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Low-back and neck-shoulder pains caused by intervertebral disk degeneration are highly prevalent among middle-aged and elderly people globally. The main therapy method for intervertebral disk degeneration is surgical intervention, including interbody fusion, disk replacement, and diskectomy. However, the stress changes caused by traditional fusion surgery are prone to degeneration of adjacent segments, while non-fusion surgery has problems, such as ossification of artificial intervertebral disks. To overcome these drawbacks, biomaterials that could endogenously regenerate the intervertebral disk and restore the biomechanical function of the intervertebral disk is imperative. Intervertebral disk is a fibrocartilaginous tissue, primarily comprising nucleus pulposus and annulus fibrosus. Nucleus pulposus (NP) contains high water and proteoglycan, and its main function is absorbing compressive forces and dispersing loads from physical activities to other body parts. Annulus fibrosus (AF) is a multilamellar structure that encloses the NP, comprises water and collagen, and supports compressive and shear stress during complex motion. Therefore, different biomaterials and tissue engineering strategies are required for the functional recovery of NP and AF based on their structures and function. Recently, great progress has been achieved on biomaterials for NP and AF made of functional polymers, such as chitosan, collagen, polylactic acid, and polycaprolactone. However, scaffolds regenerating intervertebral disk remain unexplored. Hence, several tissue engineering strategies based on cell transplantation and growth factors have been extensively researched. In this review, we summarized the functional polymers and tissue engineering strategies of NP and AF to endogenously regenerate degenerative intervertebral disk. The perspective and challenges of tissue engineering strategies using functional polymers, cell transplantation, and growth factor for generating degenerative intervertebral disks were also discussed.
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INTRODUCTION
According to research statistics, 80% of people worldwide have experienced low-back pain in their lifetime (DALYs and Collaborators, 2017). This kind of pain, in severe cases, can radiate to the whole lower limbs, seriously affecting people’s quality of life and work ability while causing a huge medical burden; this disease has become a global social and economic problem (March et al., 2014), and the main cause of this problem is intervertebral disk degeneration (Hoy et al., 2015). For this disease, the current mainstream treatment can be divided into nonsurgical and surgical treatments. Among them, non-surgical treatment methods mainly include drug and physical therapies. The prevailing view is that the causes of low-back pain caused by disk degeneration include an acidic environment caused by local inflammation, nerve root compression due to nucleus pulposus (NP) herniation or disk collapse, and ectopic sensory nerve fibers and blood vessels growing into the annulus and NP (Bailey et al., 2013; Binch et al., 2015; Lama et al., 2018). However, the most important reason is the local inflammatory environment, which is why low-back pain can be effectively ameliorated in the early stage of intervertebral disk degeneration using only NSaids, although there is still no NP herniation. Physical therapy is also thought to be effective in improving low-back pain caused by disk degeneration, and some animal studies have elucidated some of the mechanisms involved. Gawri et al. found that moderate exercise can boost the synthesis of intervertebral disk cells, but excessive exercise can break them down and promote inflammation (Gawri et al., 2014). Gullbrand et al. found that circulating compression and stretching of intervertebral disks can improve the viability of intervertebral disk cells by increasing nutrient transport, thus achieving the effect of physical therapy (Gullbrand et al., 2015). Although some studies have proven the effectiveness of drug and physical therapies, it is difficult for these nonsurgical treatments to achieve significant effects in some patients with severe degeneration because of the obvious inflammatory environment and irreversible cell senescence. At present, for patients with severe degeneration, surgical treatment is still the first choice. The mainstream surgical methods are minimally invasive lumbar discectomy and lumbar open surgery. Although surgery can relieve the symptoms of low back pain, there are problems of long recovery time, high treatment cost, and the possibility of complications such as adjacent segment degeneration and pain recurrence (Ghiselli et al., 2004; Eliasberg et al., 2016; Li et al., 2021). In general, the current mainstream treatment is aimed at the symptoms of treatment but cannot effectively restore the function of the intervertebral disk; therefore, how to restore the original biological and physical function of the intervertebral disk is the focus of scientists’ efforts. Currently, several methods to promote disk regeneration have been reported, including total disk replacement (Takeoka et al., 2020), cell therapy (Hu et al., 2018; Peredo et al., 2020), and gene therapy (Feng et al., 2015; Feng et al., 2020). These new treatments, designed to fully restore or mimic original disk function, show great potential for development. Unlike most reviews, this study first reviews intervertebral disk anatomy and the pathophysiological process of intervertebral disk degeneration, and based on this process, introduces the body’s requirements for regenerative materials. Then, we discussed how the hot materials for regeneration of NP, AF, and cartilage endplates discovered by researchers in recent years are working towards this demand. At the same time, we also analyzed the gap between the current research status and the ideal goal, and proposed that the intervertebral disk should be regarded as an integral movement unit to study its materials in the future, and also briefly introduces the research progress of the overall intervertebral disk regeneration strategy. At present, most review publications of the intervertebral disk regeneration choose to focus on one of the nucleus pulposus or the AF. In comparison, this study can better help researchers to comprehensively understand the materials’ hotspots and provide help for exploring the overall regeneration strategy of intervertebral disk.
INTERVERTEBRAL DISK STRUCTURE AND FUNCTION
The spinal column is one of the most important bone structures in the human body. It protects the spinal cord, supports body weight, slows impact, and allows flexible movement of the trunk. The spine comprises vertebral bones and intervertebral disks (Figure 1). Intervertebral disks, joints between vertebral bones, ligaments, and muscles around them, constitute the most basic motion units of the spine, and intervertebral disks play the most important role in this process. Although many studies have explored intervertebral disk regeneration, its various structure are discussed separately. However, since a unified movement of any part of the overall structure and function of the anomalies is likely to induce the occurrence of low-back pain, we need to understand the various parts of physiology, anatomy, and pathophysiology characteristics, look for differences and commonness among components. It will be convenient to formulate a perfect regeneration plan for the whole structure.
[image: Figure 1]FIGURE 1 | Overview of pathophysiology of intervertebral disk degeneration and biomaterials for intervertebral disk repair. The pathophysiological causes of intervertebral disk degeneration shown on the left of the figure include circadian rhythm disorder, cell biology, inflammatory response, abnormal autophagy. The biomaterials for intervertebral disk repair shown on the right of the figure include nanofiber material, hydrogel material, biomaterials for cell therapy and gene therapy.
The disk comprises a gelatinous NP, a fibrosus ring surrounding the NP, and a cartilaginous endplate next to the bones of the upper and lower vertebrae, which together bear the complex load caused by compression, extension, bending, and rotation of the spine (Roberts et al., 2006). Although these structures cooperate to accomplish the same task, their functions, compositions, and properties quite differ, and even the components of the inner and outer annulus fibrosus (AF) differ.
NP is located at the disk center; its composition slightly changes with age, and it mainly comprises water, type collagen Ⅱ and elastic protein fiber, protein, polysaccharide, and notochord cells. As aging progresses, notochord cells completely degrade and are replaced by a sample of cartilage cells; concurrently, the collagen fibers begin to pair together; thus, NP by liquid becomes cartilage. However, water still occupies about 85% of the volume, making it viscoelastic and having compressive deformation resistance. NP plays an anisotropic uniformity in absorbing and diffusing stress, and diffuses the pressure to the AF through deformation, thus alleviating the impact on the lower vertebral body (Iatridis et al., 1997). Chondroid cells are metabolically active cells in NP and can synthesize extracellular matrix (ECM) components, such as collagen and proteoglycan. It plays a role in maintaining the balance of the internal environment and is the main element in preventing intervertebral disk degeneration (Akkiraju and Nohe, 2015). Elastin fibers and proteoglycan synergize to maintain collagen activity and restore disk size and shape (Mouw et al., 2014).
AF is a kind of acellular and vascularless structure, mainly including fibrochondrocytes and chondrocytes, which are like fibroblasts in morphology. Its ECM components transition smoothly from inside to outside. The outer layer comprises mainly type I collagen, while the inner layer primarily comprises type II collagen (Guerin and Elliott, 2007). Type II collagen is hypoxic, hydrophilic, and proteoglycan rich, which is consistent with the physics of the hard outer layer and soft inner layer of the AF, which act as the outer layer to bind the NP during bending and twisting. The inner layer binds the NP during axial compression (Eyre and Muir, 1976). From a morphological viewpoint, the AF comprises 15–25 concentric annular lamella, constituting mainly neatly arranged bundles of collagen fibers. The direction of these collagen fibers is 30° to the horizontal plane (Humzah and Soames, 1988). These layers are filled with an interlaminar matrix comprising elastic fibers, cells, water, lipids, and proteoglycans. Proteoglycans including aggrecan, lubricating oil, GAGs, biglycan, decorin, perlecan, versican, etc., are responsible for lubrication and hydration. The cell morphology in the interlaminar matrix varies, from round to spindle and from center to periphery, which are related to the direction and density of elastic fibers, and the direction and magnitude of the load on the adjacent layers. The interlaminar stroma between the different layers is interconnected, connected by dividing boundaries, and comprises a dense elastic fibrosus structure consistent with the AF role in resisting NP expansion.
The cartilaginous endplate is a thin hyaline layer of cartilage, approximately 0.6–1.2 mm thick, with the thinnest and most porous central region (Zehra et al., 2015; Berg-Johansen et al., 2018). Regarding composition, the area adjacent to the cartilage endplate and AF has higher collagen, lower proteoglycan, and lower water contents than the NP (Roberts et al., 1989). Although the AF and the NP and cartilage endplate are anatomically distinct, their fine structures cross each other. The collagen fibers in the AF close to the NP are continuous with the collagen fibers in the cartilage endplate, which helps to reduce excessive concentrations of stress, such as disk stretching, compression, and shearing, and prevent irreversible disk damage (Berg-Johansen et al., 2018). The cartilaginous endplate also acts as a medium for transferring forces in multiple directions between the disk and vertebral body. The cartilage endplate distributes the hydrostatic pressure generated by the NP evenly on the surface of the vertebral body to prevent the NP from expanding locally into the vertebral body. In addition, since the intervertebral disk is the largest vascularless structure in the human body, the blood vessels in the vertebral body are its main source of nutrition, and the capillary network formed by the aorta through all branches forms a capillary loop at the junction of the cartilage endplate and the intervertebral disk (Ashinsky et al., 2021). Therefore, the cartilage endplate is considered the main way for nutrition and waste to be transported to the vertebral body (Figure 1). With aging and degeneration, the cartilage endplate will undergo some composition changes, which will reduce permeability and limit the transportation of nutrients, and is considered one of the reasons for intervertebral disk degeneration (Schroeder et al., 2017).
PATHOPHYSIOLOGY OF INTERVERTEBRAL DISK DEGENERATION
The height and internal osmotic pressure of intervertebral disks will change under load bearing and resting states (Menon et al., 2021), which is mainly caused by day and night activities and the rest of human body. Interstitial fluid also flows in response to this differential pressure change, resulting in nutrient and metabolic exchanges to maintain intervertebral disk homeostasis (van der Veen et al., 2007). Disruption of circadian rhythms, however, may increase the risk of disk degeneration (Figure 1) (Dudek et al., 2017). Most intervertebral disk cells are nourished by capillaries from the vertebral body. With the deterioration of the intervertebral disk, bone marrow cavity occlusion leads to loss of contact between capillaries and cartilage endplate, and calcification of cartilage endplate increases (Benneker et al., 2005; Hristova et al., 2011).
Intervertebral disk degeneration can induce various cell biological changes, including cell type changes, cell density changes, cell apoptosis, cell proliferation, cell senescence, and cell phenotype changes (Figure 1) (Zhao et al., 2007). Notochord cells are a kind of cell existing in the early stage of human development. As humans grow, notochord cells are replaced by NP cells, suggesting that the onset of intervertebral disk degeneration may be related to the disappearance of notochord cells (McCann et al., 2012). Induction of pluripotent stem cells into notochord cells by injection has also been shown to reduce intervertebral disk degeneration in pig models (Sheyn et al., 2019). The density of NP cells in degenerated disks decreased compared to normal disk tissue (Liu C. et al., 2020). Since excessive mechanical load can induce apoptosis of NP-derived stem cells, some people try to delay intervertebral disk degeneration by anti-apoptosis (He et al., 2021), and promoting NP cell proliferation has also been proven to inhibit intervertebral disk degeneration (Cui et al., 2020). In recent years, with the deepening of research, the phenotypic characteristics of NP cells and the relationship between cell senescence and intervertebral disk degeneration have gradually been considered (Choi et al., 2015; Zhang Y. et al., 2020).
As aging increases, the occurrence of intervertebral disk degeneration is more and more likely (Cheung et al., 2009), and the most common clinically related symptom is low-back pain. According to existing studies, the cause of pain is most likely to be inflammation (Figure 1) (Lyu et al., 2021). Tessier et al. found significant pro-inflammatory pathway changes and age-related disk degeneration in a mouse that was deficient in a protein associated with embryonic disk development (Tessier et al., 2020). Chen et al. found that melatonin can delay the progression of disk degeneration and relieve associated low-back pain by studying its anti-inflammatory effect in vivo (Chen et al., 2020).
