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Intervertebral disc (IVD) degeneration (IVDD) has been considered the dominant factor in low back pain (LBP), and its etiological mechanisms are complex and not yet fully elucidated. To date, the treatment of IVDD has mainly focused on relieving clinical symptoms and cannot fundamentally solve the problem. Recently, a novel microsphere-based therapeutic strategy has held promise for IVD regeneration and has yielded encouraging results with in vitro experiments and animal models. With excellent injectability, biocompatibility, and biodegradability, this microsphere carrier allows for targeted delivery and controlled release of drugs, gene regulatory sequences, and other bioactive substances and supports cell implantation and directed differentiation, aiming to improve the disease state of IVD at the source. This review discusses the possible mechanisms of IVDD and the limitations of current therapies, focusing on the application of microsphere delivery systems in IVDD, including targeted delivery of active substances and drugs, cellular therapy, and gene therapy, and attempts to provide a new understanding for the treatment of IVDD.
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1 INTRODUCTION
Low back pain (LBP) has become the most common public health problem worldwide in recent years and can occur in people of almost all ages (Hartvigsen et al., 2018). It not only seriously affects daily life but also places a heavy burden on social health care and even economic development. Relevant authoritative survey reports show that the global prevalence of LBP (0–100 years old) is 9.4%, and it is the main disease that causes disability, overall economic burden, and demand for rehabilitation services worldwide (Hoy et al., 2014; Hartvigsen et al., 2018; Cieza et al., 2021). With the growth of the global population and the acceleration of population aging, the disability and treatment costs caused by LBP will increase in the future. Although the pathogenic factors of LBP are complex and diverse, intervertebral disc (IVD) degeneration (IVDD) is considered to be the most significant (Zhang W. et al., 2022). IVDD is also a result of multivariate integrated effects, such as aging, genetics, abnormal mechanical load, circadian rhythm disorder, obesity, and smoking (Cazzanelli and Wuertz-Kozak, 2020; Cheng et al., 2021; Morris et al., 2021; Zhang et al., 2021). Currently, IVDD can be treated by nonsurgical and surgical methods according to the severity of the disease, but generally, these can only temporarily alleviate clinical symptoms and cannot prevent the progression of degeneration. Given the increasing number of patients with IVDD and the absence of more satisfactory treatment measures, the development of new treatment options has become a pressing challenge.
In recent years, with the rapid development of tissue engineering technology and the continuous discovery of new delivery materials, tissue engineering strategies for IVD repair and regeneration have attracted much attention. Microspheres, as flowable spherical particles capable of loading specific substances with good biocompatibility and biodegradability, can be injected into the IVD and slowly release the loaded substances locally to exert a sustained therapeutic effect (Kulchar et al., 2021). This microsphere-based delivery system alleviates LBP, inhibits tissue degeneration, and promotes IVD regeneration or repair through the targeted delivery of cells, drugs, bioactive components, and gene modifiers to the interior of IVD tissue (Feng et al., 2017; Xia et al., 2019; Xu H. et al., 2020; Wiersema et al., 2021). This novel microsphere therapy breaks the traditional treatment situation and may further restore the IVD anatomical structure and biological function based on the inhibition of IVDD progression, showing great potential for development in the field of IVD tissue engineering. This article first reviews the physiological structure and degeneration mechanism of IVD and summarizes the current treatment strategies for IVDD and their drawbacks. Then, we introduced the application of microsphere delivery systems in IVDD in detail and analyzed the current research status and some shortcomings. We hope that this study can help researchers systematically understand the application of microsphere delivery systems in IVDD and provide a theoretical basis for exploring more advanced microsphere delivery systems for IVD regeneration.
2 MECHANISMS AND TREATMENT STRATEGIES OF IVDD
2.1 Structure and Function of IVD
The IVD is the largest avascular structure in the human body (Sun et al., 2020), and its structures include the centrally located nucleus pulposus (NP), the external annulus fibrosus (AF), and the cartilaginous endplates (CEPs) at the upper and lower ends (Figure 1). Among them, NP is a highly hydrated gel with a water content of more than 80% and consists mainly of notochord cells, NP cells (NPCs), type II collagen (COL2), and proteoglycans (PG) (Li et al., 2021). Due to this characteristic, the NP tissue can evenly distribute the force to the AF when the IVD is pressed, providing excellent cushioning performance (Heo and Park, 2022). AF is a fibrous structure wrapped around the NP that is composed of 15–25 concentric annular lamellae containing abundant elastin fibers, fibroblasts, and chondrocytes (Molladavoodi et al., 2020). Interestingly, the composition of the AF-NP transition zone is close to that of NP, forming a buffer zone with soft traits (Guerin and Elliott, 2007). These functional structures of the AF protect and fix the internal NP tissue while possessing good elasticity, which is essential for the reset of the IVD shape. The CEP is the demarcation line between the IVD and the vertebrae, with an average thickness of approximately 1 mm, and it shows a thick peripheral and thin intermediate layer of hyaline cartilage (Wu et al., 2021). It is worth noting that the micropores in the center of the CEP have a permeability function, which facilitates the exchange of substances between the vertebrae and the IVD and has the function of preventing the loss of NP liquid and maintaining the fluid pressure, maintaining the balance between the mechanical properties and the nutritional requirements of the IVD (Zehra et al., 2015).
[image: Figure 1]FIGURE 1 | Structure of normal IVD.
In short, the IVD is a sandwich-like structure that, together with the joints between the vertebrae and the attached muscles and ligaments, forms a composite motion cushioning system that is subject to compression, tension, rotation, and bending (Li et al., 2021). The IVD acts as a ball bearing in this movement system, playing a vital role in increasing the range of motion of the spine, buffering pressure and vibration, and protecting the brain and spinal cord.
