa
87.5%

Mostly > 25 um
Compressive
modulus:

26.7 £ 0.13 MPa
Storage modulus:
14.8 MPa at 10 Hz
Viscous modulus:
3.8 MPa
120-160 um
Tensile modulus:
66.86 MPa (PVA)
110 MPa
(PVA/Ch8)
Compressive
modulus: 19.62
MPa

Pore size: 100-200
pwm

Compressive
modulus:

0.08 £+ 0.02 MPa
Tensile modulus:
12.6 + 2.2 MPa
Tensile modulus:
376 + 47 MPa

Tensile modulus

(10 mg/ml PEG):
~35 MPa
Compressive
modulus:

6.582 + 0.645 MPa
Tensile modulus:
13.402 +£ 3.119
MPa

Cell types/growth
factors

Human meniscal
cells

Rat BM-MSCs

Human meniscal
cells

Rabbit AD-MSCs
and ACs

Rabbit AD-MSCs

Human meniscal
avascular cells

Human meniscal
and synovial cells

Rat SM-MSCs

Animal models

Partial
meniscectomy
sheep model

Partial medial
meniscectomy mini
pig model

Biotoxicity rabbit
model

Total meniscectomy
rabbit model

Total medial
meniscectomy goat
model

Total medial
meniscectomy
rabbit model

Young bovine
meniscus explant
model

Total medial
meniscectomy
rabbit model

Results

Favorable biocompatibility and
increased expression of
meniscus-related genes in vitro
Repaired tissue rich in
proteoglycans and type |
collagen in vivo

Improved cell proliferation,
elastic modulus and cell viability
in vitro, with no cytotoxicity
Stimulated intrinsic and
extrinsic regeneration and
meniscal-like tissue formation

Supported cell proliferation and
secretion of ECM components
in vitro

Angiogenesis, biocompatibility,
and minimal inflammatory
response in vivo

Ch4 scaffold seeded with ACs
alone could repair meniscus
in vivo, while scaffold seeded
with AD-MSCs could not

Maintained surface and
geometrical integrity of the
implant, with cartilage damage
similar to that in the allograft
group

Promoted cell migration and
proliferation, increased
secretion of ECM components
in vitro

Substantial formation of new
meniscus-like tissue and
protection of cartilage
Excellent mechanical strength
Induced meniscogenic gene
expression and generated
meniscal tissue ex vivo
Addition of PDGF-BB
enhanced meniscogenic gene
expression in vitro

The scaffold provided a
favorable microenvironment for
SM-MSC migration,
proliferation, differentiation,
retention, and ECM production
in vitro