Recent studies have suggested that intervertebral disk degeneration is also associated with autophagy inhibition (Figure 1) (Lan et al., 2021). Autophagy plays a role in maintaining the homeostasis of the internal environment (Mizushima, 2007). It can meet metabolic requirements through lysosomal degradation and recovery of cell products, and protect cells by removing damaged organelles and misfolded proteins. Autophagy is also associated with other factors that may affect intervertebral disk degeneration. Circadian rhythms may maintain appropriate autophagy to prevent disk degeneration, while abnormal circadian rhythms may induce excessive autophagy and autophagy dysfunction to cause disk degeneration (Zhang T.-W. et al., 2020). Chen et al. found that by triggering autophagy, cell senescence and apoptosis could also be decreased, ultimately improving intervertebral disk degeneration (Chen et al., 2018). In subsequent studies, many people have reduced cell senescence and apoptosis by upregulating autophagy, thus maintaining intervertebral disk repair and delaying degeneration (He et al., 2021; Hu et al., 2021).
BIOMATERIALS FOR NUCLEUS PULPOSUS REPAIR
Nanofiber Material
The disk function depends on NP flexibility and AF toughness. Nanofiber material is a new type of biological material manufactured by stretching method, template synthesis, self-assembly, microphase separation, electrostatic spinning and other methods on the basis of various artificial polymers. Among them, the electrospinning method is widely used in the preparation of medical materials due to its advantages of simple operation, wide application range, and relatively high production efficiency. Because of its highly adjustable shape and structure, it often has excellent mechanical properties. Therefore, how to improve the biological stability of such materials is the focus of attention of researchers. Polyurethane (PU) series of biomaterials can adjust elasticity by changing the composition of monomer units and the block size of different monomers in the polymer chain. Among them, polycarbonate (PC) PU shows better biological stability and can be used as a good material to replace the NP and repair intervertebral disk. A dual-phase PU stent comprising a core material with rapid swelling properties and a flexible electrospinning shell has been prepared and implanted into bovine intervertebral disks, restoring the mechanical properties of enucleated disks and showing the potential to delay further degeneration of natural disk tissue (Li et al., 2016). As cell behavior is affected by ECM characteristics, biomaterials that mimic ECM characteristics are generally beneficial to cell growth (Nesti et al., 2008; Kaur and Roy, 2021), and nanofiber scaffolds have unique physical characteristics that provide favorable cell-matrix cues to enhance cell activities (Figure 1) (Li et al., 2006). Zhang et al. developed a new type of nanofiber sponge microspheres (NF-SMS) with interconnected pore structure, which mimics the ECM protein fiber (Zhang et al., 2015), and has been proven to help mesenchymal stem cell adhesion, proliferation, and np-like differentiation, and the interconnected pores can effectively accommodate cells, promote transmitter transmission, and new ECM formation (Feng et al., 2020).
Hydrogel Material
Hydrogels can be prepared by physical crosslinking (through hydrophobic interaction, hydrogen bonding, electrostatic force, etc.) or chemical crosslinking (through covalent bonding). According to the source of hydrogels, it can be divided into three categories: natural, synthetic and composite hydrogels. Among them, natural materials include fibrin, alginate, chitosan, etc., which have great advantages in biocompatibility and low cytotoxicity, and thus are widely used in nucleus pulposus regeneration and repair. (Figure 1). However, its mismatched mechanical properties lead to the failure of the implant in the late stage of disk degeneration due to structural damage caused by long-term compression. Therefore, how to improve the mechanical properties of hydrogels is the focus of researchers. Gan et al. developed an interpenetrating network (IPN) reinforced and toughened hydrogel for NP regeneration, which has advantages such as NP-like mechanical properties and high toughness. The encapsulation of NP cells into the hydrogel clearly showed enhanced cell proliferation, natural cartilage formation phenotype, and ECM secretion. In vivo studies have also verified that IPN hydrogels can support cell retention and survival for a long time, thus promoting the rehydration and regeneration of degraded NP (Gan et al., 2017). Although the stiffness and toughness of the double network hydrogels were significantly improved, the long preparation time or continuous preparation made in situ curing difficult. The use of composite hydrogel is an alternative method, which has higher stiffness and strength, but also retains the characteristics of one-step hydrogel preparation, shortens the curing time, and is suitable for in-situ insertion. Schmocker et al. developed a composite hydrogel with functional properties like those of natural bovine NP. Disk height was restored from 65.6 to 99.0% in an in vitro study and remained the same after 500,000 loading cycles. Fifteen days after implantation, a continuous, undisturbed tissue/implant interface was observed histologically. This kind of composite hydrogel with excellent mechanical properties has great potential for clinical application (Schmocker et al., 2016).
The degeneration of the nucleus pith is characterized by loss of hydration and tissue sclerosis. Histologically, decreased cell density, loss of sulfated glycosaminoglycans (sGAGs) and type II collagen, and an increase in type I collagen can be observed. In response to this, Chiara Borrelli et al. proposed that the production of sGAG could be increased by adding chondroitin sulfate to the hydrogel, and found that its presence is critical to the synthesis of type II collagen.(Figure 2) The phenotype of the notochord-like NP cell population changes to a more fibroblast-like state (Chen et al., 2009; Risbud et al., 2015). Previous studies have shown that laminin 111 functionalized soft polyethylene glycol (PEG) substrate can re-express the juvenile phenotype of degenerative nucleus pulpocytes, suggesting that soft substrate plays a role in phenotypic recovery of degenerative nucleus pulpocytes (Gilchrist et al., 2011; Francisco et al., 2014; Fearing et al., 2019). However, in the study of NP-derived stem cells (NP-SCs), Navaro et al. found that cell proliferation and differentiation were independent of matrix hardness in the study of NP-SCs but emphasized the influence of matrix modulus on the fate of NP-SCs (Navaro et al., 2015). In a recent study, Barcellona et al. confirmed this point. We developed a dipeptide-functionalized hydrogel scaffold with adjustable mechanical properties and adherent ligand presentation to control NP cell morphology and phenotype. In experiments, it was demonstrated that strict control of peptide selection and peptide presentation induces younger NP cell phenotypes regardless of substrate hardness, so it could be adhesion ligand presentation that really affects the phenotypes of nucleus pulpocytes (Barcellona et al., 2020).
[image: Figure 2]FIGURE 2 | (A) The injection of Hydrogels in the rat model of IVD degeneration ((A) Adapted from Borrelli and Buckley (2020)) (B) The function provided by hydrogel in the regeneration of IVD degeneration, including modulating local inflammation, romoting nucleus pulposus cells proliferation, and regeneration of the intervertebral disk (IVD) (C,D) Synthesis of sGAG was found to be dependent on the initial gel composition, with significantly more sGAG being deposited by cells in gels containing higher initial sGAG. (E) The sGAG/collagen ratio was found to increase linearly with increasing CS present in the initial gel composition. ((B–E) Adapted from Bian et al. (2021)).
Loss of nutrients from the stent limits its effectiveness in promoting disk regeneration. Studies have shown that NP cells need oxygen and other nutrients to synthesize matrix molecules, and different oxygen concentrations also affect the composition ratio of ECM (Mwale et al., 2011). Sun et al. used perfluorotributylamine (PFTBA) to regulate oxygen without affecting alginate. The survival and proliferation of human NP cells cultured in PFTBA-rich alginate scaffolds were enhanced, and the ECM was modulated in intervertebral disk tissue. Disk height and ECM were restored in a mouse model of intervertebral disk degeneration, showing beneficial effects in alleviating intervertebral disk degeneration (Sun et al., 2016).
Gene Delivery Biomaterials
After NP degeneration, phenotypic changes of NP cells resulted in an imbalance of ECM anabolism and catabolism. Current treatment methods, such as symptomatic treatment or surgical treatment, can relieve symptoms in the short term but cannot solve the fundamental problem. Genetic modification of intervertebral disk cells through controlled and specific delivery of genetic material (DNA or RNA) is a promising therapeutic approach (Figure 1) (Roh et al., 2021). Many researchers have successfully transferred genes into intervertebral disk tissues through viral gene delivery systems (Figure 1) (Leckie et al., 2012; Han et al., 2021), but the obvious side effects limit further clinical application. The problem with retrovirus vectors is the risk of insertion mutation, while the problem with adenovirus vectors is the immunogenicity of transduced cells (Tripathy et al., 1996; Wallach et al., 2006), and several patients have even died after viral vector administration in clinical trials (Evans et al., 2008). From a safety viewpoint, nonviral vectors and poly micelles are better choices for intervertebral disk gene therapy (Figure 1). Zhang et al. developed a new type of hyperbranched polymer (HP) carrier to deliver anti-miR-199a (AMO), combined with biodegradable poly (lactic acid-co-glycolic acid) (PLGA) nanospheres (NS) to sustainably release AMO, and by blocking miR-199a, can upregulate hypoxia inducible factor (HIF)-1α. NF-SMS as a mesenchymal stem cell (MSC)-carrying scaffold can finally promote MSC NP differentiation and inhibit its osteogenic differentiation while enhancing NP tissue regeneration (Feng et al., 2020). Feng et al. also synthesized a mixed composite micelle (MPM) for the delivery of therapeutic plasmid DNA (pDNA), which was verified by in vitro and in vivo evaluations to improve the transfection efficiency of NP cells. After binding to heme oxygenase-1 (HO-1) pDNA, it can weaken the inflammatory response and increase the production of NP ECM, thereby slowing intervertebral disk degeneration (Feng et al., 2015).
BIOMATERIALS FOR ANNULUS FIBROSUS REPAIR
In the process of low-back pain caused by intervertebral disk degeneration, NP degeneration certainly plays a leading role, but the incomplete AF structure is also one of the reasons for the occurrence and recurrence of low-back pain. According to research, most intervertebral disk degeneration is accompanied by AF damage, mostly after the NP herniation (Tavakoli et al., 2020). At this time, many of the curative effects currently targeted only at NP regeneration will be greatly reduced, such as cell therapy and bioactive factor therapy. Most of these therapies deliver drugs by local injection. After the AF is damaged, it will cause leakage of the injected material, which makes the injected material unable to stay in place for a long time and cannot exert its original effect. The structural integrity of the AF is the basis for the NP to maintain hydrostatic pressure. So, even if the NP is perfectly regenerated with AF unrepaired, it will cause the NP to herniate again under the action of axial pressure.
Therefore, scientists have long recognized the importance of AF regeneration. At the earliest, scientists used customized and personalized sutures to suture AF fractures or used polymer meshes and anchored them on the adjacent vertebral bones (Bailey et al., 2013; Vukas et al., 2015; Bowles and Setton, 2017). However, these two types have not been widely used due to the long operation time and high operation cost, and some studies believe that this treatment can only reduce the pain and the rate of re-herniation of the NP for a certain period but cannot restore the original structure and function of the AF and accelerate the degeneration risks of the intervertebral disk (Trummer et al., 2013; Choy et al., 2018).
Hydrogel Material
Aiming at the idea of local repair, the biological patch applied to AF has been extensively studied. At present, several natural polymers or synthetic biological materials have been proven to effectively reconstruct the damaged structure of AF and prevent NP from hemiation again. For example, a hydrogel, a natural polymer, can be used for both NP and AF regenerations. Peng et al. developed an injectable genipin cross-linked acellular AF hydrogel (g-DAF-G) and proved that it has better biocompatibility, biological activity, and higher mechanical strength than a non-crosslinked acellular AF hydrogel, providing a simple and quick treatment alternative for repairing AF damage or tear (Figure 3) (Peng et al., 2020a). Another study found that, by adjusting the concentration of cross-linked genipin and changing the cross-linking conditions, its physical and chemical properties can be controlled to meet the different requirements for restoring the AF and NP tissue (Wang et al., 2020). There has also been a study on the optimal injection time of the hydrogel (Liu Z. et al., 2020). The study selected rhesus monkeys to construct a model of intervertebral disk degeneration, used MR to evaluate degeneration degree, and proved that the moderate degenerative stage (T1ρ value from 95 to 80 ms) may be the best time for hydrogel injection for regenerative intervention. Fibrin gel is also considered one of the most commonly used natural polymers in AF regeneration. Because AF tissue is rich in collagen, it has a lower immune rejection response. Cruz et al. studied the mechanical properties of genipin-cross-linked fibrin gels formed at different genipin concentrations (Cruz et al., 2017). The results showed that, as the genipin concentration increased, the compressive strength and shear modulus of the gel increased, surpassing the natural AF tissue. However, the improvement of the mechanical properties of fibrin gel will bring certain side effects, resulting in a decrease in the survival rate of local cells, because the gel is too hard and will hinder the supply of nutrients. Studies have found that 6% genipin can maintain a good cell survival rate and achieve sufficient mechanical strength. Another study found that high-density collagen gel (HDC) cross-linked with riboflavin can also be used for AF repair (Moriguchi et al., 2018). The study compared the disk height index (DHI), the size and the hydration of the NP of the untreated group, the cross-linked HDC group, and the cross-linked HDC group injected with AF cells after 5 weeks, and found that the average DHI of the two HDC gel groups exceeded that of the control group at 5 weeks. Compared with the cell-free HDC gel, the HDC gel loaded with AF cells had an acceleration repair the role of sealing. It has been proven that HDC gel loaded with AF cells has a better ability to repair ring defects after acupuncture than cell-free gel. Borem et al. proved that the addition of Interlamellar matrix (ILM) GAG can also effectively improve the ability of the patch to resist impact loads and can prevent natural IVD tissues from herniating during the application of super-physiological load (5.28 ± 1.24 MPa), which is a repair strategy that can be used for the AF of focal ring defects (Borem et al., 2019). In addition, many biosynthetic materials also show certain advantages in AF repair, such as D, l-acryloyl ester and trimethyl carbonate can have morphological memory function, poly (trimethylene carbonate) (PTMC) combined with elastic PU film can prevent bovine NP from protruding again within 14 days under dynamic load, and PCL triol malate can be degraded, so that the mechanical properties of the fiber ring can be adjusted (Pirvu et al., 2015).