2.2 Pathogenesis of IVDD
The development of IVDD is exceptionally complex and, in general, is the result of a combination of age, genetics, nonphysiological mechanical load, nutritional disorders, and circadian rhythm disturbances (Wang et al., 2016; Patil et al., 2019; Cazzanelli and Wuertz-Kozak, 2020; Cheng et al., 2021; Morris et al., 2021). The above factors cause a series of pathological changes through apoptosis, inflammation, extracellular matrix (ECM) degradation, oxidative stress, and mitochondrial dysfunction, including reduction of IVD cells, loss of cellular physiological functions, and disturbance of ECM metabolism, which in turn lead to NP fibrosis, AF disintegration, and CEP calcification, ultimately resulting in loss of IVD mechanical properties, IVD height reduction, and NP protrusion (Feng et al., 2016; Kang et al., 2019; Lin et al., 2020; Xu G. et al., 2020; Zhang Y. et al., 2020). Clinical symptoms such as LBP and lower limb numbness will occur when the spinal cord and spinal nerve roots are compressed (Figure 2).
[image: Figure 2]FIGURE 2 | Degenerative process of IVD. IVD gradually degenerates in response to multiple pathogenic factors. Pathogenic factors include aging, genetics, nonphysiological mechanical loading, nutritional disorders, etc. These factors ultimately lead to IVDD through pathological mechanisms such as inflammation, apoptosis, ECM anabolic/catabolic dysregulation and oxidative stress. The degenerative process exhibits a series of features such as highly decreased IVD, NP fibrosis, AF disintegration, and vascular ingrowth.
As age increases, the high water-holding notochord cells are gradually replaced by other IVD cells, and a decrease in the water content of NP tissue is an early manifestation of IVDD (McCann et al., 2012). In addition, aging is accompanied by an increase in the senescence-associated secretory phenotype (SASP), which inhibits ECM synthesis and promotes the expression of multiple matrix metalloproteinases (MMPs) through inflammatory factors such as interleukin (IL)-1β, IL-6, IL-8, and tumor necrosis factor (TNF)-α, ultimately disrupting the IVD microenvironment and homeostasis (Feng et al., 2016; Patil et al., 2019; Birch and Gil, 2020). Furthermore, mitochondrial dysfunction and oxidative stress are common to organismal aging. Oxidative stress can induce NPC apoptosis by promoting excessive mitochondrial autophagy, which leads to IVDD (Xu W.-N. et al., 2019). In addition to aging, the relationship between genetic factors and IVDD has also been studied by researchers. The classic twin experiment confirmed the genetic correlation of IVDD and LBP to some extent (Battié et al., 1995; Battié et al., 2007). Moreover, genetic polymorphism studies may also provide a basis for this, as genetic polymorphisms in inflammatory factors (IL-1α/β, IL-6, and TNF-α), MMPs (MMP-1, -2, -3), collagen (COL), aggrecan (ACAN), and cartilage intermediate proteins may be associated with the pathogenesis of IVDD in populations from several countries (Mayer et al., 2013; Harshitha et al., 2018; Trefilova et al., 2021). It is well known that both prolonged compression, strain, and acute nonphysiological loading acting on the IVD can lead to a range of changes, such as tissue damage, reduced vascular buds, decreased cellular activity, inflammatory factor release, and ECM degradation (Alkhatib et al., 2014; Zhan et al., 2020; Zhan et al., 2021; Zhou et al., 2021), which ultimately result in IVDD. Disregarding exogenous factors, the IVD is a hypoxic, low nutrient acidic microenvironment due to the absence of blood supply (Bibby et al., 2005). This tissue ecological niche may not be conducive to cellular metabolic activity. For example, AF cells (AFCs) exhibit suppressed proliferation and metabolic activity as well as apoptosis and senescence in the presence of nutritional deficiency (Yurube et al., 2019). Moreover, a chronic low nutritional state can further accelerate IVDD progression (Gu et al., 2014). Therefore, nutritional availability should be taken into account in the treatment of IVDD. In addition, circadian rhythm disturbance also induces IVDD, which may be related to excessive autophagy within the IVD (Zhang T.-W. et al., 2020; Morris et al., 2021).
2.3 Nonsurgical Strategies
Patients with IVDD usually resort to exercise therapy, physical means, drug therapy, and block therapy for pain relief in the early and middle stages of the disease. First, exercise therapy requires patients to strengthen their back muscles with physical exercise, including tai chi, yoga, Pilates, and whole-body vibration exercises, which can improve symptoms and reduce disability rates (Luan et al., 2019; Wu et al., 2020). Animal studies suggest that physical activity may reduce pain by repairing IVD and increasing cell density and that high-load exercise patterns at low volume and frequency may promote IVD regeneration (Luan et al., 2015; Steele et al., 2015). However, while exercise can be therapeutic, it should also be done scientifically. Second, some physical means, including local hot compress, massage, Tui-Na, traction, and physiotherapy (shock wave, laser, ultrasound, etc.), also have better relief during acute attacks of LBP (Zhao et al., 2019). They are commonly used for pain relief and rehabilitation. Third, pharmacological treatment is essential for the management of chronic LBP. Currently, nonsteroidal anti-inflammatory drugs (NSAIDs), analgesics (e.g., paracetamol and opioids), omega-3 fatty acids, and muscle relaxants play an important role in the treatment of pain of IVD origin (NaPier et al., 2019; Gkantsinikoudis et al., 2022). However, NSAIDs can cause severe gastrointestinal discomfort, and therefore a comprehensive evaluation of the efficacy and adverse effects of such drugs should be made before choosing them (McEvoy et al., 2021). Finally, when the patient has a more limited pain point, closed treatment measures such as epidural injection of corticosteroids may be used, but this is short-lived (Kanayama et al., 2015). It is worth mentioning that acupuncture, a traditional Chinese medicine treatment, is considered to be better at relieving pain, but some argue that the evidence is insufficient (Standaert et al., 2011). In brief, nonsurgical strategies demonstrated better results in the relief and rehabilitation of LBP but could not stop the degenerative process.