Enhanced the energy
absorption ability of the
meniscus and protected
chondrocytes in vivo
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Polymeric materials Types Advantages Limitations References
Natural Proteins Collagen Cytocompatibility Immunogenicity Patel et al., 2019
Capable of clinically use Weak mechanical strength
Gelatin Biocompatibility Unfavorable mechanical Echave et al., 2017; Zarif, 2018
Biodegradability properties
SF Flexible processability Immunogenicity Donnaloja et al., 2020; Li et al.,
Biocompatibility Poor cell adhesion 2020a
Capable of chemical modification
Thermal stability
Good mechanical strength
Polysaccharides Agarose Controllable self-gelation Low cell adhesion Zarrintaj et al., 2018; Salati et al.,
properties 2020b
Adjustable mechanical properties
Non-immunogenic properties
HA Enzymatic biodegradability Low mechanical properties Kim et al., 2011a; Donnaloja
Viscoelasticity Short degradation time et al., 2020; Silva et al., 2020
Capable of inducing
chondrogenesis
Chemically modifiable
Alginate Biocompatibility Poor cell attachment Difficult Lee and Mooney, 2012; Ogay
Abundant source sterilization et al., 2020
Easy gel formation
Chitosan Biocompatibility Long gelation time Levengood and Zhang, 2014;
Biodegradability Short in vivo degradation time Patel et al., 2019; Ogay et al.,
Bioadhesion 2020
Easy physical and chemical
functionalization
Synthetic Aliphatic polyesters PGA Excellent mechanical properties Potential adverse tissue reaction Gui et al., 2011; Cojocaru et al.,
Bioresorbability for polymer fragments 2020
PLA High mechanical strength Acidic products Gregor et al., 2017; Patel et al.,
Thermal stability Autocatalytic degradation 2019
Tunable properties
PLGA Tunable degradability Acidic byproducts LU et al., 2009; Zhou et al., 2012
Biocompatibility
PCL Biocompatibility Hydrophobicity Abedalwafa et al., 2013; Mondal
Biodegradability Limited cellular interaction et al., 2016; Silva et al., 2020
Others PEG Cytocompatibility No inherent functional Patel et al., 2019; Ogay et al.,
Hydrophilicity groups 2020
Non-immunogenicity
Biodegradability
PU Excellent mechanical properties Long-term duration Bharadwaz and Jayasuriya, 2020
and cytocompatibility
Thermoplasticity
PCU Flexibility Potential host tissue fusion failure ~ Abar et al., 2020
Biocompatibility in orthopedics
Biostability
PVA Biocompatibility Low protein adsorption Baker et al., 2012; Wiliams et al.,
Bioadhesion 2015
Non-toxicity
Non-carcinogenicity
Good forming ability
Easy manufacturing capability
PEO Limited cytotoxicity Fast degradation Kim et al., 2014
Decellularized materials DMS/DMECM  Rich cell adhesion and Poor mechanical strength Li et al., 2020a; Wang et al., 2020

biochemical cues Potential immunogenicity

HA, hyaluronic acid; SF, silk fibroin; PGA, poly(glycolic acid); PLA, poly(lactic acid); PLGA, poly(lactic-co-glycolic acid); PCL, poly(e-caprolactone); PEG, polyethylene
glycol; PU, polyurethane; PCU, polycarbonate urethane; PVA, polyvinyl alcohol; PEO, poly(ethylene oxide); DMECM, decellularized meniscal extracellular matrix; DMS,
decellularized meniscal scaffold.
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Requirement

Biocompatibility

Biodegradability

Biomechanical properties

Suitable porosity

Bioactivity

Tunable properties and
processibility

Description

Low immunogenic response and
toxicity of degradation products
Coordinated degradation rate with host
tissue regeneration

Ability to withstand high cyclic loads,
exceeding or matching the mechanical
strength of natural meniscal tissue
Sufficient porous architecture and
interlinked channels suitable for cell
filing, metabolism, and efficient transfer
of nutrients and wastes

Capability of maintaining chemical
stimuli to accelerate tissue ingrowth
Ease of fabrication and clinical
manipulation, resistance to long-term
creep deformation
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Human meniscus Tensile properties (Tissakht and Ahmed, 1995) Compressive properties (Sweigart et al., 2004)

Average radial tensile Average Average aggregate Average permeability
modulus (MPa) circumferential modulus (MPa) [10-15 m4/(N-s)]
tensile modulus
(MPa)
Medial Anterior 6.01 91.23 0.16 1.78
Central 10.47 76.82 0.11 1.54
Posterior 12.73 81.14 0.10 2.03
Lateral Anterior 9.03 108.27 -
Central 12.62 103.62

Posterior 13.36 123.09
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Property