[image: Figure 3]FIGURE 3 | (A) The level of expression of AF-specific genes (collagen-1A1(COL1A1), collagen-5A1(COL5A1), fibulin-1 (FBLN1), integrin-binding sialoprotein (IBSP), and tenomodulin (TNMD)) was significantly higher in the DAF-G and g-DAF-G groups than Col I group on Day 21, which indicated the potential induction of directing specific differentiation of hBMSCs towards AF cells on DAF-G and g-DAF-G hydrogels. (B)The T2-weighted images showed that intervertebral space became narrower and the signal intensity of the NP region sharply declined in normal saline (NS) group as compared with the adjacent and intact disks. (C) Quantitative analysis showed that relative water content of DAF-G and g-DAF-G groups were larger than the Col I gel and the NS groups, indicating a potential regenerative function of AF-derived hydrogels on AF tissue defect. (C,D) The restorative effect analyzed by quantitative analysis and modified Pfirrmann grading was better in g-DAF-G than DAF-G group, revealing that the mechanical strength improved by genipin might be a vital factor in AF repair. ((A–D) Adapted from Peng et al. (2020a)).
In recent years, the research on hydrogels for the repair of fibrous annulus has become more and more in-depth. Peng et al. used bovine fibrous annulus acellular tissue matrix to make a hydrogel, and the integrin-mediated RhoA/LATS/YAP1 signaling pathway can promote the specific differentiation of stem cells into AF for AF repair (Peng et al., 2021). In addition, Liu et al. used the bionic structure to prepare the anisotropic wood cellulose hydrogel, which is mainly responsible for stress buffering and energy absorption (at least ∼60% energy dissipation) just like the AF tissue (Liu et al., 2021). However, due to poor adhesion or low failure strength between hydrogels and wet tissue surface, DiStefano et al. developed a double-modified glycosaminoglycan to covalently bond hydrogels to AF tissue, thus optimizing the sealing method of AF defect (DiStefano et al., 2020).
Nanofiber Material
Some studies believe that both biological patches and suture technology only strengthen the AF but do not treat the inflammation that occurs in the AF (Wang et al., 2021). In this study, a PLGA/polycaprolactone (PCL) Zdextran (DEX) composite film loaded with testicular plastid extract (PTE) was prepared by electrospinning through an in vitro inflammation model. The cytocompatibility and anti-inflammatory effect of the material were verified, and we found that P10P8D2 (PLGA 10 g, PCL 8 g, DEX 2 g) composite nanofiber membranes exhibited the most uniform diameter distribution, best mechanical properties, moderate degradation rate, and best cell compatibility characteristics. It can simultaneously exhibit anti-inflammatory and cell proliferation promoting effects. Another studies have found that fibrosus poly (ether carbonate carbamide) urea (PECUU) scaffolds can regulate the differentiation of amniotic fluid-derived stem cells (AFSCs) attached to scaffolds by adjusting the changes in fiber size and elasticity of scaffolds (Zhu et al., 2016; Chu et al., 2021). On a scaffold with large fibers and strong elasticity, the expression of phenotypic marker genes in the outer annulus is upregulated; on a scaffold with small fibers and low elasticity, the expression of phenotypic marker genes in the inner annulus is enhanced. It has been proven that this is controlled by activating the CAV1-YAP mechanical transduction axis. Another study reached a similar conclusion. They proved that YAP-related proteins play a key role in influencing the differentiation direction of AFSCs (Chu et al., 2019). Liu et al. also contributed to the directional differentiation of AFSCs (Figure 4) (Liu et al., 2015). They proved that, compared with random stents, aligned fiber PU scaffolds can make AFSCs elongated and better aligned and increase the expression of collagen I and the proteoglycan matrix, providing a favorable microenvironment for the cells of the outer layer of AF cells. In summary, such a scaffold can effectively induce changes in cell shape, adhesion, and expression of ECM by adjusting fiber size so that engineered AF tissue has a hierarchical structure close to that of natural AF tissue (Zhou et al., 2021). Chen Liu et al. further improved the PECUU nanofiber scaffold (Liu Y. et al., 2020). They found that PECUU is compatible with the mechanical properties of the natural AF ECM but lacks the biological activity of the natural ECM. The decellularized AF matrix (DAFM) has good biocompatibility and biodegradability and has been proven to promote the secretion of AF-related ECM. It uses coaxial electrospinning technology to manufacture a DAFM/PECUU hybrid electrospinning stand. It was also proved that the gene expression and ECM secretion of type I and II collagens and proteoglycan of the annulus-derived stem cells cultured on the DAFM/PECUU electrospun scaffold exceeded that of the PECUU fiber scaffold. In another study, a new type of scaffold made of PCL was manufactured by 3D printing technology (Christiani et al., 2019). This new type of scaffold can also effectively simulate the structure and biomechanical properties of natural tissues. Annulus fibroblasts can attach and diffuse on it, and type I collagen, aggrecan, and aponeurotic protein, a protein marker specific to AF, can be effectively expressed. Cell sheet rolling system (CSRS) has also been used in manufacturing AF. Shamsah et al., 2019 used CSRS technology to make an electrospun fiber scaffold comprising a synthetic biopolymer mixture of PCL and poly (L-lactic acid) acid (PLLA), which realizes the anatomical structure of the AF with a complete 3D circular structure for the first time, and proved that bovine annulus cells can maintain vitality on it (Shamsah et al., 2019).
[image: Figure 4]FIGURE 4 | (A) Real-time quantitative PCR was performed to compare the expression of collagen-I, collagen-II and aggrecan genes in AFSCs cultured on aligned and random scaffolds. After 7 days of culture, the expression level of collagen-I in AFSCs cultured on aligned scaffolds was almost twice that of cells grown on random scaffolds. (B) The expression of collagen-II was similar in both AFSCs cultured on aligned and random scaffolds. (C) The expression pattern of aggrecan was similar to that of collagen-I; cells cultured on aligned scaffolds had approximately 0.4 times higher aggrecan gene expression than those grown on random scaffolds. (D) There was no apparent difference in cell proliferation between AFSCs cultured on aligned scaffolds and those on random scaffolds. ((A–D) Adapted from Liu et al. (2015)).
Biomaterials for Cell Therapy
A major advantage of biomaterials is that they can be used to deliver cells. Cell therapy is a promising therapy that can be divided into endogenous and exogenous cell therapies (Figure 1). Endogenous cell therapy refers to local injection of cells to produce biologically active factors or direct injection of biologically active factors to stimulate in situ cell regeneration, while exogenous cell therapy regenerates AF by directly injecting annulus fibroblasts or stem cells that can be induced to differentiate into annulus fibroblasts. Because AF is a cell-deficient structure, coupled with the local inflammation caused by intervertebral disk degeneration, the number of AF cells in situ is further reduced. When stimulated by biologically active factors, it is not enough to proliferate and differentiate to compensate for the local inflammation of AF. This is the most severe challenge of endogenous cell therapy. The most important limitation of exogenous cell therapy is the poor retention of cells at the injection site. This is caused by the loss of anchorage, called anoikis, which can cause cell death (Discher et al., 2009).
Mesenchymal stem cell therapy is currently the most studied type of exogenous cell therapy (Sakai and Andersson, 2015). Some studies have reported that the injection of mesenchymal stem cells aggravates the degree of intervertebral disk degeneration (Vadala et al., 2012). This is because the cells injected in this study leaked. In most studies that did not leak, bone marrow mesenchymal stem cells (BMSCs) can effectively differentiate into intervertebral disk cells, promote the synthesis of intervertebral disk ECM (Chiang et al., 2019), and improve the clinical outcome of patients with intervertebral disk degeneration (Sun et al., 2019). Therefore, many scholars have recognized the idea that mesenchymal stem cells can regenerate intervertebral disks. At present, many researchers have focused on how to improve the delivery method of cells, how to induce the directional differentiation of mesenchymal stem cells, and how the delivered cells can maintain their biological activity for a longer time (Tibiletti et al., 2014). After years of exploration, researchers have discovered that biomaterials are effective carriers for cell therapy (From the American Association of Neurological Surgeons et al., 2018). More and more engineering materials, including natural polymers, synthetic polymers, and their combinations, have been applied to intervertebral disk repair (Peng et al., 2020b). This is because biological materials can isolate these cells used for intervertebral disk regeneration from the inflammatory environment or other factors that cause the harsh biological environment of the intervertebral disk and can keep these cells at the injection site (Bertram et al., 2005). Therefore, how different materials affect stem cells is the focus of current research. Compared with cell therapy for NP regeneration, there are relatively few researchers on cell regeneration therapy for the AF. This is also related to the high complexity of the AF structure and the higher requirements for balancing mechanical and biological properties. Bhunia et al. created a multi-layer disk-shaped stratum corneum structure based on silk protein that comprises concentric lamellar layers, which mimics the native hierarchical structure of AF, and can effectively support cells’ proliferation, differentiation, and deposition of ECM, which can promote AF regeneration (Bhunia et al., 2018). Adding to the structure of the material, the biologically active factors added to the material also play an important role in the efficacy of cell therapy. Blanquer et al. found that adding transforming growth factor (TGF)-β3 to an AF scaffold constructed with PTMC by stereolithography can support the differentiation of human adipose stem cells into AF (Blanquer et al., 2017). Fibrin gel inoculation can better the distribution and proliferation of adipose stem cells and the production of AF-like matrix. Not only is the production of sulfated sGAG and collagen significantly upregulated but the formed collagen is also oriented and arranged into bundles in the designed pores. Although natural polymers generally have better biocompatibility and better similarity to natural microstructures and ingredients, their mechanical properties are often limited. Therefore, a synthetic matrix with a good composition and controllable biodegradability is studied. Pirvu et al. developed a PTMC scaffold covered with a PU membrane and planted with human BMSCs, which can withstand dynamic loads, restore the fractured bovine AF tissue of the height of the intervertebral disk, prevent NP protrusion, and differentiate in situ (Pirvu et al., 2015).
Although exogenous cell therapy has achieved good results in AF regeneration, these cell carriers made of natural polymers or synthetic polymers remain foreign bodies compared to the human body, which can cause more or less immune rejection. Concurrently, the process of delivering these materials to the degenerated intervertebral disk of the human body is an invasive operation that will cause secondary damage to the AF and NP. Therefore, endogenous cell therapy based on the concept of inducing in situ cell regeneration and proliferation should be the main direction of future researchers’ efforts. At present, researchers have found that using the homing effect of stem cells can effectively overcome the deficiencies of endogenous cell therapy (From the American Association of Neurological Surgeons et al., 2018). BMSCs homing is the process of recruiting cells from the initial biological environment to damaged or pathological tissues. When stem cells are stimulated by a certain biologically active factor, they are mobilized into the peripheral bloodstream and migrate to damaged tissues or organs (Fong et al., 2011). However, the current understanding of the exact process and mechanism of how BMSCs are mobilized and guided to the position of the effector remains incomplete. However, researchers believe that BMSCs are jointly guided by multiple cell signaling molecules, and the damaged tissue itself expresses unique receptors or ligands to promote the penetration of BMSCs into the affected area (Sordi, 2009). At present, it has been proven that there are various growth factors and chemokines that can induce the migration of mesenchymal stem cells, such as tumor necrosis factor-α, interleukin-1β (IL-1β) (Ponte et al., 2007), insulin-like growth factor-1 (IGF-1), and platelet-derived growth factor-AB (PDGF-AB), etc., but these have an inducing-migration effect on various stem cells, and researchers have found that the chemokine that has the greatest impact on BMSCs is RANTES (also known as CCL5), Macrophage-derived chemokine (MDC), and stromal cell-derived factor-1 (SDF-1), and these are all elevated in degenerative disk tissues (Pattappa et al., 2014). However, it is frustrating that studies by Tam et al. and Cunha et al. found that the ability of stem cells to enter the body through intravenous injection is relatively limited (Tam et al., 2014; Cunha et al., 2017). This may be related to the lack of blood vessels in the intervertebral disk, but, in human degenerated intervertebral disks, there are many new blood vessels that grow in, which may not be simulated by animal experiments, and these new blood vessels may potentially promote BMSCs, reaching the damaged area and promoting regeneration.