2.4 Surgical Strategies
IVDD patients often opt for surgical treatment when conservative treatment fails, including spinal decompression, spinal fusion, and total disc replacement (TDR). With the improvement of surgical techniques and the advancement of instruments, lumbar decompression has been minimally invasive, which has greatly shortened the postoperative recovery time of patients (Aihara et al., 2022). The number of lumbar fusions chosen for IVDD, IVD herniation, and spinal stenosis in the United States accounted for 42.3% of the total number of this procedure in 2015 (Martin et al., 2019). Overall, spinal fusion has become the first choice for patients with IVDD, but complications such as slow postoperative recovery, infection, LBP recurrence, fusion failure, cage subsidence, and adjacent segmental disease also pose significant problems for patients and clinicians (Eliasberg et al., 2016; Moser et al., 2022; Zhang N.-Z. et al., 2022). TDR has generated a great deal of interest in spine surgery as an innovative surgical procedure that allows the use of artificial IVDs to replace IVDs that have degenerated or lost function in the human body. Although this IVD prosthesis, prepared from metal and polymeric materials, has good biological inertness, the fragments formed by long-term wear can trigger an immune-inflammatory response in the surrounding tissues, leading to bone loss around the implant, which can result in the loosening of the prosthesis or even surgical failure in the long run (Lin et al., 2014; Werner et al., 2018). Furthermore, persistent pain in periprosthetic tissues caused by inflammatory responses and biomechanical loading changes, as well as complications such as infection, facet arthrosis, and heterotopic ossification, poses a challenge to the promotion of TDR (Beatty, 2018; Park et al., 2018; Werner et al., 2018) (Figure 3). In conclusion, any invasive procedure will destroy the original structure and have corresponding postoperative complications that can have serious consequences if not handled properly.
[image: Figure 3]FIGURE 3 | Nonsurgical and surgical strategies for IVDD.
2.5 Early Exploration and Dilemma of IVD Regeneration Strategies
As mentioned above, neither conservative nor surgical treatments can fundamentally stop or reverse the IVDD process. In search of a breakthrough, a large number of researchers have explored biomedical approaches for IVD tissue regeneration/repair, such as direct growth factor injection, cell transplantation, and gene therapy (Buser et al., 2019). Although some regenerative medicine therapies have been attempted in humans, most have struggled to achieve clinical translation because of poor outcomes, risks, and lack of long-term efficacy. While successful animal experiments have demonstrated that direct pushing of growth factors such as osteogenic protein 1 (OP-1) contributes to IVD height and structural recovery, the regenerative potential of OP-1 in an in vitro culture model of human degenerated NP tissue shows donor dependency and high dose requirements, which increases the probability of ectopic ossification (Masuda et al., 2006; van Dijk et al., 2017). Moreover, the anabolic capacity of IVD cells decreases during degeneration, and thus direct injection of growth factors may be effective only for mild IVDD (Paesold et al., 2007). Autologous cell transplantation may be a reliable treatment for IVDD, but the implantation of autologous IVD chondrocytes in animal and clinical models has only reaped some success in the short term (2 years), and its long-term efficacy has not been validated (Meisel et al., 2007; Hohaus et al., 2008). Additionally, the increased risk of unnecessary infection and injury associated with the surgical acquisition of autologous IVD cells and the fact that cells obtained from degenerated IVDs may not always function properly after implantation are issues that need to be addressed. Similarly, stem cell transplantation has been considered promising for curing IVDD. However, direct injection of mesenchymal stem cells (MSCs) within degenerative IVDs often induces osteophytes due to leakage (Vadalà et al., 2012). It is evident that there are disadvantages to direct injection and that a proper cell carrier is necessary. From inefficient naked DNA implantation to gene carrier transplantation, gene therapy is gradually being improved and used for innovative treatment of various diseases (Wolff et al., 1990; Paesold et al., 2007). The option of genetic modification of IVD cells to increase the supply of matrix components and beneficial substances has also been attempted to delay or even reverse IVDD. However, viral vectors may lead to insertional mutations and immune and inflammatory responses, and nonviral vectors mostly suffer from inadequate transfer and translation efficiency, limiting the progress of early gene therapy in clinical applications (Li et al., 2021). This shows that there are limitations of early IVD regeneration therapies, and it is necessary to improve upon them to explore truly effective IVD regeneration strategies.
3 APPLICATION OF MICROSPHERE-BASED DELIVERY SYSTEMS IN IVDD
Microspheres are a class of three-dimensional (3D) spherical structures with an average particle size of 1–1,000 μm that are widely used in biomedical fields for their good substance delivery (Gupta et al., 2017) (Figure 4). Microspheres include both microcapsules and micromatrices, where microcapsules tend to have a “core-shell” structure consisting of a core of therapeutic substance and a shell of material, while micromatrices are formed when the therapeutic component is dispersed or embedded in the entire material matrix (Virmani and Gupta, 2017). Currently, the materials used to make microspheres are mainly organic polymers, such as natural polymers and synthetic polymers. Natural polymers, including gelatin (Tsaryk et al., 2015), collagen (Li et al., 2014), chitosan (Zhang H.-Y. et al., 2022), alginate (Hassani et al., 2022; Zhang H.-Y. et al., 2022), and starch (Ranjbar et al., 2022), possess excellent biocompatibility, biodegradability, and low toxicity. Among the synthetic polymers, poly(lactic-co-glycolic acid) (PLGA) (Shi et al., 2022), poly(l-lactic acid) (PLLA) (Xu Y. et al., 2020), and poly(ester amide) (PEA) (Tellegen et al., 2018) have good degradability, modifiability, and mechanical stability.