Stiffness

Mechanical
tension

2D terrain

Electrical
conductivity

Biomaterial

HA

PDMS, laminin
Polyvinyl alcohol

Laminin-polylysine

PDMS

Oligonucleotide-crosslinked
ECM platform

PEG

Carbon nanotube, quartz
Laminin, fibronectin
PLGA

PDMS
PCL
PLGA
Fibrin
PLA

PVDF

PCL, PLA

PCL

PPy, DBS

TA, peptide amphiphile
Silver nanowire, PEG
IrOg, Ir

PEDOT, HA, Cs, gelatin
PANI, PS

Carbon nanotube,
graphene, Cs

PPy, PLGA, PCL
Carbon nanotube, PCL

Cell type

DRGs

Hippocampal neurons

Bone marrow stem
cells

Primary cortical
neurons

NSCs
NSCs

NSCs
Invertebrate neurons
NSPCs

E15 spinal motor
neurons

NSCs
PC12 cells
hNSCs
DRG

Schwann cells, motor
neurons, DRG

NSCs

Schwann cells

NSCs

hNSCs

PC12 cells

NSCs

NSCs, PC12 cells
NSCs

NSCs

Hippocampal neurons

DRG
PC12 cells

Result

The neural differentiation of NSCs has an optimal
range. Outside this range, the ability to differentiate
into neurons has decreased. The differentiation of
glial cells is stronger on the hard matrix. There are
also optimal ranges for neurite. In soft matrices,
there are relatively few neurite and shorter lengths.
In hard matrices, neurons have longer processes
and more branches.

Stretching increases the length of major neurite but
also reduces the number of protrusions per neuron.
The direction of neurite growth is parallel to some
extent to the direction of application of tension.

Larger fiber diameters are more conducive to neural
differentiation. In addition, the orientation of the
nanofibers allows the neurite to run parallel to the
nanofibers.

Electrical conductivity can promote the
differentiation of NSCs into neurons and glial cells
and can also inhibit the differentiation into glial cells.
It can also promote the growth of neurite.
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DRG, dorsal root ganglia; hNSCs, human neural stem cells; NSPCs, neural stem progenitor cells;, TA, tetraaniline; IrOq, iridium oxide; PS, polystyrene; DBS,

dodecylbenzenesulfonate; HA, hyaluronic acid; PDMS, polydimethylsiloxane; PU, polyurethane; PES, polyethersulfone; PVDF, poly(vinylidene fluoride).
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Up-regulated genes Down-regulated genes

Number Symbol/ Fold-change Number Symbol/ Fold-change

acronym (Logs FC) acronym (Log, FC)
1 SP7 +3.13 1 COMP —5.59
2 GLI1 +2.84 2 IGF1 —2.01
3 TNFS11 +2.67 3 SMAD1 —1.87
4 BMP3 +2.61 4 RUNX2 —1.62
5 CSF3 +2.57 5 CTSK —1.43
6 SMAD3 +2.24 6 ALPL —1.41
7 COL2A1 +1.90 7 COL5A1 —1.40
8 MMP9 +1.74 8 FGFR2 —1.39
9 MMP10 +1.61 9 BGN -1.38
10 CD36 +1.50 10 CDH11 —-1.37
11 BMP2 +1.42 11 CSF2 —1.30
12 TGFB3 +1.4 12 TWST1 —-1.25
13 SPP1 +1.38 13 BMPR2 —-1.19
14 NOG +1.33 14 COL1A1 —-1.19
15 ITGAM +1.24 15 IGF1R —1.07
16 ICAM1 +1.03 16 IGF2 —1.05

Alkaline phosphatase (ALP); biglycan (BGN); bone morphogenetic proteins 2 and 3
(BMP2 and BMP3); bone morphogenetic protein receptor type Il (BMPR2); cathep-
sin K (CTSK); cadherin 11, type 2 (CDH11); CD36 molecule (CD36); collagen type
| alpha 1 (COL1A1); collagen type Il alpha 1 (COL2A1); collagen type IV alpha
1 (COL5A1); colony-stimulating factor 2/3 (CSF2/3); cartilage oligomeric matrix
protein (COMP); fibroblast growth factor receptor 2 (FGFRZ2); GLI family zinc finger
1 (GL)); intercellular adhesion molecule 1 (ICAM1); insulin growth factors 1 and
2 (IGF1, IGF2) and its receptor (IGF1R); insulin growth factor 2 (IGF2); integrin,
alpha M (ITGAM); matrix metallopeptidases 9 and 10 (MMP9 and MMP10); Noggin
(NOG); runt-related transcription factor 2 (RUNX2); SMAD family members 1 and
3 (SMAD1 and SMADQ); transcription factor Sp7 (SP7), secreted phosphoprotein
1 (SPP1), transforming growth factor, beta 3 (TGFB3)/RANKL; TNF superfamily
member 11 (TNFSF11); twist family BHLH transcription factor 1 (TWIST1).
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Type of ion
incorporated