BIOMATERIALS FOR CARTILAGE ENDPLATE REPAIR
Endplate is the main way for metabolites to enter and exit intervertebral disk (Malandrino et al., 2014), and an insufficient supply of essential nutrients and waste accumulation are often considered important factors inducing intervertebral disk degeneration (Figure 5) (Ashinsky et al., 2020). Calcification of endplate cartilage and occluded nutrient canals increase with age (Bernick and Cailliet, 1982). If the endplate is hardened or thickened, biomaterials implanted for disk repair may not have the desired effect. Therefore, biomaterials that restore the structure and function of the disk may not be sufficient, and the patency of the endplate requires consideration. In earlier studies, disk repair materials generally focused only on maintaining the structural and mechanical properties of the endplate. Ishiguro et al. developed a scaffold-free tissue-engineered construct (TEC), a 3D matrix comprising high density undifferentiated MSC. Intervertebral disk height, endplate, and AF were maintained 6 months after implantation in a rat model of disk degeneration, and age-related biomechanical impairment was reduced (Ishiguro et al., 2019). With the development of research, the importance of interface integration with cartilage endplates during disk repair has been greatly considered. Hamilton et al., in vitro, formed a three-phase construct comprising NP, CEP, and a calcium polyphosphate (CPP) matrix (as a bone substitute). After 8 weeks of culture, a continuous layer of NP tissue was formed and fused with the underlying cartilage tissue, which, in turn, was integrated with porous CPP to improve the interface properties of bone replacement and IVD tissue (Hamilton et al., 2006). In a recent study, Chong et al. attempted to construct a model of AF-cartilage interface in vitro, using contact co-culture from outer AF cells inoculated with an angular layer, multilayer PC PU scaffold, and articular chondral cells. After a few weeks, the OAF tissue was integrated with the cartilage and like the natural interface. The apparent tensile strength of the in vitro interface was also significantly increased, and it is expected to achieve clinical overall disk replacement by adding cartilage endplate repair (Chong et al., 2020). Currently, there are few studies on the repair and regeneration of cartilage endplates among intervertebral disk repair materials, but the importance of cartilage endplates in intervertebral disk repair has been discovered by more and more researchers. It is believed that there will be more studies on cartilage endplate repair in the future.
[image: Figure 5]FIGURE 5 | (A) The change in T1 relaxation time within the intervertebral disk after administration of the contrast agent gadodiamide (B) Within the NP, gadodiamide diffusion into the disk progressively decreased and was significantly lower at 12 weeks compared with healthy controls. (C) Diffusion into the AF was significantly reduced at 4 weeks post-puncture, followed by a return to control levels. ((A–C) Adapted from Ashinsky et al. (2020)).
BIOMATERIALS FOR INTERVERTEBRAL DISK REPAIR USING COMBINATION STRATEGIES
Intervertebral disk degeneration is a process in which the cartilage endplate, NP, AF, or biological environment co-occur with pathophysiological changes. The upper and lower facet joints and surrounding muscles can even undergo degeneration. Therefore, study on intervertebral disk regeneration should not only consider repairing one of them but should be extensively repaired to completely eradicate the low-back pain symptom. The above-mentioned cell therapy and tissue engineering methods have only discussed the impact on a single structure in various studies, but, in fact, their impact on the intervertebral disk is all-round—it is just that the impact on other structures is not significant or has no clinical significance for the time being. Therefore, it is imperative to find a way to regenerate the intervertebral disk in an all-round way or to organically integrate the above-mentioned structural regeneration methods.
Eliminating the inflammatory environment and restoring the original ECM state are considered effective methods to improve the intervertebral disk in an all-round way (Hofmann et al., 2018). To achieve this goal, the degenerated intervertebral disk must be transformed into a physiological state. Potential strategies include eliminating pro-inflammatory cytokines and proteases in the ECM; reversing the gene expression of pro-inflammatory cytokines and proteases in the resident intervertebral disk cells; and stimulating the resident intervertebral disk cells to produce new ECM. Based on this strategy, Guo found that various growth factors can regulate ECM synthesis, including the inhibition of inflammation and downregulation of degrading enzymes (Guo et al., 2021). However, growth factors, including TGF-β, fibroblast growth factor (FGF), and IGF-1 may induce unwanted blood vessel growth, thereby accelerating the process of intervertebral disk degeneration. Only GDF-5 can effectively alleviate intervertebral disk degeneration without inducing the ingrowth of blood vessels. Saberi et al. found that mitochondrial dysfunction is also one of the factors in intervertebral disk degeneration (Saberi et al., 2021). This is because mitochondria are the main source of cellular energy supply and the main source of reactive oxygen species, which is the main cause of the inflammatory environment of the intervertebral disk. First, it has been proven that MitoQ, MitoTEMPO, SkQs, XJB-5-131, and other regulating mitochondrial functions can effectively play the role of intervertebral disk regeneration. Bai et al. also reached a similar conclusion. They found that hydrogel scaffold-carrying rapamycin can effectively eliminate the active oxygen components in the microenvironment of the intervertebral disk, thereby playing a role in intervertebral disk regeneration (Bai et al., 2020). Another study found that acid-sensitive ion channels (ASICs), as key receptors for extracellular protons of central and peripheral neurons, are related to intervertebral disk degeneration and a decrease in microenvironmental pH. By downregulating the expression of ASIC2 and ASIC4 in human IVD, it can slow down the senescence of intervertebral disk cells. Several other studies found that CCL25 (Stich et al., 2018), colony-stimulating factor (Abdel Fattah and Nasr El-Din, 2021), anti-inflammatory drug etanercept (Li et al., 2020), chitosan/poly-γ-glutamate nanocomplex (Cunha et al., 2020), HIF (Kim et al., 2021), stromal cell-derived factor-1α (Zhang et al., 2018) and containing platelet plasma (Chang et al., 2020; Fiani et al., 2021) can play the role of intervertebral disk regeneration by inhibiting the local inflammatory environment. As mentioned earlier, some cells can also stimulate the proliferation of endogenous stem cells or progenitor cells by secreting a broad spectrum of biologically active factors to produce new ECM. Sun et al. found that connective tissue growth factor (CTGF) and TGF-β3 can effectively induce the corresponding BMSCs to differentiate into NP-like cells and fibroblast-like cells and rebuild the ECM (Sun et al., 2021). In addition, more and more experimental results show that stem cell-derived exosomes have potential regenerative capabilities by promoting cell proliferation, enhancing angiogenesis, promoting the restoration of ECM homeostasis, inhibiting inflammation and other unknown effects (Hingert et al., 2020; Hu et al., 2020). Some of these beneficial mechanisms can also be implemented in repairing intervertebral disk degeneration.
In addition, replacing the entire intervertebral disk is considered one of the potential methods for regenerating the entire intervertebral disk. In fact, a long time ago, researchers have studied the clinical effect of artificially synthesized intervertebral disks directly replacing severely degenerated intervertebral disks, but the results obtained are negative because this synthetic intervertebral disk only considers the mechanical properties of the intervertebral disk without considering the biocompatibility—this product is slowly being phased out. However, in recent years, a heterogeneous decellularized scaffold has attracted the attention of researchers (Hensley et al., 2018). Since this type of scaffold is derived from the body of cattle, worrying about the shortage of donors is needless. Due to the acellular treatment, it lacks immunogenicity and has achieved good results in many animal experiments (Fiordalisi et al., 2020; Norbertczak et al., 2020). However, the mammals used in these experiments are all four-legged, and the spinal column is parallel to the ground, so the load on their disks is not comparable to that in humans. So far, no corresponding clinical studies have proven that the acellular scaffold can effectively replace the function of the natural disk in humans.
Although most of the above regeneration strategies have achieved positive results, most of the treatment methods can only be applied to the early stages of intervertebral disk degeneration because most studies have proven that, whether it is stem cell therapy or growth factor therapy, for late degeneration, the harsh local environment of the intervertebral disk will cause the rapid loss of the biological activity of the injected substance, and then will cause these effective treatments to fail to achieve their intended effects. Therefore, the concept of intervertebral disk degeneration should be considered. It should be regarded as a disease like diabetes and hypertension. Tertiary prevention should be initiated, starting with primary prevention, such as the cause of the disease, and strengthening publicity and education to inform people of the seriousness of the disease and start early prevention. However, now, because the early degeneration of the intervertebral disk is symptomless and difficult to find, the current basic research requires an imperative development to find the biomarkers of early intervertebral disk degeneration and to intervene in time while avoiding the widespread occurrence of low-back pain in the world.
Although we advocate early intervention, the early symptoms are mild, and most of the current methods of administration are local injections. This is an invasive operation that will damage the surrounding muscles and joint capsule. If you want to inject the NP, it will definitely damage the AF. The damage to these tissues all has the risk of aggravating intervertebral disk degeneration, and whether the therapeutic effect brought by local injection of drugs can offset the risk of this damage remains unexplored. Therefore, finding a better drug delivery method with less trauma is imperative.
PRECLINICAL STUDY OF BIOMATERIALS FOR INTERVERTEBRAL DISK REPAIR
In preclinical studies of intervertebral disk repair, rats are the most common animal model. Barcellona et al. prepared a peptide functionalized hydrogel for the study of intervertebral disk repair (Barcellona et al., 2021). The gel has a stiffness similar to that of the degenerated nucleus pulposus (∼10 kPa), which is conducive to simulating the cell living environment and playing a certain mechanical support role. After functionalization with laminin-mimetic peptides IKVAV and AG73, it can provide the delivered cells with biomimetic cues in order to promote phenotypic expression and increase biosynthetic activity. In the rat intervertebral disk degeneration model, it was also confirmed that after the gel was combined with primary NP cells, the cell retention rate and survival time were improved, and the degeneration was significantly improved. In the process of intervertebral disk repair, excessive local inflammatory reaction will greatly hinder the regeneration of intervertebral disk tissue. Therefore, in order to make the repair of the intervertebral disk proceed smoothly, many researchers have also tried in vivo experiments to suppress the inflammatory reaction that occurs during the degeneration. Bian et al. developed a hydrogel microsphere with an elastic modulus of 25.23 ± 2.58 kPa, which is sufficiently rigid to protect the cells from shear force during injection and avoid other mechanical stresses during application. Subsequently, the hydrogel microspheres loaded with NP cells and pro-inflammatory factor expression inhibitors were injected into the degenerated intervertebral disks of rats. It was observed that the reduction of inflammatory factors and the increase in the proliferation activity of NP-loaded cells and the increase in ECM deposition were all helpful to the regeneration of the intervertebral disk (Bian et al., 2021). While the degeneration of the intervertebral disk produces inflammation, the most urgent problem to be solved is pain. Mohd Isa et al. developed a new rat model of pain caused by intervertebral disk injury and proved that hyaluronic acid hydrogel can reduce inflammation while reducing pain, providing a method for the treatment of back pain caused by intervertebral disk degeneration (Mohd Isa et al., 2018).
The current research of biomaterials is still mainly based on in vivo experiments in small animals. The reason is that it is difficult for materials to achieve sufficient mechanical strength while ensuring biological activity, while in vivo researches on large animals are mainly conducted on artificial intervertebral discs, which pay more attention to their long-term mechanical properties and durability. Shikinami et al. developed a flexible artificial intervertebral disc system. Compared with the traditional rigid system composed of a solid plate and a core material, it has been verified in baboons for its long-term durability and biocompatibility. At the same time, it simulates the movement of human intervertebral discs. The mechanical test also proved that the durability can reach a normal person for more than 50 years (Shikinami et al., 2010). The current clinical research on the alternative treatment of intervertebral disc degeneration is mainly total disc replacement, and different artificial disc materials have a certain impact on the clinical efficacy (Coban et al., 2021). At the same time, the high recurrence rate and unclear risk factors for secondary surgery also limit the development of surgery (Perfetti et al., 2021). The clinical transformation of artificial intervertebral discs still needs more in-depth and long-term research.