[image: Figure 4]FIGURE 4 | Biomedical applications of microspheres. (A) Microspheres loaded with various biological factors (e.g., growth factors, drugs). (B) Microspheres have been extensively studied and used in biomedical fields as delivery and slow release carriers of biologic factors. Studies mainly focus on the repair of various tissue or organ injuries and the treatment of some tumors. Example include bone, cartilage, brain tissue, liver, lung, heart, gastrointestinal tract, eye, skin, dental pulp, etc.
Thus far, novel microsphere delivery systems formed by loading therapeutic substances onto polymeric materials have shown great therapeutic potential. For example, this delivery system may reduce dose and toxicities and improve safety, efficacy, and patient compliance (Agnihotri et al., 2019). Therapeutic substances used for IVDD include drugs, active substances (mainly proteins or peptides), and gene regulatory factors (Feng et al., 2017; Xu H. et al., 2020; Wiersema et al., 2021). Among them, microcapsules/micromatrices of drugs, peptides, and proteins can be fabricated by various methods, such as emulsion-solvent evaporation, spray drying, phase separation, electrospraying, and microfluidic technology, each with its own advantages and disadvantages (Gupta et al., 2017; Ghosh Dastidar et al., 2018; Yang et al., 2019) (Table 1). Importantly, the water-oil-water (W/O/W) multiple emulsification method is the most popular because it can better protect the activity of substances in the internal aqueous phase. Encapsulation of peptides and proteins in microspheres is extremely challenging because their biological activity depends on the complex and ordered spatial structure, so their biological activity must be strictly maintained both in the acquisition of peptides/proteins and in the fabrication of microspheres. On the other hand, cells for therapeutic use are generally delivered by encapsulation or adhesion to microspheres (He et al., 2020), and gene regulators are usually grafted onto the surface of prepared microspheres with the help of nanoparticles to achieve a mosaic effect (Feng et al., 2017). Moreover, the diverse fabrication processes yield microsphere products with different fine structures, such as porous, hollow, solid, and bilayer structures, which also give different medical uses to the microspheres.
TABLE 1 | Introduction of several common fabrication methods of microspheres.
[image: Table 1]When degeneration occurs, the interior of the IVD presents a withering pattern with microscopic manifestations such as loss of ECM components, decreased number and activity of resident cells, and macroscopic changes such as decreased IVD height and water content and NP fibrosis (Milette et al., 1999; Gu et al., 2017), and this pathological change progressively worsens over time. As tissue engineering and regenerative medicine techniques continue to develop, microsphere-based regenerative therapies are gradually being used for IVDD, which has the opportunity to change the current dismal situation. In recent studies, microsphere systems carrying bioactive substances (Sawamura et al., 2009; Yuan et al., 2013; Yan et al., 2014; Xu H. et al., 2020; Xu Y. et al., 2020; Bian et al., 2021; Shen et al., 2022), drugs (Liang et al., 2013; Murab et al., 2015; Tellegen et al., 2018; Rudnik-Jansen et al., 2019; Zhu et al., 2020; Wiersema et al., 2021), cells (Liang et al., 2013; Li et al., 2014; Xia et al., 2019), and gene regulators (Feng et al., 2017; Feng et al., 2020; Chang et al., 2022) have been injected into IVD tissues in a minimally invasive manner to exert corresponding therapeutic effects locally (Figure 5). It is worth mentioning that therapeutic substances (except cells) are slowly released locally by self-diffusion, microsphere degradation, or dissolution. This microsphere delivery system targets tissue degeneration mechanisms and modulates them at the cellular, molecular and genetic levels in an attempt to curb IVDD progression, providing a pioneering strategy for the treatment of IVDD. In this section, microsphere delivery systems are discussed in terms of four aspects: targeted delivery of bioactive substances, local controlled release of drugs, cellular therapy, and gene therapy.
[image: Figure 5]FIGURE 5 | Application of microspheres in IVDD. (A) Currently, there are three forms of microsphere-based delivery systems for IVDD: (a) biofactors are loaded on microspheres by microencapsulation; (b) some biofactors are adhered to microspheres with the help of nanoparticles; and (c) microspheres are embedded in hydrogels after loading biofactors. (B) The microsphere delivery system plays a role through in situ injection into IVD tissue, including increasing IVD cells, promoting IVD matrix formation, and inhibiting the expression of inflammatory factors and catabolic mediators.
3.1 Targeted Delivery of Bioactive Substances
3.1.1 Growth Factors
Growth differentiation factors (GDFs) belong to the transforming growth factor (TGF)-β superfamily, which can significantly affect the proliferation and differentiation of body cells and participate in the growth and development of tissues or organs. As an important member of this family, GDF-5 plays an important role in chondrocyte production and articular cartilage development, and its deletion leads to abnormal IVD matrix synthesis (Feng et al., 2015) and is considered a potential therapeutic target for degenerative joint diseases (Sun et al., 2021). Recently, several research teams tested the effects of GDF-5 delivery via microspheres for use in a rat IVDD model. The first group fabricated GDF5-PLGA microspheres by the W/O/W emulsion-solvent evaporation method. In vitro release experiments showed that the microsphere system achieved the release of active recombinant human (RH) GDF-5 over 42 days. Eight weeks after the treatment system was injected into the rat tail degeneration IVD model, imaging evidence showed that the GDF-5 sustained-release system effectively maintained the IVD height, and the detection of gene and protein levels also confirmed the increase in matrix expression (Yan et al., 2014). In another study, the authors prepared gelatin methacrylate (GelMA) microspheres (GMs) loaded with GDF-5 using an electrospray device. The obtained GDF5-GM was homogeneous in size, released GDF-5 continuously, and reached approximately 60% release after 25 days. Coculture with rat adipose-derived stem cells (ADSCs) in vitro showed that GDF5-GM possessed considerable biocompatibility and promoted the proliferation and NP-like differentiation of ADSCs. After implantation in vivo, GDF5-GM carrying ADSCs not only provided mechanical tension to degenerated IVD tissues but also sustained the release of GDF-5 to induce NP-like differentiation of stem cells, contributing to ECM synthesis and IVD height recovery (Xu H. et al., 2020). This finding suggests that the cell-growth factor-microsphere delivery system can effectively repair degenerated IVD tissues.