Copper

Silicon

Strontium

Magnesium

Boron

Type of biomaterial

Chitosan doped with
copper

Chitosan and alginate
doped with copper
nanoparticles

Siica-hybridized collagen
hydrogels

Silicon nitride coated
Polyetheretherketone

Siicon oxynitride coated
wafer

PCL fivers <+ Sr carbonate
nanoparticles

Strontium-coped borate
BAG particles and
chitosan

Colagen-strontium-
substituted
HA

PLA-magnesium particle
composite
Bisphosphonate-
magnesium NPs within
hyaluronic acid hydrogel
Boron doped HA coated
chitosan scafold
Boron-doped chitosan
nanoparticles within
chitosan scaffolds

lon
incorporation
methodology

lon crossiinked
hydrogel

Nanoparticle
loaded polymer

lonic solution
within liquid phase

Bioactive coating

Bioactive coating

Ceramic loaded
polymer

Ceraric loaded
polymer

Ceramic loaded
polymer

Mg particles within
PLA solution
Dissolution with
ion containing
solutions

Ceramic loaded
polymer
Nanoparticles
loaded polymer

Content of ion
incorporated

62.51M per scaffold

00635 mg copper NP
permL.

90:10 and 80:20 weight
ratio (collagen to TMOS)

N/A

N/A

10:and 20 wt%
(Strontium NPs to
polymer)

BAG-Sr: 9% molar ratio
(Strontium to BAG ion
content)

29 of BAG-Srin 1ml

of chitosan

Sr-HA: 100% substitution
(Strontium to Calcium)
0.2g of SrHAn 0.8ml
of collagen

2and 5 wi% (Magnesium
toPLA)

10, 100 and 250 mM

10mg HsBO3 per 100mL

300 g Boron in 150 pL.
scaffold

lon release rate
or amount of ion
released

N/A

~1-35 pM*

~ 641-1068 uM*

~ 11-93 uM*

~36-142 pM*

~ 114-685uM (10
wt%)"

=~ 28457 M
(20% wi)*

11-342 pM*

N/A

3680-4590 pM*

10.000-100.000
M

N/A

~1.4-7.4 pM*

*The minimum and the maximum amount released during the experiment (based on cell culture media change timepoints).
BMSC, bone mesenchymal stem cells (mBIMSC, mouse; hBMSC, human; rBMSC, rat); AL akaline phosphatase activity; COLT, colagen type I: OPN, osteopontin; Runx-2, Runt-
related transcription factor 2; LOX, lysyl oxidase; OCN, osteocalcin; PCL, poly(e-caprolactone); HA, hydroxyapatite; BAG, bioactive gless; ECM, matrx; PLA, polyiectic acid; TCP
Trcalcium phosphate; BSP, Bone sialoprotein; NP nanopartiles; BMP-2, Bone morphogenatic profein 2.

tincrease.