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
We review the current approaches to biomaterial-based repair of degenerative intervertebral disks, including disk replacement, cell therapy, and gene therapy. Tables 1–3 summarizes the biomaterials used in various intervertebral disk repair methods and their repair functions. Early studies focused on the restoration of the intervertebral disk structure and ignored the interaction between cells, so the success rate of intervertebral disk repair was not high. In a later study, many researchers began to pay close attention to the use of cell therapy to weaken and repair intervertebral disk degeneration, mainly because most of the cells are mesenchymal stem cells or between intervertebral disk cells. Through biomimetic ECM or form to ECM formation environment, promote cell proliferation and differentiation, thus to achieve the effect of repair of intervertebral disk. Although gene therapy uses viral vectors to treat degenerative disk disease and has achieved certain effects, the main problems of this method include carcinogenesis and immune response. Therefore, non-viral gene vectors are the preferred delivery system, although the transfection efficiency is lower than that of viral vectors. Intervertebral disk degeneration restorative materials mainly include water gel, nanofiber, etc., through the combination can be simulated natural intervertebral disk tissue regeneration of NP in the study, usually has a similar to natural NP material performance elastomer, and in the AF regeneration repair, is more concerned with the toughness of the material, the purpose is to form good sealing effect and prevent NP herniation again. Concurrently, many studies have been conducted to repair the cartilaginous endplate. Because the endplate affects the nutritional and metabolic exchange of the intervertebral disk after the material is implanted, the interface integration of the endplate with the NP and the AF is also important. The specific method is to form the cartilage layer through the chondrogenic differentiation ability of the material, and then fuse with the NP or AF to achieve interface contact. Otherwise, the accumulation of metabolic waste and nutrient deficiency will induce the failure of the repair process. In fact, disk degeneration is not a single degeneration, but the biological environment of the NP, AF or cartilaginous endplate has changed. Therefore, the repair method should be multi-faceted to eradicate the symptoms completely. Currently, biomaterials for repairing intervertebral disks have begun to have multifaceted repair functions, and this combined repair strategy is expected to achieve the overall repair of intervertebral disks. However, notably, research on intervertebral disk regeneration materials still faces many challenges. Requirements for materials with mechanical properties parallel natural intervertebral disk tissue, and after reaching long-term exercise load, they can still maintain a high standard of their structure and function. Concurrently, the materials also need to have the ability to integrate cartilage endplates to achieve the smooth exchange of nutrition and metabolism. In addition, pathophysiologically, circadian rhythm disorders, intervertebral disk cell apoptosis and senescence. Problems such as abnormal autophagy of the inflammatory response also provide great challenges for disk repair with biomaterial. Therefore, to achieve true disk regeneration and repair, both the improvement and development of biomaterial alongside a deeper understanding and study of the pathophysiology of disk degeneration are needed.
TABLE 1 | Summary of various biomaterials for nucleus pulposus repair and their functions.
[image: Table 1]TABLE 2 | Summary of various biomaterials for AF repair and their functions.
[image: Table 2]TABLE 3 | Summary of various biomaterials for cartilage endplate repair and their functions.
[image: Table 3]AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.
FUNDING
This work was supported by Tsinghua University-Peking Union Medical College Hospital Initiative Scientific Research Program (20191080871).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdel Fattah, I. O., and Nasr El‐Din, W. A. (2021). Granulocyte‐Colony Stimulating Factor Improves Intervertebral Disc Degeneration in Experimental Adult Male Rats: A Microscopic and Radiological Study. Anat. Rec. 304 (4), 787–802. doi:10.1002/ar.24519
 Akkiraju, H., and Nohe, A. (2015). Role of Chondrocytes in Cartilage Formation, Progression of Osteoarthritis and Cartilage Regeneration. J. Dev. Biol. 3 (4), 177–192. doi:10.3390/jdb3040177
 Ashinsky, B. G., Bonnevie, E. D., Mandalapu, S. A., Pickup, S., Wang, C., Han, L., et al. (2020). Intervertebral Disc Degeneration Is Associated With Aberrant Endplate Remodeling and Reduced Small Molecule Transport. J. Bone Miner Res. 35 (8), 1572–1581. doi:10.1002/jbmr.4009
 Ashinsky, B., Smith, H. E., Smith, H., Mauck, R., and Gullbrand, S. (2021). Intervertebral Disc Degeneration and Regeneration: a Motion Segment Perspective. Eur. Cell Mater. 41, 370–387. doi:10.22203/eCM.v041a24
 Bai, J., Zhang, Y., Fan, Q., Xu, J., Shan, H., Gao, X., et al. (2020). Reactive Oxygen Species‐Scavenging Scaffold with Rapamycin for Treatment of Intervertebral Disk Degeneration. Adv. Healthc. Mater. 9 (3), 1901186. doi:10.1002/adhm.201901186
 Bailey, A., Araghi, A., Blumenthal, S., Huffmon, G. V., and Anular Repair Clinical Study, G. (2013). Prospective, Multicenter, Randomized, Controlled Study of Anular Repair in Lumbar Discectomy. Spine. 38 (14), 1161–1169. doi:10.1097/BRS.0b013e31828b2e2f
 Barcellona, M. N., Speer, J. E., Fearing, B. V., Jing, L., Pathak, A., Gupta, M. C., et al. (2020). Control of Adhesive Ligand Density for Modulation of Nucleus Pulposus Cell Phenotype. Biomaterials. 250, 120057. doi:10.1016/j.biomaterials.2020.120057
 Barcellona, M. N., Speer, J. E., Jing, L., Patil, D. S., Gupta, M. C., Buchowski, J. M., et al. (2021). Bioactive In Situ Crosslinkable Polymer-Peptide Hydrogel for Cell Delivery to the Intervertebral Disc in a Rat Model. Acta Biomater. 131, 117–127. doi:10.1016/j.actbio.2021.06.045
 Benneker, L. M., Heini, P. F., Alini, M., Anderson, S. E., and Ito, K. (2005). 2004 Young Investigator Award Winner: Vertebral Endplate Marrow Contact Channel Occlusions and Intervertebral Disc Degeneration. Spine. 30 (2), 167–173. doi:10.1097/01.brs.0000150833.93248.09
 Berg-Johansen, B., Fields, A. J., Liebenberg, E. C., Li, A., and Lotz, J. C. (2018). Structure-function Relationships at the Human Spinal Disc-Vertebra Interface. J. Orthop. Res. 36 (1), 192–201. doi:10.1002/jor.23627
 Bernick, S., and Cailliet, R. (1982). Vertebral End-Plate Changes With Aging of Human Vertebrae. Spine. 7 (2), 97–102. doi:10.1097/00007632-198203000-00002
 Bertram, H., Kroeber, M., Wang, H., Unglaub, F., Guehring, T., Carstens, C., et al. (2005). Matrix-Assisted Cell Transfer for Intervertebral Disc Cell Therapy. Biochem. Biophysical Res. Commun. 331 (4), 1185–1192. doi:10.1016/j.bbrc.2005.04.034
 Bhunia, B. K., Kaplan, D. L., and Mandal, B. B. (2018). Silk-Based Multilayered Angle-Ply Annulus Fibrosus Construct to Recapitulate Form and Function of the Intervertebral Disc. Proc. Natl. Acad. Sci. USA. 115 (3), 477–482. doi:10.1073/pnas.1715912115
 Bian, J., Cai, F., Chen, H., Tang, Z., Xi, K., Tang, J., et al. (2021). Modulation of Local Overactive Inflammation via Injectable Hydrogel Microspheres. Nano Lett. 21 (6), 2690–2698. doi:10.1021/acs.nanolett.0c04713
 Binch, A. L. A., Cole, A. A., Breakwell, L. M., Michael, A. L. R., Chiverton, N., Creemers, L. B., et al. (2015). Nerves Are More Abundant Than Blood Vessels in the Degenerate Human Intervertebral Disc. Arthritis Res. Ther. 17, 370. doi:10.1186/s13075-015-0889-6
 Blanquer, S. B. G., Gebraad, A. W. H., Miettinen, S., Poot, A. A., Grijpma, D. W., and Haimi, S. P. (2017). Differentiation of Adipose Stem Cells Seeded Towards Annulus Fibrosus Cells on a Designed Poly(Trimethylene Carbonate) Scaffold Prepared by Stereolithography. J. Tissue Eng. Regen. Med. 11 (10), 2752–2762. doi:10.1002/term.2170
 Borem, R., Madeline, A., Vela, R., Gill, S., and Mercuri, J. (2019). Multi-Laminate Annulus Fibrosus Repair Scaffold With an Interlamellar Matrix Enhances Impact Resistance, Prevents Herniation and Assists in Restoring Spinal Kinematics. J. Mech. Behav. Biomed. Mater. 95, 41–52. doi:10.1016/j.jmbbm.2019.03.030
 Borrelli, C., and Buckley, C. T. (2020). Injectable Disc-Derived ECM Hydrogel Functionalised with Chondroitin Sulfate for Intervertebral Disc Regeneration. Acta Biomater. 117, 142–155. doi:10.1016/j.actbio.2020.10.002
 Bowles, R. D., and Setton, L. A. (2017). Biomaterials for Intervertebral Disc Regeneration and Repair. Biomaterials. 129, 54–67. doi:10.1016/j.biomaterials.2017.03.013
 Chang, Y., Yang, M., Ke, S., Zhang, Y., Xu, G., and Li, Z. (2020). Effect of Platelet-Rich Plasma on Intervertebral Disc Degeneration In Vivo and In Vitro: A Critical Review. Oxidative Med. Cell Longevity. 2020, 1–10. doi:10.1155/2020/8893819
 Chen, F., Jiang, G., Liu, H., Li, Z., Pei, Y., Wang, H., et al. (2020). Melatonin Alleviates Intervertebral Disc Degeneration by Disrupting the IL-1β/NF-κB-NLRP3 Inflammasome Positive Feedback Loop. Bone Res. 8, 10. doi:10.1038/s41413-020-0087-2
 Chen, J., Jing, L., Gilchrist, C. L., Richardson, W. J., Fitch, R. D., and Setton, L. A. (2009). Expression of Laminin Isoforms, Receptors, and Binding Proteins Unique to Nucleus Pulposus Cells of Immature Intervertebral Disc. Connect. Tissue Res. 50 (5), 294–306. doi:10.1080/03008200802714925
 Chen, J., Xie, J.-J., Jin, M.-Y., Gu, Y.-T., Wu, C.-C., Guo, W.-J., et al. (2018). Sirt6 Overexpression Suppresses Senescence and Apoptosis of Nucleus Pulposus Cells by Inducing Autophagy in a Model of Intervertebral Disc Degeneration. Cell Death Dis. 9 (2), 56. doi:10.1038/s41419-017-0085-5
 Cheung, K. M. C., Karppinen, J., Chan, D., Ho, D. W. H., Song, Y.-Q., Sham, P., et al. (2009). Prevalence and Pattern of Lumbar Magnetic Resonance Imaging Changes in a Population Study of One Thousand Forty-Three Individuals. Spine. 34 (9), 934–940. doi:10.1097/BRS.0b013e3181a01b3f
 Chiang, E. R., Ma, H. L., Wang, J. P., Chang, M. C., Liu, C. L., Chen, T. H., et al. (2019). Use of Allogeneic Hypoxic Mesenchymal Stem Cells for Treating Disc Degeneration in Rabbits. J. Orthop. Res. 37 (6), 1440–1450. doi:10.1002/jor.24342
 Choi, H., Johnson, Z., and Risbud, M. (2015). Understanding Nucleus Pulposus Cell Phenotype: a Prerequisite for Stem Cell Based Therapies to Treat Intervertebral Disc Degeneration. Curr. Stem Cell Res Ther. 10 (4), 307–316. doi:10.2174/1574888x10666150113112149