In addition, GDF-6 has a highly similar biological role to GDF-5, which induces bone marrow- and adipose-derived MSCs to exhibit an NP-like phenotype (Clarke et al., 2014) and promotes degenerated NPC regeneration (Hodgkinson et al., 2020). Hodgkinson et al. prepared copolymer (mainly PLGA) microparticles (MPs) loaded with rhGDF-6 by the W/O/W double emulsion technique and validated them in vitro (Hodgkinson et al., 2019). In 3D culture experiments with adipose stem cells (ASCs), GDF6-MP ensured a continuous supply of active rhGDF-6, which effectively induced ASC differentiation to NPC and promoted the secretion of sulfated glycosaminoglycan (GAG) and ACAN. It follows that the use of microspheres for the slow release of GDF-5 and GDF-6 has the potential to promote IVD regeneration, but the simultaneous delivery of cells and growth factors has significantly more potential.
TGF-β3 belongs to the TGF-β subtype, which regulates cell proliferation, differentiation, and migration and plays an important role in the growth and repair of cartilage (Yoo et al., 2022). Currently, TGF-β3 has been used as a minimally invasive therapy for IVDD. Tsaryk and coworkers developed an NP-like tissue engineering material by mosaicking gelatin microspheres loaded with TGF-β3 in a polymer network composed of COL and low molecular weight hyaluronic acid (HA) (Tsaryk et al., 2015). In vitro experiments showed that both TGF-β3-microspheres and COL-HA hydrogels could provide a suitable microenvironment for chondrogenic differentiation of MSCs and nasal chondrocytes, and the release of TGF-β3 from microspheres showed a time-dependent effect. Subsequent subcutaneous transplantation of NP-like material carrying cells confirmed the deposition of COL2 and GAG. This cell-microsphere-hydrogel system may hold promise as an NP alternative and provide a feasible strategy for IVD regeneration.
3.1.2 Inflammatory Antagonists
Inflammation has a nonnegligible role in the development of IVDD, and IL-1β and TNF-α play important roles in the inflammatory cascade response (Bian et al., 2021). Therefore, antagonist therapies targeting key inflammatory mediators have been attempted for the treatment of IVDD. IL-1 receptor antagonists (IL-1ra) are rightfully the focus, but their systemic administration or repeated local injections may outweigh the benefits. To this end, Gorth and others synthesized IL1ra-PLGA microspheres using PLGA (75:25, 0.1 mg/ml) and IL-1ra by a double emulsification technique and characterized and simulated their applications (Gorth et al., 2012). The results showed that the IL1ra-PLGA microspheres were porous, with a diameter of 5–20 μm, and could be released cumulatively for more than 35 days. In the culture system of NP constructs, the sustained release of IL-1ra mediated by microspheres could comprehensively limit the degradation (mainly in terms of mechanical properties, GAG content, and catabolic factor mRNA levels) of the constructs by IL-1β within 1 week, but this limitation became progressively weaker as IL-1ra activity and release decreased. Thus, IL1ra-PLGA microspheres successfully attenuated the damaging effects of IL-1β-induced inflammation and may treat inflammation-mediated early degeneration of IVD.
Similarly, recombinant human soluble TNF receptor II (rhsTNFRII) attenuates the inflammatory response of IVD tissues by inhibiting the activity of TNF-α. Scholars grafted rhsTNFRII-encapsulated bovine serum albumin nanoparticles onto PLLA microspheres prepared by microfluidic and porogenic techniques to construct an injectable antagonist formulation (Xu Y. et al., 2020). The porous structure of PLLA microspheres ensures a uniform and sustained release of rhsTNFRII with an overall release rate of 79.85 ± 2.12% over 35 days. Significant inhibition of the expression of inflammatory factors such as TNF-α and MMP-3 was observed with in vitro cellular studies, while the expression of COL2 and metalloproteinase tissue inhibitor-1 was enhanced. On the other hand, intra-IVD injections of functionalized antagonists also reaped exciting results, with a higher IVD height index (DHI) and matrix (COL2 and PG) content obtained in the rhsTNFRII-microsphere treatment group (Xu Y. et al., 2020). This revealed that functionalized formulations composed of antagonists and microspheres could restore ECM metabolic homeostasis by modulating the inflammatory microenvironment and achieving NP tissue regeneration.
Aberrant activation of acid-sensitive ion channel 3 (ASIC-3) under low pH conditions in IVDD has been reported to trigger pain and inflammatory factor expression in NPC (Gilbert et al., 2016). Correspondingly, the sea anemone peptide APETx2 could specifically inhibit ASIC-3 activation and prevent the inflammatory response in NP tissues. Bian and his colleagues constructed an injectable “cell-peptide-microsphere” delivery system by covalently grafting APETx2 on GelMA microspheres and seeding it with NPC and tested it in both in vitro and in vivo settings (Bian et al., 2021). They detected that the peptide-microspheres sustained the release of APETx2 over 28 days in an acidic environment in vitro. In vitro coculture of NPC and peptide-loaded microspheres revealed that ASIC-3 overexpression under acidic conditions was significantly inhibited by APETx2 and that the expression of inflammatory or catabolic factors such as IL-1β, TNF-α, MMP-3 was downregulated, while COL2 and ACAN appeared to be highly expressed. In addition, an 8-weeks in vivo experiment showed that the cell-peptide-microsphere treatment group was closer to normal in terms of DHI and ECM deposition than the other groups (Bian et al., 2021). Thus, APETx2 did not affect the biocompatibility of microspheres, and the APETx2-NPC-microsphere delivery system could promote the production of ECM components by inhibiting NP hyperinflammation, exhibiting a strong IVD regenerative potential.