Effect on osteogenesis

+ Mineralized tissue formation
1 Hard tissue ingrowth

1 Bone volume

1 ALP activity

1 COL1, OCN expression
tcalcium deposition

1 Bone mineral density

4 Total bone volume

+ Mineralization

1 Runx2, OPN,

BSP expression

1 ALP, OPN, OCN, Runx2
expression

1 Runx2, OCN, COL1
expression

1 Mineralization

1 Bone volume formation
4 Mineral deposition

1 BMP-2, Osterix,

Runx2 expression

1 Runx2, OCN, BMP-2, COL1,
BSP expression

* Bone formation

1 Bone implant contact

1 Bone formation
1 Deposition of ECMin the
bone defect region

1 Cell spreading and
mineralized nodules

4 Runx2, ALP, COL1, OCN
expression

+ New Bone Volume

1 COL1 and OPN expression

1 ALP activity
4 COL1, OON,
OPN expression
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Type of ion
incorporated

Copper

Zinc

Boron

Lithium

Type of
biomaterial

317L-Cu stainless
steel

317L-Cu stainless
steel

Pure zinc rods

Zinc fon implanted
titanium

Zinc incorporated
TiO2 coating

B-containing
coatings on Ti
substrates
Lithium coating on
titanium scaffolds

lon
incorporation
methodology

lon doping

lon doping

Integrated
within metal
composition

Bioactive
coating
Bioactive
coating

Surface
treatment

Surface
coating

*Total amount released at the end of the experiment.

*The minimum and the maximum amount released during the experiment (based on cell culture media change timepoints).

Content of
ion
incorporated

4.5 wt% of
total 317L.

4.5 wt% of
total 317L

100% Zinc
matrix

NA

Atomic
concentration
of zinc:
7.38-16.75%

002M
NaoB;O;- 10H,0

0.02M LiCl

lon release
rate or amount
of ion released

0.067 M per
hour

0.137ng/om?/day

NA

1.83-3.98 uM"

3.82-15.30 uM*

3.7 pM*

0.43-1.44 uM*

Effect on osteogenesis

1 ALP activity
1 COL1, OPN, Runx-2
 Proliferation

+ Bone formation

+ ALP and LOX activity

+ Runx-2, COL1 and OPN
expression

+ Fracture healing

1 ALP staining and activity
+ Mineralization

1 ALP, COL1,

OPN expression

1 ALP activity

+ Mineralization

1 ALP activity

+ OCN, ALP, Col I, OCN,
Runx2 expression

+ Mineralization

 ALP activity

1 ALP, OPN, OCN, COL1,
Runx2 expression

+ Bone ingrowth

+ Mineralization

References

Renetal., 2015

Wang L. etal.,
2017
Zhuetal., 2017
Jinetal, 2014
Qiaoetal.,
2014

Ying etal.,
2018

Liu etal., 2018

BMSC, bone mesenchymal stem cells (hBMSC, human; rBMSC, rat); ALF, alkaline phosphatase activity; COL1, collagen type I; OPN, osteopontin; Runx-2, Runt-related transcription

factor 2; LOX, ysyl oxidase; OCN, osteocalcin

tincrease.
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Type of ion  Type of biomaterial fon Content of ion lonreleaserate or  Effect on osteogenesis  References