 Chong, J. E., Santerre, J. P., and Kandel, R. A. (2020). Generation of an In Vitro Model of the Outer Annulus Fibrosus‐cartilage Interface. JOR Spine. 3 (2), e1089. doi:10.1002/jsp2.1089
 Choy, W. J., Phan, K., Diwan, A. D., Ong, C. S., and Mobbs, R. J. (2018). Annular Closure Device for Disc Herniation: Meta-Analysis of Clinical Outcome and Complications. BMC Musculoskelet. Disord. 19 (1), 290. doi:10.1186/s12891-018-2213-5
 Christiani, T. R., Baroncini, E., Stanzione, J., and Vernengo, A. J. (2019). In Vitro Evaluation of 3D Printed Polycaprolactone Scaffolds With Angle-Ply Architecture for Annulus Fibrosus Tissue Engineering. Regen. Biomater. 6 (3), 175–184. doi:10.1093/rb/rbz011
 Chu, G., Yuan, Z., Zhu, C., Zhou, P., Wang, H., Zhang, W., et al. (2019). Substrate Stiffness- and Topography-Dependent Differentiation of Annulus Fibrosus-Derived Stem Cells Is Regulated by Yes-Associated Protein. Acta Biomater. 92, 254–264. doi:10.1016/j.actbio.2019.05.013
 Chu, G., Zhang, W., Zhou, P., Yuan, Z., Zhu, C., Wang, H., et al. (2021). Substrate Topography Regulates Differentiation of Annulus Fibrosus-Derived Stem Cells via CAV1-YAP-Mediated Mechanotransduction. ACS Biomater. Sci. Eng. 7 (3), 862–871. doi:10.1021/acsbiomaterials.9b01823
 Coban, D., Pompliano, M., Changoor, S., Dunn, C., Sinha, K., Hwang, K. S., et al. (2021). Metal-on-Metal versus Metal-On-Plastic Artificial Discs in Two-Level Anterior Cervical Disc Replacement: a Meta-Analysis With Follow-Up of 5 Years or More. Spine J. S1529-9430(21)00215-1.doi:10.1016/j.spinee.2021.04.018
 Cruz, M. A., McAnany, S., Gupta, N., Long, R. G., Nasser, P., Eglin, D., et al. (2017). Structural and Chemical Modification to Improve Adhesive and Material Properties of Fibrin-Genipin for Repair of Annulus Fibrosus Defects in Intervertebral Disks. J. Biomech. Eng. 139 (8), 0845011–7. doi:10.1115/1.4036623
 Cui, Z. Y., Shen, L., Gao, X. S., Dong, X. B., and Fu, H. Y. (2020). S-Phase Kinase-Associated Protein-2 (Skp2) Promotes Nucleus Pulposus Cell Proliferation by Inhibition of P27 in Attenuating Intervertebral Disc Degeneration. Eur. Rev. Med. Pharmacol. Sci. 24 (6), 2802–2810. doi:10.26355/eurrev_202003_20641
 Cunha, C., Almeida, C. R., Almeida, M. I., Silva, A. M., Molinos, M., Lamas, S., et al. (2017). Systemic Delivery of Bone Marrow Mesenchymal Stem Cells for In Situ Intervertebral Disc Regeneration. Stem Cells Translational Med. 6 (3), 1029–1039. doi:10.5966/sctm.2016-0033
 Cunha, C., Teixeira, C., Pereira, C., Ferreira, J. R., Molinos, M., Santos, S., et al. (2020). Modulation of the In Vivo Inflammatory Response by Pro- Versus Anti-Inflammatory Intervertebral Disc Treatments. Int. J. Mol. Sci. 21 (5), 1730. doi:10.3390/ijms21051730
 DALYs, G. B. D., and Collaborators, H. (2017). Global, Regional, and National Disability-Adjusted Life-Years (DALYs) for 333 Diseases and Injuries and Healthy Life Expectancy (HALE) for 195 Countries and Territories, 1990-2016: a Systematic Analysis for the Global Burden of Disease Study 2016. Lancet. 390 (10100), 1260–1344. doi:10.1016/S0140-6736(17)32130-X
 Discher, D. E., Mooney, D. J., and Zandstra, P. W. (2009). Growth Factors, Matrices, and Forces Combine and Control Stem Cells. Science. 324 (5935), 1673–1677. doi:10.1126/science.1171643
 DiStefano, T. J., Shmukler, J. O., Danias, G., Di Pauli von Treuheim, T., Hom, W. W., Goldberg, D. A., et al. (2020). Development of a Two-Part Biomaterial Adhesive Strategy for Annulus Fibrosus Repair and Ex Vivo Evaluation of Implant Herniation Risk. Biomaterials. 258, 120309. doi:10.1016/j.biomaterials.2020.120309
 Dudek, M., Yang, N., Ruckshanthi, J. P., Williams, J., Borysiewicz, E., Wang, P., et al. (2017). The Intervertebral Disc Contains Intrinsic Circadian Clocks that Are Regulated by Age and Cytokines and Linked to Degeneration. Ann. Rheum. Dis. 76 (3), 576–584. doi:10.1136/annrheumdis-2016-209428
 Eliasberg, C. D., Kelly, M. P., Ajiboye, R. M., and SooHoo, N. F. (2016). Complications and Rates of Subsequent Lumbar Surgery Following Lumbar Total Disc Arthroplasty and Lumbar Fusion. Spine. 41 (2), 173–181. doi:10.1097/BRS.0000000000001180
 Evans, C. H., Ghivizzani, S. C., and Robbins, P. D. (2008). Arthritis Gene Therapy's First Death. Arthritis Res. Ther. 10 (3), 110. doi:10.1186/ar2411
 Eyre, D. R., and Muir, H. (1976). Types I and II Collagens in Intervertebral Disc. Interchanging Radial Distributions in Annulus Fibrosus. Biochem. J. 157 (1), 267–270. doi:10.1042/bj1570267
 Fearing, B. V., Jing, L., Barcellona, M. N., Witte, S. E., Buchowski, J. M., Zebala, L. P., et al. (2019). Mechanosensitive Transcriptional Coactivators MRTF‐A and YAP/TAZ Regulate Nucleus Pulposus Cell Phenotype Through Cell Shape. FASEB j. 33 (12), 14022–14035. doi:10.1096/fj.201802725RRR
 Feng, G., Chen, H., Li, J., Huang, Q., Gupte, M. J., Liu, H., et al. (2015). Gene Therapy for Nucleus Pulposus Regeneration by Heme Oxygenase-1 Plasmid DNA Carried by Mixed Polyplex Micelles With Thermo-Responsive Heterogeneous Coronas. Biomaterials. 52, 1–13. doi:10.1016/j.biomaterials.2015.02.024
 Feng, G., Zhang, Z., Dang, M., Rambhia, K. J., and Ma, P. X. (2020). Nanofibrous Spongy Microspheres to Deliver Rabbit Mesenchymal Stem Cells and Anti-miR-199a to Regenerate Nucleus Pulposus and Prevent Calcification. Biomaterials. 256, 120213. doi:10.1016/j.biomaterials.2020.120213
 Fiani, B., Dahan, A., El-Farra, M. H., Kortz, M. W., Runnels, J. M., Suliman, Y., et al. (2021). Cellular Transplantation and Platelet-Rich Plasma Injections for Discogenic Pain: a Contemporary Review. Regenerative Med. 16 (2), 161–174. doi:10.2217/rme-2020-0146
 Fiordalisi, M., Silva, A. J., Barbosa, M., Gonçalves, R., and Caldeira, J. (2020). Decellularized Scaffolds for Intervertebral Disc Regeneration. Trends Biotechnol. 38 (9), 947–951. doi:10.1016/j.tibtech.2020.05.002
 Fong, E. L. S., Chan, C. K., and Goodman, S. B. (2011). Stem Cell Homing in Musculoskeletal Injury. Biomaterials. 32 (2), 395–409. doi:10.1016/j.biomaterials.2010.08.101
 Francisco, A. T., Hwang, P. Y., Jeong, C. G., Jing, L., Chen, J., and Setton, L. A. (2014). Photocrosslinkable Laminin-Functionalized Polyethylene Glycol Hydrogel for Intervertebral Disc Regeneration. Acta Biomater. 10 (3), 1102–1111. doi:10.1016/j.actbio.2013.11.013
 From the American Association of Neurological SurgeonsA.S.o.N.C.Interventional Radiology Society of Europe, C.I.R.A.C.o.N.S.E.S.o.M.I.N.T.E.S.o.N.E.S.O.S.f.C.A. Baxter, B., Campbell, B. C. V., Carpenter, J. S., Cognard, C., Dippel, D., Eesa, M., et al. (2018). Multisociety Consensus Quality Improvement Revised Consensus Statement for Endovascular Therapy of Acute Ischemic Stroke. J. Neuroradiology. 39 (6), E61–E76. doi:10.3174/ajnr.a5638
 Gan, Y., Li, P., Wang, L., Mo, X., Song, L., Xu, Y., et al. (2017). An Interpenetrating Network-Strengthened and Toughened Hydrogel that Supports Cell-Based Nucleus Pulposus Regeneration. Biomaterials. 136, 12–28. doi:10.1016/j.biomaterials.2017.05.017
 Gawri, R., Moir, J., Ouellet, J., Beckman, L., Steffen, T., Roughley, P., et al. (2014). Physiological Loading Can Restore the Proteoglycan Content in a Model of Early IVD Degeneration. PLoS One. 9 (7), e101233. doi:10.1371/journal.pone.0101233
 Ghiselli, G., Wang, J. C., Bhatia, N. N., Hsu, W. K., and Dawson, E. G. (2004). Adjacent Segment Degeneration in the Lumbar Spine. The J. Bone Jt. Surgery-American. 86 (7), 1497–1503. doi:10.2106/00004623-200407000-00020
 Gilchrist, C. L., Darling, E. M., Chen, J., and Setton, L. A. (2011). Extracellular Matrix Ligand and Stiffness Modulate Immature Nucleus Pulposus Cell-Cell Interactions. PLoS One. 6 (11), e27170. doi:10.1371/journal.pone.0027170
 Guerin, H. L., and Elliott, D. M. (2007). Quantifying the Contributions of Structure to Annulus Fibrosus Mechanical Function Using a Nonlinear, Anisotropic, Hyperelastic Model. J. Orthop. Res. 25 (4), 508–516. doi:10.1002/jor.20324
 Gullbrand, S. E., Peterson, J., Mastropolo, R., Roberts, T. T., Lawrence, J. P., Glennon, J. C., et al. (2015). Low Rate Loading-Induced Convection Enhances Net Transport into the Intervertebral Disc In Vivo. Spine J. 15 (5), 1028–1033. doi:10.1016/j.spinee.2014.12.003
 Guo, S., Cui, L., Xiao, C., Wang, C., Zhu, B., Liu, X., et al. (2021). The Mechanisms and Functions of GDF ‐5 in Intervertebral Disc Degeneration. Orthop. Surg. 13 (3), 734–741. doi:10.1111/os.12942
 Hamilton, D. J., Séguin, C. A., Wang, J., Pilliar, R. M., and Kandel, R. A. (2006). BioEngineering of Skeletal Tissues, T.Formation of a Nucleus Pulposus-Cartilage Endplate Construct In Vitro. Biomaterials. 27 (3), 397–405. doi:10.1016/j.biomaterials.2005.07.007
 Han, Y., Ouyang, Z., Wawrose, R. A., Chen, S. R., Hallbaum, M., Dong, Q., et al. (2021). ISSLS Prize in Basic Science 2021: a Novel Inducible System to Regulate Transgene Expression of TIMP1. Eur. Spine J. 30 (5), 1098–1107. doi:10.1007/s00586-021-06728-0
 He, R., Wang, Z., Cui, M., Liu, S., Wu, W., Chen, M., et al. (2021). HIF1A Alleviates Compression-Induced Apoptosis of Nucleus Pulposus Derived Stem Cells via Upregulating Autophagy. Autophagy , 1–23. doi:10.1080/15548627.2021.1872227
 Hensley, A., Rames, J., Casler, V., Rood, C., Walters, J., Fernandez, C., et al. (2018). Decellularization and Characterization of a Whole Intervertebral Disk Xenograft Scaffold. J. Biomed. Mater. Res. 106 (9), 2412–2423. doi:10.1002/jbm.a.36434
 Hingert, D., Ekström, K., Aldridge, J., Crescitelli, R., and Brisby, H. (2020). Extracellular Vesicles from Human Mesenchymal Stem Cells Expedite Chondrogenesis in 3D Human Degenerative Disc Cell Cultures. Stem Cell Res Ther. 11 (1), 323. doi:10.1186/s13287-020-01832-2
 Hofmann, U. K., Steidle, J., Danalache, M., Bonnaire, F., Walter, C., and Rolauffs, B. (2018). Chondrocyte Death after Mechanically Overloading Degenerated Human Intervertebral Disk Explants Is Associated With a Structurally Impaired Pericellular Matrix. J. Tissue Eng. Regen. Med. 12 (9), 2000–2010. doi:10.1002/term.2735
 Hoy, D. G., Smith, E., Cross, M., Sanchez-Riera, L., Blyth, F. M., Buchbinder, R., et al. (2015). Reflecting on the Global Burden of Musculoskeletal Conditions: Lessons Learnt From the Global Burden of Disease 2010 Study and the Next Steps Forward. Ann. Rheum. Dis. 74 (1), 4–7. doi:10.1136/annrheumdis-2014-205393
 Hristova, G. I., Jarzem, P., Ouellet, J. A., Roughley, P. J., Epure, L. M., Antoniou, J., et al. (2011). Calcification in Human Intervertebral Disc Degeneration and Scoliosis. J. Orthop. Res. 29 (12), 1888–1895. doi:10.1002/jor.21456
 Hu, B., He, R., Ma, K., Wang, Z., Cui, M., Hu, H., et al. (2018). Intervertebral Disc-Derived Stem/Progenitor Cells as a Promising Cell Source for Intervertebral Disc Regeneration. Stem Cell Int. 2018, 1–11. doi:10.1155/2018/7412304