3.1.3 Nanoenzyme
Because there is no blood supply in NP tissue and the central region is a microenvironment of low oxygen and glucose, a considerable part of the tissue cell’s energy is derived from anaerobic glycolysis, which can cause lactic acid accumulation. However, lactate is closely associated with inflammatory immune responses (Certo et al., 2021), and excess lactate will be accompanied by apoptosis of NPC and low expression of ECM components (Shi et al., 2019) and can lead to IVD-derived back pain (Keshari et al., 2008). Therefore, the removal of excess lactate within the NP may inhibit IVD inflammation and improve the cell survival microenvironment. In a recent study, lactate oxidase (LOX) was electrostatically bound to a presynthesized MnO2-chitosan “shell nucleus” structure to form a MnO2-chitosan-LOX (MCL) nanoenzyme, which was subsequently coupled to methacrylated hyaluronic acid (HAMA) microspheres and evaluated (Shen et al., 2022). Importantly, LOX in the MCL nanoenzyme oxidizes lactate to pyruvate and hydrogen peroxide (H2O2), while MnO2 reacts with H2O2 to generate oxygen, avoiding possible oxidative stress and facilitating the catalytic reaction of LOX. The results of cellular experiments showed that in the lactic acid environment, the MCL-microsphere group had high survival of NPC with higher levels of ACAN and COL2 expression and downregulated expression of genes for inflammatory factors (IL-1β and TNF-α) and catabolic factors (e.g., MMP-3, MMP-13). Likewise, the MCL-microsphere group performed well in maintaining IVD height and ECM deposition and controlling the expression of inflammatory factors in a lactate-induced degenerative IVD model in rats (Shen et al., 2022). Therefore, injectable nanoenzyme-functionalized microspheres may improve the microenvironment for IVD cell survival by consistently alleviating lactate accumulation and may inhibit tissue inflammation and promote matrix synthesis, providing some guidance for IVD regeneration.
3.1.4 Platelet Rich Plasma (PRP)
PRP is the product of whole blood centrifugation and is of interest because it is rich in growth factors such as TGF-β, platelet-derived growth factor, basic fibroblast growth factor, and insulin-like growth factor 1 (Chang et al., 2020). Based on this property, PRP has been widely used for IVDD treatment in the last decade. Numerous cellular and animal experiments have provided sufficient theoretical justification for the use of PRP for IVD regeneration, and even direct injection of PRP in human IVD can effectively alleviate LBP symptoms (Chang et al., 2020). However, direct PRP injections have only short-lived efficacy, whereas sustained release via microspheres has unexpected effects. Researchers developed a PRP-loaded polyethylene glycol (PEG) microsphere (∼100 µm diameter and ∼99% loading efficiency) and characterized the degradation and release of two microspheres loaded with 10% w/v powder PRP and liquid (micro agglomerate removed) PRP (Choi et al., 2020). Subsequent results showed that PRP could prolong the degradation and protein release time of microspheres, but the effect of powdered PRP microspheres on delaying degradation and release due to coagulation was more significant. This finding reveals that the presence of PRP can effectively prolong the treatment of microspheres, which is significant for repairing chronic damage in degenerative diseases. Sawamura et al. formed PRP microspheres by impregnating PRP into gelatin hydrogel microspheres and used them in a degenerative IVD model in rabbits, which showed good tissue repair (Sawamura et al., 2009). These studies have confirmed the prospect of PRP for IVD regeneration through the slow release of microspheres.
3.1.5Decellularized NP Matrix (DNPM)
Artificially constructed biomaterial scaffolds, despite having been desperately tried to create a microenvironment and biomechanical structure close to that of natural tissues, still have many shortcomings, such as lacking the well-established cellular niche, 3D microstructure, and growth factor environment possessed by natural matrices (Xu J. et al., 2019). In contrast, decellularized tissue matrix retains various beneficial components of the native matrix and is tissue-specific (Peng et al., 2021). For example, DNPM better eliminates immunogenicity through a decellularization process, possesses a matrix niche for inducing stem cell growth and directed differentiation, and can serve as a potential bionic scaffold in the field of NP regeneration. It is undeniably an interesting experience to construct DNPM microcapsules and perform a 3D culture of cells and use them for IVDD models. Yuan and coworkers successfully constructed COL microspheres retaining NPC-derived matrix by microencapsulation and decellularization techniques, and further exploration was carried out after inoculation of human and rabbit MSCs on this microsphere (Yuan et al., 2013). The authors have determined the presence of GAG, COL2, keratin 19, TGF-β, and their receptors in the obtained DNPM. Eighteen days of in vitro coculture showed that hMSCs survived and highly expressed genes for human NPC-specific markers such as COL2A1, glypican 3 and forkhead box F1 in DNPM-COL microspheres. This finding suggests that DNPM induces the differentiation of hMSCs into NPCs. On the other hand, infusion of rMSC-DNPM microspheres in rabbit degenerative IVD maintained high COL2 expression and hydration index; unfortunately, there was not much improvement in IVD height (Yuan et al., 2013). This may be related to the fact that decellularization disrupts the fine structure of the matrix and weakens the mechanical properties of the microspheres. In conclusion, DNPM microspheres provide a near-natural matrix niche for the growth, proliferation, and NP-like differentiation of MSCs, adding potential promise for IVD regenerative therapies.