incorporated incorporation  incorporated amount of ion released
methodology
Copper Mesoporous bioactive glass ~ Solid block 5% molar ratio (Copper ~ ~2408 pM* TALP, OPN, OCN expression  Wu et al., 2013
sintering to Calcium and Silicon)
Caloium polyphosphate Solid block 0.1 % molar ratio NA 1 ALP, OCN expressionand  Li Y. et al., 2018
doped with copper sintering (Copper to Calcium) calcium node
1 New bone area
Bioactive silicate (13-93) Solid block 2 wt% [CuO to silicate ~ 16-222 pM* | proliferation and ALP activity Lin et al., 2016
doped with copper sintering (13-93) 1 bone formation
Cobalt Hydroxyapatite doped with  lonic solution 1 %wt (cobalt to calcium) 0.14 uM* 1 Cell proliferation Kulanthaivel
cobalt within liquid phase 1 Runx-2, Osterix expression et al., 2016
Hydroxyapatite nanoparticles ~ Solid block 12 W% (cobalt to NA 1 Mineralization rate Ignjatovic et al,
doped with cobalt sintering calcium) + Density and bone surface 2015
Nanoparticles of Solid block 5and 12 wt% (cobaltto N/A | Viabilty Ignjatovié et al,
cobalt-substituted sintering calcium) + Osteogenesis 2013
hydroxyapatite + Bone density
Silicon Mesoporous SIO; lonic solution 100% silicon matrix ~35-141 M 1 ALP activity Maoetal.,
microparticles within liquid phase + COL1, OCN, 2017
OPG/RANKL expression
Ca-Mg-Si containing Precipitation N/A 1908-9446 puM* + ALP activity Zhai et al., 2013
bioceramics 1 Col |, OCN, ALPase, OPN,
OCN expression
Zinc Zinc containing tricalcium Sintering 45 mmol ZnCI2 per 100g =~ 31 v 1 ALP activity Luoetal., 2014
phosphate TcP + Bone formation
Zinc doped mesoporous  Sintering 0.05 molar ratio ~ 86 uM" + Runx2, ALP, OCN Yuetal, 2017
hydroxyapatite microspheres expression
+ New bone area
Strontium 4585 bioactive glass Solid block 50 and 100% molar ratio N/A 1 ALP, COL1, OCN expression Santocildes-
sintering (Strontium to calcium) Romero etal.,
2015
HA doped with strontium Precipitation 10% molar ratio 110pM No osteogenic effect Chandran et al.,
(Strontium to Calcium) 2018
Bone ceramic + Physisorption +  10% molar ratio NA + ALP activity LiJ. etal., 2018
strontium-substituted nanoHA sintering (Strontium to Calcium) + Runx2, OCN expression
coating + New bone formation
B-TCP + strontium-containing Solid block 5,10, 15 mass fraction  ~ 3-14 pM* + ALP activity Tian et al., 2018
phosphate-based glass (SPG) sintering (SPG to B-TCP) 1 OPN, OCN expression
| osteoclastic activity
Strontium-substituted calcium Solid block 5,10and 20% molar 457 uM (%) + ALP activity Zengetal,
phosphate silicate bioactive  sintering ratio (SrCOj3 to Calcium, 1,484 uM (10%)# 1 Runx2, OCN, OPN, BSP 2020
ceramic Phosphate and Silicon) 2,968 WM (20%)# expression
+ Mineralization
+ New bone formation
Magnesium  Macroporous HA/Ca/Mg ~ Sintering Immersion in 75000uM 2000 uM* 1 ALP, COL1, OCN, OPN Chuetal., 2018
scaffold Mg?* solution before expression
sintering
Calcium phosphate cement  lonic solution 1:2 molar ratio 2000-2500 uM* 1 COL1, ALP, OCN expression Zhang J. et al.,
combined with magnesium  within liquid phase (CaHsP204 to MgO) 2015
Boron B-mesoporous bioactive glass Solid block 10% molar ratio (Boron & 765 uM* + COL1, Runx2, ALP,OCN  Wu etal, 2011;
sintering to Silicon, Calcium and expression Yinetal., 2018
Phosphate) + Mineralization
+ New bone formation
Lithium Lithium doped mesoporous  Sintering 5% wt (ithium to sificon)  ~ 857 uM* 1 ALP activity Zhang et al.,
silica nanospheres (0.5mg/ml nanospheres) 1OPN, Runx2, ALP, 2018
OCN expression
Lithium-cloped calcium onic solution 0.3 mifg of 50 and 3,571 M (50mM LiC)" 1 ALP activity Lietal, 2017
phosphate cement within solid phase 100 mM LiCl solution 7,143 WM (100mM  Mineralization
Licy * 4 COL1, OCN, OPG, Runx2

1 New bone formation

#Total amount released at the end of the experiment.

*The minimum end the maximum amount released during the experiment (based on cell culture media change timepoints).

BMSC, bone mesenchymal stem cells (mBMSC, mouse; hBMSC, human; rBMSC, rat); AL, alkaline phosphatase activity; COL1, collagen type I OPN, osteopontin; Runx-2, Runt-
related transcription factor 2; OCN, osteocalcin; RANKL, Receptor Activator for Nuclear Factor « B Ligand; HA, hycroxyapatite; TCP, Tiicalcium phosphate; BSP, Bone sialoprotein;
OPG, osteoprotegerin.

tincrease; |decrease.
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