 Hu, S., Chen, L., Al Mamun, A., Ni, L., Gao, W., Lin, Y., et al. (2021). The Therapeutic Effect of TBK1 in Intervertebral Disc Degeneration via Coordinating Selective Autophagy and Autophagic Functions. J. Adv. Res. 30, 1–13. doi:10.1016/j.jare.2020.08.011
 Hu, Z.-L., Li, H.-Y., Chang, X., Li, Y.-Y., Liu, C.-H., Gao, X.-X., et al. (2020). Exosomes Derived from Stem Cells as an Emerging Therapeutic Strategy for Intervertebral Disc Degeneration. World J. Stem. Cells. 12 (8), 803–813. doi:10.4252/wjsc.v12.i8.803
 Humzah, M. D., and Soames, R. W. (1988). Human Intervertebral Disc: Structure and Function. Anat. Rec. 220 (4), 337–356. doi:10.1002/ar.1092200402
 Iatridis, J. C., Setton, L. A., Weidenbaum, M., and Mow, V. C. (1997). Alterations in the Mechanical Behavior of the Human Lumbar Nucleus Pulposus With Degeneration and Aging. J. Orthop. Res. 15 (2), 318–322. doi:10.1002/jor.1100150224
 Ishiguro, H., Kaito, T., Yarimitsu, S., Hashimoto, K., Okada, R., Kushioka, J., et al. (2019). Intervertebral Disc Regeneration With an Adipose Mesenchymal Stem Cell-Derived Tissue-Engineered Construct in a Rat Nucleotomy Model. Acta Biomater. 87, 118–129. doi:10.1016/j.actbio.2019.01.050
 Kaur, H., and Roy, S. (2021). Designing Aromatic N-Cadherin Mimetic Short-Peptide-Based Bioactive Scaffolds for Controlling Cellular Behaviour. J. Mater. Chem. B. 9 (29), 5898–5913. doi:10.1039/d1tb00598g
 Kim, J.-W., Jeon, N., Shin, D.-E., Lee, S.-Y., Kim, M., Han, D. H., et al. (2021). Regeneration in Spinal Disease: Therapeutic Role of Hypoxia-Inducible Factor-1 Alpha in Regeneration of Degenerative Intervertebral Disc. Int. J. Mol. Sci. 22 (10), 5281. doi:10.3390/ijms22105281
 Lama, P., Le Maitre, C. L., Harding, I. J., Dolan, P., and Adams, M. A. (2018). Nerves and Blood Vessels in Degenerated Intervertebral Discs Are Confined to Physically Disrupted Tissue. J. Anat. 233 (1), 86–97. doi:10.1111/joa.12817
 Lan, T., Shiyu-Hu, H., Shen, Z., Yan, B., and Chen, J. (2021). New Insights Into the Interplay between miRNAs and Autophagy in the Aging of Intervertebral Discs. Ageing Res. Rev. 65, 101227. doi:10.1016/j.arr.2020.101227
 Leckie, S. K., Bechara, B. P., Hartman, R. A., Sowa, G. A., Woods, B. I., Coelho, J. P., et al. (2012). Injection of AAV2-BMP2 and AAV2-TIMP1 Into the Nucleus Pulposus Slows the Course of Intervertebral Disc Degeneration in an In Vivo Rabbit Model. Spine J. 12 (1), 7–20. doi:10.1016/j.spinee.2011.09.011
 Li, F., Zhan, X., Xi, X., Zeng, Z., Ma, B., Xie, N., et al. (2021). Do the Positioning Variables of the Cage Contribute to Adjacent Facet Joint Degeneration? Radiological and Clinical Analysis Following Intervertebral Fusion. Ann. Transl Med. 9 (9), 776. doi:10.21037/atm-20-7718
 Li, W.-J., Jiang, Y. J., and Tuan, R. S. (2006). Chondrocyte Phenotype in Engineered Fibrous Matrix Is Regulated by Fiber Size. Tissue Eng. 12 (7), 1775–1785. doi:10.1089/ten.2006.12.1775
 Li, Z., Gehlen, Y., Heizmann, F., Grad, S., Alini, M., Richards, R. G., et al. (2020). Preclinical Ex-Vivo Testing of Anti-Inflammatory Drugs in a Bovine Intervertebral Degenerative Disc Model. Front. Bioeng. Biotechnol. 8, 583. doi:10.3389/fbioe.2020.00583
 Li, Z., Lang, G., Chen, X., Sacks, H., Mantzur, C., Tropp, U., et al. (2016). Polyurethane Scaffold with In Situ Swelling Capacity for Nucleus Pulposus Replacement. Biomaterials. 84, 196–209. doi:10.1016/j.biomaterials.2016.01.040
 Liu, C., Zhu, C., Li, J., Zhou, P., Chen, M., Yang, H., et al. (2015). The Effect of the Fibre Orientation of Electrospun Scaffolds on the Matrix Production of Rabbit Annulus Fibrosus-Derived Stem Cells. Bone Res. 3, 15012. doi:10.1038/boneres.2015.12
 Liu, J., Wang, D., Li, Y., Zhou, Z., Zhang, D., Li, J., et al. (2021). Overall Structure Construction of an Intervertebral Disk Based on Highly Anisotropic Wood Hydrogel Composite Materials With Mechanical Matching and Buckling Buffering. ACS Appl. Mater. Inter. 13 (13), 15709–15719. doi:10.1021/acsami.1c02487
 Liu, C., Xiao, L., Zhang, Y., Zhao, Q., and Xu, H. (2020a). Regeneration of Annulus Fibrosus Tissue Using a DAFM/PECUU-Blended Electrospun Scaffold. J. Biomater. Sci. Polym. Edition. 31 (18), 2347–2361. doi:10.1080/09205063.2020.1812038
 Liu, Y., Wang, H.-C., Xiang, H.-F., Jin, C.-H., and Chen, B.-H. (2020b). Expression of HSPA8 in Nucleus Pulposus of Lumbar Intervertebral Disc and Its Effect on Degree of Degeneration. Adv. Ther. 37 (1), 390–401. doi:10.1007/s12325-019-01136-9
 Liu, Z., Li, J., Hu, M., Wang, X., Chen, N., Cui, S., et al. (2020c). The Optimal Timing of Hydrogel Injection for Treatment of Intervertebral Disc Degeneration. Spine (Phila Pa 1976). 45 (22), E1451–E1459. doi:10.1097/BRS.0000000000003667
 Lyu, F.-J., Cui, H., Pan, H., Mc Cheung, K., Cao, X., Iatridis, J. C., et al. (2021). Painful Intervertebral Disc Degeneration and Inflammation: From Laboratory Evidence to Clinical Interventions. Bone Res. 9 (1), 7. doi:10.1038/s41413-020-00125-x
 Malandrino, A., Lacroix, D., Hellmich, C., Ito, K., Ferguson, S. J., and Noailly, J. (2014). The Role of End Plate Poromechanical Properties on the Nutrient Availability in the Intervertebral Disc. Osteoarthritis and Cartilage. 22 (7), 1053–1060. doi:10.1016/j.joca.2014.05.005
 March, L., Smith, E. U. R., Hoy, D. G., Cross, M. J., Sanchez-Riera, L., Blyth, F., et al. (2014). Burden of Disability Due to Musculoskeletal (MSK) Disorders. Best Pract. Res. Clin. Rheumatol. 28 (3), 353–366. doi:10.1016/j.berh.2014.08.002
 McCann, M. R., Tamplin, O. J., Rossant, J., and Séguin, C. A. (2012). Tracing Notochord-Derived Cells Using a Noto-Cre Mouse: Implications for Intervertebral Disc Development. Dis. Model. Mech. 5 (1), 73–82. doi:10.1242/dmm.008128
 Menon, R. G., Zibetti, M. V. W., Pendola, M., and Regatte, R. R. (2021). Measurement of Three‐Dimensional Internal Dynamic Strains in the Intervertebral Disc of the Lumbar Spine With Mechanical Loading and Golden‐Angle Radial Sparse Parallel‐Magnetic Resonance Imaging. J. Magn. Reson. Imaging. 54 (2), 486–496. doi:10.1002/jmri.27591
 Mizushima, N. (2007). Autophagy: Process and Function. Genes Development. 21 (22), 2861–2873. doi:10.1101/gad.1599207
 Mohd Isa, I. L., Abbah, S. A., Kilcoyne, M., Sakai, D., Dockery, P., Finn, D. P., et al. (2018). Implantation of Hyaluronic Acid Hydrogel Prevents the Pain Phenotype in a Rat Model of Intervertebral Disc Injury. Sci. Adv. 4 (4), eaaq0597. doi:10.1126/sciadv.aaq0597
 Moriguchi, Y., Borde, B., Berlin, C., Wipplinger, C., Sloan, S. R., Kirnaz, S., et al. (2018). In Vivo annular Repair Using High-Density Collagen Gel Seeded With Annulus Fibrosus Cells. Acta Biomater. 79, 230–238. doi:10.1016/j.actbio.2018.07.008
 Mouw, J. K., Ou, G., and Weaver, V. M. (2014). Extracellular Matrix Assembly: a Multiscale Deconstruction. Nat. Rev. Mol. Cell Biol. 15 (12), 771–785. doi:10.1038/nrm3902
 Mwale, F., Ciobanu, I., Giannitsios, D., Roughley, P., Steffen, T., and Antoniou, J. (2011). Effect of Oxygen Levels on Proteoglycan Synthesis by Intervertebral Disc Cells. Spine. 36 (2), E131–E138. doi:10.1097/BRS.0b013e3181d52b9e
 Navaro, Y., Bleich-Kimelman, N., Hazanov, L., Mironi-Harpaz, I., Shachaf, Y., Garty, S., et al. (2015). Matrix Stiffness Determines the Fate of Nucleus Pulposus-Derived Stem Cells. Biomaterials. 49, 68–76. doi:10.1016/j.biomaterials.2015.01.021
 Nesti, L. J., Li, W.-J., Shanti, R. M., Jiang, Y. J., Jackson, W., Freedman, B. A., et al. (2008). Intervertebral Disc Tissue Engineering Using a Novel Hyaluronic Acid-Nanofibrous Scaffold (HANFS) Amalgam. Tissue Eng. A. 14 (9), 1527–1537. doi:10.1089/ten.tea.2008.0215
 Norbertczak, H. T., Ingham, E., Fermor, H. L., and Wilcox, R. K. (2020). Decellularized Intervertebral Discs: A Potential Replacement for Degenerate Human Discs. Tissue Eng. C: Methods. 26 (11), 565–576. doi:10.1089/ten.TEC.2020.0104
 Pattappa, G., Peroglio, M., Peroglio, M., Sakai, D., Mochida, J., Benneker, L., et al. (2014). CCL5/RANTES Is a Key Chemoattractant Released by Degenerative Intervertebral Discs in Organ Culture. Eur Cell Mater. 27, 124–136. discussion 136. doi:10.22203/ecm.v027a10
 Peng, Y., Huang, D., Li, J., Liu, S., Qing, X., and Shao, Z. (2020a). Genipin‐Crosslinked Decellularized Annulus Fibrosus Hydrogels Induces Tissue‐Specific Differentiation of Bone Mesenchymal Stem Cells and Intervertebral Disc Regeneration. J. Tissue Eng. Regen. Med. 14 (3), 497–509. doi:10.1002/term.3014
 Peng, Y., Huang, D., Liu, S., Li, J., Qing, X., and Shao, Z. (2020b). Biomaterials-Induced Stem Cells Specific Differentiation Into Intervertebral Disc Lineage Cells. Front. Bioeng. Biotechnol. 8, 56. doi:10.3389/fbioe.2020.00056
 Peng, Y., Qing, X., Lin, H., Huang, D., Li, J., Tian, S., et al. (2021). Decellularized Disc Hydrogels for hBMSCs Tissue-Specific Differentiation and Tissue Regeneration. Bioactive Mater. 6 (10), 3541–3556. doi:10.1016/j.bioactmat.2021.03.014
 Peredo, A. P., Gullbrand, S. E., Smith, H. E., and Mauck, R. L. (2021). Putting the Pieces in Place: Mobilizing Cellular Players to Improve Annulus Fibrosus Repair. Tissue Eng. B: Rev. 27, 295–312. doi:10.1089/ten.TEB.2020.0196
 Perfetti, D. C., Galina, J. M., Derman, P. B., Guyer, R. D., Ohnmeiss, D. D., and Satin, A. M. (2021). Risk Factors for Reoperation After Lumbar Total Disc Replacement at Short-, Mid-, and Long-Term Follow-Up. Spine J. 21 (7), 1110–1117. doi:10.1016/j.spinee.2021.02.020
 Pirvu, T., Blanquer, S. B. G., Benneker, L. M., Grijpma, D. W., Richards, R. G., Alini, M., et al. (2015). A Combined Biomaterial and Cellular Approach for Annulus Fibrosus Rupture Repair. Biomaterials. 42, 11–19. doi:10.1016/j.biomaterials.2014.11.049
 Ponte, A. L., Marais, E., Gallay, N., Langonné, A., Delorme, B., Hérault, O., et al. (2007). The In Vitro Migration Capacity of Human Bone Marrow Mesenchymal Stem Cells: Comparison of Chemokine and Growth Factor Chemotactic Activities. Stem Cells. 25 (7), 1737–1745. doi:10.1634/stemcells.2007-0054
 Risbud, M. V., Schoepflin, Z. R., Mwale, F., Kandel, R. A., Grad, S., Iatridis, J. C., et al. (2015). Defining the Phenotype of Young Healthy Nucleus Pulposus Cells: Recommendations of the Spine Research Interest Group at the 2014 Annual ORS Meeting. J. Orthop. Res. 33 (3), 283–293. doi:10.1002/jor.22789
 Roberts, S., Evans, H., Trivedi, J., and Menage, J. (2006). Histology and Pathology of the Human Intervertebral Disc. J. Bone Jt. Surg Am. 88 (Suppl. 2), 10–14. doi:10.2106/JBJS.F.00019
 Roberts, S., Menage, J., and Urban, J. P. G. (1989). Biochemical and Structural Properties of the Cartilage End-Plate and its Relation to the Intervertebral Disc. Spine. 14 (2), 166–174. doi:10.1097/00007632-198902000-00005
 Roh, E., Darai, A., Kyung, J., Choi, H., Kwon, S., Bhujel, B., et al. (2021). Genetic Therapy for Intervertebral Disc Degeneration. Int. J. Mol. Sci. 22 (4), 1579. doi:10.3390/ijms22041579