3.2 Drug Delivery and Controlled Release
3.2.1 NSAIDs
Although NSAIDs are quite commonly used in the management of chronic LBP in IVDD, high-dose systemic administration may not necessarily achieve local therapeutic concentrations due to the specificity of the IVD blood supply (limited to the outer AF). Therefore, local health problems similar to IVDD and osteoarthritis (OA) necessitate the consideration of topical medications. In particular, unlike traditional nonselective NSAIDs, celecoxib (CXB), the world’s first selective cyclooxygenase-2 (COX-2) inhibitor, has a favorable safety profile and therapeutic potential (Yeomans et al., 2018). Currently, CXB-based topical drug delivery systems have been widely used for the treatment of IVDD and OA. A study in a canine IVDD model explored the efficacy of a CXB delivery and sustained-release system in repairing degenerated tissue, anti-inflammatory, and anti-matrix degradation (Tellegen et al., 2018). This research team prepared two types of poly(ester amide) (PEA) microspheres with low and high CXB loading by emulsion solvent evaporation and observed that CXB achieved sustained release on the microspheres for at least 28 days under inflammatory conditions. In vitro experiments showed that CXB inhibited the production of prostaglandin E2 (PGE2) in NPC and significantly downregulated the mRNA expression of MMP-13 and a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS-5) in NPC cells. This revealed sustained anti-inflammatory and anti-catabolic effects of the CXB-PEA microspheres. In addition, high expression of ACAN and COL2A1 confirmed the propensity for matrix deposition, and interestingly, these effects were more pronounced in the high CXB dose (10−4 M) microsphere culture system, suggesting a dose-dependent physiological activity of CXB. Furthermore, CXB-PEA microspheres have shown promising efficacy in degenerative IVD by inhibiting the production of PGE2 and nerve growth factor (NGF) and effectively avoiding the loss of IVD substances such as water and GAG (Tellegen et al., 2018). This suggests that the CXB-PEA microsphere slow-release system may reduce inflammation and IVD-derived pain in the long term and, importantly, has the potential for structural repair while inhibiting degeneration. In the future, human trials are necessary to verify the clinical efficacy of CXB-PEA microspheres. Unfortunately, microsphere delivery systems of other NSAIDs for IVDD have yet to be further developed.
3.2.2 Corticosteroids
Corticosteroids are widely used clinically as anti-inflammatory drugs and immunosuppressants, and their local injections are commonly used to relieve inflammatory pain caused by IVDD and OA. However, local injections of corticosteroids may pose serious risks due to systemic exposure and have short maintenance of efficacy, often requiring repeated injections (Tryfonidou et al., 2020). Therefore, how to effectively prolong the local action time of drugs has always been the direction of researchers, and formulating drugs into microspheres is a promising strategy.
The use of triamcinolone acetonide (TA) in combination with microspheres has been a research hotspot in IVDD and OA, and in particular, TA-PLGA microspheres (trade name: FX006) have been used in clinical trials for long-term analgesia in patients with OA (Conaghan et al., 2018). Recently, Rudnik-Jansen et al. evaluated the safety and benefits of TA-loaded PEA microspheres for use in canine animals, where they induced an IVDD model at the lumbar spine level by partial removal of NP tissue and performed TA-PEA microsphere implantation after 4 weeks (Rudnik-Jansen et al., 2019). All dogs used in the test were free of other diseases after treatment, demonstrating the safety of TA-PEA microspheres in vivo. Additionally, NGF expression associated with IVD-derived LBP and inflammation was suppressed in NP tissues, indicating a positive effect of the TA slow-release system on pain relief and anti-inflammation. Nevertheless, there was no significant improvement in IVD structure and integrity at either macroscopic (e.g., imaging presentation) or microscopic (ECM expression) levels after TA-PEA microsphere treatment. In summary, TA-PEA microspheres may provide continued pain relief for IVDD patients by inhibiting inflammation but are not beneficial in preventing disease progression.
Furthermore, dexamethasone (DEX) is a potent anti-inflammatory agent for tissues, although its high therapeutic dose can lead to many side effects (Urbańska et al., 2014). Thus, the release of DEX via microspheres is attractive for alleviating local inflammation. Scholars have explored the potential of the dual delivery system of microspheres loaded with DEX and growth factors in inducing stem cells to differentiate into NPCs. Liang and coworkers successively loaded DEX and basic fibroblast growth factor (bFGF) on PLGA microspheres and cultured MSCs in vitro (Liang et al., 2012). Subsequently, they found that DEX and bFGF release from the microspheres did not interfere with each other and that MSCs in the system expressed an IVD matrix. The composite microsphere system supports the growth and NP-like differentiation of stem cells, especially DEX, which can avoid the influence of the inflammatory environment on cells. Soon after, the group used a PLGA microsphere system loaded with DEX, TGF-β3, and ADSCs in a rat IVDD model, resulting in significant recovery of IVD height and matrix content in the DEX-TGFβ3-ADSC microsphere treatment group (Liang et al., 2013). Therefore, we know that this delivery system of stem cells and microspheres at least partially promotes IVD regeneration, but it is worth noting that it is equally important for DEX to eliminate implant-induced inflammation.
3.2.3 Other Drugs
Although NSAIDs and corticosteroids achieve localized delivery and sustained release through microspheres, their overall role in IVDD is limited to the control of inflammation and relief of LBP symptoms due to the drugs themselves, and they are not as effective in IVD repair or regeneration. Even so, more promising drugs are being discovered and used for IVD reconstruction by microencapsulation.