 Saberi, M., Zhang, X., and Mobasheri, A. (2021). Targeting Mitochondrial Dysfunction With Small Molecules in Intervertebral Disc Aging and Degeneration. Geroscience. 43 (2), 517–537. doi:10.1007/s11357-021-00341-1
 Sakai, D., and Andersson, G. B. J. (2015). Stem Cell Therapy for Intervertebral Disc Regeneration: Obstacles and Solutions. Nat. Rev. Rheumatol. 11 (4), 243–256. doi:10.1038/nrrheum.2015.13
 Schmocker, A., Khoushabi, A., Frauchiger, D. A., Gantenbein, B., Schizas, C., Moser, C., et al. (2016). A Photopolymerized Composite Hydrogel and Surgical Implanting Tool for a Nucleus Pulposus Replacement. Biomaterials. 88, 110–119. doi:10.1016/j.biomaterials.2016.02.015
 Schroeder, G. D., Markova, D. Z., Koerner, J. D., Rihn, J. A., Hilibrand, A. S., Vaccaro, A. R., et al. (2017). Are Modic Changes Associated With Intervertebral Disc Cytokine Profiles?Spine J. 17 (1), 129–134. doi:10.1016/j.spinee.2016.08.006
 Shamsah, A. H., Cartmell, S. H., Richardson, S. M., and Bosworth, L. A. (2019). Tissue Engineering the Annulus Fibrosus Using 3D Rings of Electrospun PCL:PLLA Angle-Ply Nanofiber Sheets. Front. Bioeng. Biotechnol. 7, 437. doi:10.3389/fbioe.2019.00437
 Sheyn, D., Ben-David, S., Tawackoli, W., Zhou, Z., Salehi, K., Bez, M., et al. (2019). Human iPSCs Can Be Differentiated into Notochordal Cells that Reduce Intervertebral Disc Degeneration in a Porcine Model. Theranostics. 9 (25), 7506–7524. doi:10.7150/thno.34898
 Shikinami, Y., Kawabe, Y., Yasukawa, K., Tsuta, K., Kotani, Y., and Abumi, K. (2010). A Biomimetic Artificial Intervertebral Disc System Composed of a Cubic Three-Dimensional Fabric. Spine J. 10 (2), 141–152. doi:10.1016/j.spinee.2009.10.008
 Sordi, V. (2009). Mesenchymal Stem Cell Homing Capacity. Transplantation. 87 (9 Suppl. l), S42–S45. doi:10.1097/TP.0b013e3181a28533
 Stich, S., Möller, A., Cabraja, M., Krüger, J., Hondke, S., Endres, M., et al. (2018). Chemokine CCL25 Induces Migration and Extracellular Matrix Production of Anulus Fibrosus-Derived Cells. Int. J. Mol. Sci. 19 (8), 2207. doi:10.3390/ijms19082207
 Sun, B., Lian, M., Han, Y., Mo, X., Jiang, W., Qiao, Z., et al. (2021). A 3D-Bioprinted Dual Growth Factor-Releasing Intervertebral Disc Scaffold Induces Nucleus Pulposus and Annulus Fibrosus Reconstruction. Bioactive Mater. 6 (1), 179–190. doi:10.1016/j.bioactmat.2020.06.022
 Sun, Y., Leung, V. Y., and Cheung, K. M. (2019). Clinical Trials of Intervertebral Disc Regeneration: Current Status and Future Developments. Int. Orthopaedics (Sicot). 43 (4), 1003–1010. doi:10.1007/s00264-018-4245-8
 Sun, Z., Luo, B., Liu, Z., Huang, L., Liu, B., Ma, T., et al. (2016). Effect of Perfluorotributylamine-Enriched Alginate on Nucleus Pulposus Cell: Implications for Intervertebral Disc Regeneration. Biomaterials. 82, 34–47. doi:10.1016/j.biomaterials.2015.12.013
 Takeoka, Y., Yurube, T., Morimoto, K., Kunii, S., Kanda, Y., Tsujimoto, R., et al. (2020). Reduced Nucleotomy-Induced Intervertebral Disc Disruption Through Spontaneous Spheroid Formation by the Low Adhesive Scaffold Collagen (LASCol). Biomaterials. 235, 119781. doi:10.1016/j.biomaterials.2020.119781
 Tam, V., Rogers, I., Chan, D., Leung, V. Y. L., and Cheung, K. M. C. (2014). A Comparison of Intravenous and Intradiscal Delivery of Multipotential Stem Cells on the Healing of Injured Intervertebral Disk. J. Orthop. Res. 32 (6), 819–825. doi:10.1002/jor.22605
 Tavakoli, J., Diwan, A. D., and Tipper, J. L. (2020). Advanced Strategies for the Regeneration of Lumbar Disc Annulus Fibrosus. Int. J. Mol. Sci. 21 (14), 4889. doi:10.3390/ijms21144889
 Tessier, S., Tran, V. A., Ottone, O. K., Novais, E. J., Doolittle, A., DiMuzio, M. J., et al. (2020). TonEBP-Deficiency Accelerates Intervertebral Disc Degeneration Underscored by Matrix Remodeling, Cytoskeletal Rearrangements, and Changes in Proinflammatory Gene Expression. Matrix Biol. 87, 94–111. doi:10.1016/j.matbio.2019.10.007
 Tibiletti, M., Kregar Velikonja, N., Urban, J. P. G., and Fairbank, J. C. T. (2014). Disc Cell Therapies: Critical Issues. Eur. Spine J. 23 (Suppl. 3), 375–384. doi:10.1007/s00586-014-3177-2
 Tripathy, S. K., Black, H. B., Goldwasser, E., and Leiden, J. M. (1996). Immune Responses to Transgene-Encoded Proteins Limit the Stability of Gene Expression after Injection of Replication-Defective Adenovirus Vectors. Nat. Med. 2 (5), 545–550. doi:10.1038/nm0596-545
 Trummer, M., Eustacchio, S., Barth, M., Klassen, P. D., and Stein, S. (2013). Protecting Facet Joints Post-Lumbar Discectomy: Barricaid Annular Closure Device Reduces Risk of Facet Degeneration. Clin. Neurol. Neurosurg. 115 (8), 1440–1445. doi:10.1016/j.clineuro.2013.01.007
 Vadalà, G., Sowa, G., Hubert, M., Gilbertson, L. G., Denaro, V., and Kang, J. D. (2012). Mesenchymal Stem Cells Injection in Degenerated Intervertebral Disc: Cell Leakage May Induce Osteophyte Formation. J. Tissue Eng. Regen. Med. 6 (5), 348–355. doi:10.1002/term.433
 van der Veen, A. J., van Dieën, J. H., Nadort, A., Stam, B., and Smit, T. H. (2007). Intervertebral Disc Recovery after Dynamic or Static Loading In Vitro: Is There a Role for the Endplate?J. Biomech. 40 (10), 2230–2235. doi:10.1016/j.jbiomech.2006.10.018
 Vukas, D., Grahovac, G., Barth, M., Bouma, G., Vilendecic, M., and Ledic, D. (2015). Effect of Anular Closure on Disk Height Maintenance and Reoperated Recurrent Herniation Following Lumbar Diskectomy: Two-Year Data. J. Neurol. Surg. A. Cent. Eur. Neurosurg. 76 (3), 211–218. doi:10.1055/s-0034-1393930
 Wallach, C. J., Kim, J. S., Sobajima, S., Lattermann, C., Oxner, W. M., McFadden, K., et al. (2006). Safety Assessment of Intradiscal Gene Transfer: a Pilot Study. Spine J. 6 (2), 107–112. doi:10.1016/j.spinee.2005.05.002
 Wang, X.-S., Yang, J.-M., Ding, R.-J., Liu, X.-Z., Jiang, X.-B., Yang, Z.-J., et al. (2021). Fabrication of a Polylactide-Glycolide/Poly-ε-Caprolactone/Dextran/Plastrum Testudinis Extract Composite Anti-Inflammation Nanofiber Membrane via Electrospinning for Annulus Fibrosus Regeneration. J. Biomed. Nanotechnol. 17 (5), 873–888. doi:10.1166/jbn.2021.3070
 Wang, Z., Liu, H., Luo, W., Cai, T., Li, Z., Liu, Y., et al. (2020). Regeneration of Skeletal System With Genipin Crosslinked Biomaterials. J. Tissue Eng. 11, 204173142097486. doi:10.1177/2041731420974861
 Zehra, U., Robson-Brown, K., Adams, M. A., and Dolan, P. (2015). Porosity and Thickness of the Vertebral Endplate Depend on Local Mechanical Loading. Spine. 40 (15), 1173–1180. doi:10.1097/BRS.0000000000000925
 Zhang, H., Yu, S., Zhao, X., Mao, Z., and Gao, C. (2018). Stromal Cell-Derived Factor-1α-Encapsulated Albumin/heparin Nanoparticles for Induced Stem Cell Migration and Intervertebral Disc Regeneration In Vivo. Acta Biomater. 72, 217–227. doi:10.1016/j.actbio.2018.03.032
 Zhang, T.-W., Li, Z.-F., Dong, J., and Jiang, L.-B. (2020a). The Circadian Rhythm in Intervertebral Disc Degeneration: an Autophagy Connection. Exp. Mol. Med. 52 (1), 31–40. doi:10.1038/s12276-019-0372-6
 Zhang, Y., Yang, B., Wang, J., Cheng, F., Shi, K., Ying, L., et al. (2020b). Cell Senescence: A Nonnegligible Cell State Under Survival Stress in Pathology of Intervertebral Disc Degeneration. Oxidative Med. Cell Longevity. 2020, 1–12. doi:10.1155/2020/9503562
 Zhang, Z., Marson, R. L., Ge, Z., Glotzer, S. C., and Ma, P. X. (2015). Simultaneous Nano- and Microscale Control of Nanofibrous Microspheres Self-Assembled From Star-Shaped Polymers. Adv. Mater. 27 (26), 3947–3952. doi:10.1002/adma.201501329
 Zhao, C.-Q., Wang, L.-M., Jiang, L.-S., and Dai, L.-Y. (2007). The Cell Biology of Intervertebral Disc Aging and Degeneration. Ageing Res. Rev. 6 (3), 247–261. doi:10.1016/j.arr.2007.08.001
 Zhou, P., Wei, B., Guan, J., Chen, Y., Zhu, Y., Ye, Y., et al. (2021). Mechanical Stimulation and Diameter of Fiber Scaffolds Affect the Differentiation of Rabbit Annulus Fibrous Stem Cells. Tissue Eng. Regen. Med. 18 (1), 49–60. doi:10.1007/s13770-020-00305-0
 Zhu, C., Li, J., Liu, C., Zhou, P., Yang, H., and Li, B. (2016). Modulation of the Gene Expression of Annulus Fibrosus-Derived Stem Cells Using Poly(ether Carbonate Urethane)Urea Scaffolds of Tunable Elasticity. Acta Biomater. 29, 228–238. doi:10.1016/j.actbio.2015.09.039
GLOSSARY
AF Annulus fibrous
ECM Extracellular matrix
PU Polyurethane
PC Polycarbonate
NF-SMS Nanofiber sponge microspheres
NP Nuclear pulposus
IPN Interpenetrating network
sGAGs Sulfated glycosaminoglycans
PEG Polyethylene glycol
NP-SCs Nucleus pulposus-derived stem cells
PFTBA Perfluorotributylamine
HP Hyperbranched polymer
AMO Anti-miR-199a
PLGA Poly (lactic acid-co-glycolic acid)
NS Nanospheres
HIF Hypoxia inducible factor
MSC Mesenchymal stem cell
MPM Mixed composite micelle
pDNA Plasmid DNA
HO-1 Heme oxygenase-1
PCL Polycaprolactone
DEX Dextran
PTE Plastid extract
PECUU Poly (ether carbonate carbamide) urea
AFSCs Amniotic fluid-derived stem-cell
DAFM Decellularized AF matrix
CSRS Cell sheet rolling system
PLLA Poly(L-lactic acid) acid
g-DAF-G Genipin cross-linked acellular AF hydrogel
HDC High-density collagen gel
DHI Disk height index
ILM Interlamellar matrix
PTMC Poly (trimethylene carbonate)
TGF Transforming growth factor
BMSCs Bone marrow mesenchymal stem cells
IGF-1 Insulin-like growth factor-1
PDGF-AB Platelet-derived growth factor-AB
MDC Macrophage-derived chemokine
SDF-1 Stromal cell-derived factor-1
TEC Tissue engineered construct
CPP Calcium polyphosphate
FGF Fibroblast growth factor
ASICs Acid-sensitive ion channels
CTGF Connective tissue growth factor
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Repair effect
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regeneration
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engineered AF tissue has a layered structure close to that
of natural AF tissue

Gene expression and EGM secretion of collagen type | and
Il and aggrecan from AF-derived stem cells cuttured on
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type | collagen, aggrecan, and AF specific protein markers.
can be effectively expressed

For the first time, a custom-built Cell Sheet Rolling System
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construct that mimics the complex AF tissue and which
overcomes this transiational imitation

The constructs supported cellproiferation, differentiation,
and ECM deposition resulting in AF-like tissue features
based on ECM deposition and morphology

Production of SGAG and collagen was significantly
upreguiated, but the formed collagen was also oriented
and aligned into bundles within the designed pore
channels. The differentiated hASCs seeded with fiorin gel
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It can withstand dynarmic loads, restore the height of the
intervertebral disc, prevent the protrusion of the nudleus
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Disc height, endplate, and annulus fibrinoid structure were
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