Glucosamine is an essential component for the synthesis of glycoproteins and GAGs in the cartilage matrix and is widely used in the United States as a dietary supplement for cartilage health care (Henrotin et al., 2014). Due to the similarity in matrix composition between IVD and articular cartilage, N-acetyl-glucosamine (GlcNAc), a derivative of glucosamine, has long been explored for IVD regeneration. Murab et al. produced an injectable silk hydrogel embedded with GlcNAc-loaded silk microspheres and used it in an ex vivo IVDD model (Murab et al., 2015). They prepared silk protein hollow microspheres by a template method that allows controlled release of GlcNAc in the hydrogel system to support the growth and differentiation of human ADSCs. Cellular experiments revealed increased expression of GAG, COL2, and ACAN in ADSCs. Similarly, significant ECM accumulation and elevated compressive strength of IVD tissues were detectable after injection of the composite system into a degraded IVD model. It is known that the microsphere-hydrogel chimeric system improves the mechanical properties of IVD due to its structure and matrix deposition effect, which may be a potential strategy for IVD regeneration and deserves to be explored in depth.
Epigallocatechin 3-gallate (EGCG) is a polyphenol derived from tea tree that exerts IVD protective effects through anti-inflammatory and antioxidant mechanisms (Krupkova et al., 2014; Krupkova et al., 2016b). However, the stability of EGCG is susceptible to its environment (enzymes, temperature, pH), and therefore it is difficult to maintain high biological activity (Krupkova et al., 2016a). Based on this concern, a team produced large quantities of gelatin microspheres loaded with EGCG by a modified electrospray technique and systematically validated them in vitro (Loepfe et al., 2019). Coculture with IVD cells in 3D alginate constructs showed that EGCG-GM had excellent biocompatibility and significantly inhibited the expression of IL-1β-induced inflammatory factors (IL-6, IL-8, and COX-2) and catabolic mediators (MMP-1, -3, and -13). This confirmed that the EGCG released from the microspheres maintained sufficient activity and anti-inflammatory capacity. If used for degenerated IVD tissue, the sustained-release system may prevent it from being damaged by inflammation, which has certain therapeutic significance.
There are many types of statins, including but not limited to simvastatin, lovastatin, and rosuvastatin. They are commonly used to treat hypercholesterolemia, but other therapeutic roles are also broad. For example, the application of simvastatin within a degenerative IVD may slow the degenerative process to some extent (Than et al., 2014). One study reported the effect of simvastatin-loaded PLGA microspheres in a rat model of IVDD (Zhu et al., 2020). Simvastatin microspheres showed a better release profile, with a cumulative release of more than 80%. After 4 weeks of in vivo treatment, the simvastatin microsphere-treated group reconstructed the bone mineral density of the corresponding vertebral body, and the T2-weighted signal of NP tissue MRI was close to the physiological level, indicating an improvement in tissue degeneration. In brief, microsphere delivery therapy with statins may represent a promising strategy for IVD regeneration.
3.3 For Cell Production, Storage, and Transplantation
3.3.1 Customization, 3D Culture, and Storage of Cells
Prior to cell transplantation, the acquisition, culture, and preservation of therapeutic cells are issues that need to be properly addressed. First, the microsphere system can be used as a functionalized platform for producing cells with IVD regenerative potential. To this end, Fontana et al. designed a 3D microgel system composed of COL2 and hyaluronic acid containing ADSCs and transfectable pDNA for the construction of NP-tailored cell factories (Fontana et al., 2015). This functionalized microgel system allows for targeted modification of stem cells for the expression of specific proteins and may even provide a reliable source of cells for cellular therapies that promote NP regeneration. Second, the 3D microsphere system provides a more refined biomimetic microenvironment for all biological behaviors of cells. Compared to conventional two-dimensional culture systems, 3D gelatin microsphere systems support higher levels of cell activity and proliferation and can effectively maintain cell morphology and phenotypic secretion (Sulaiman et al., 2020). This confirms the great potential of the microsphere system for cell customization and culture. Finally, ideal cell therapy places many requirements on cells for transplantation, such as the ability to direct differentiation, the generation of specific phenotypes, and the convenience of “ready access.” Directed differentiation and specific expression of seed cells are often achieved by adding growth factors, whereas “ready access” requires advanced stocking of cells. Naqvi and his colleagues developed a cell pretreatment and freezing strategy for IVD regeneration (Naqvi et al., 2018). After encapsulation of bone marrow stromal cells (BMSCs) in alginate microcapsules, microencapsulated BMSCs were induced to differentiate by applying 14 days of TGF-β3 pretreatment and 21 days of reculture with or without growth factors, and COL and sulfated GAG appeared to be abundantly expressed. Notably, cryopreserved BMSCs also exhibited robust ECM-producing capacity in 21-day recultures. Similar results were obtained using BMSC microcapsules in an in vitro coculture model and ex vivo oxtail IVD (Naqvi et al., 2019). Thus, pretreatment with BMSC microcapsules can induce the differentiation of BMSCs and initiate the IVD-like phenotype. More importantly, the cryopreservation of BMSC microcapsules does not affect the biological activity of BMSCs, which can effectively alleviate the challenges associated with cell storage and transport, allowing for more flexible cell therapies for IVD repair.
3.3.2 Cell Transplantation
In recent years, polymeric microspheres have often been used as delivery vehicles for cells due to their nontoxic, biocompatible, and biodegradable properties and have great potential for cell therapy in IVD tissue engineering. A team tested the effectiveness of microspheres as cell carriers in a rat IVD model. In their study, gelatin microspheres containing GDF-5 were prepared by the W/O emulsion method, and the differentiation of induced pluripotent stem cells (iPSCs) to NP-like cells (NP-LCs) was achieved in two steps, followed by confirmation that NP-LCs could adhere to GDF5-GM (Xia et al., 2019). After 24 weeks of in vivo treatment, both the DHI and IVD water contents in the NP-LCs/GDF5-GM group were closest to those in the negative control group and fared better than those in the other groups. In addition, IVD tissue staining in this treatment group also confirmed more COL2 deposition. To a certain extent, cell replacement therapy with microspheres as carriers can effectively replenish IVD cells, partially restore IVD height and ECM components and have a considerable effect on IVD regeneration. Moreover, although cell implantation is performed by minimally invasive in situ injection, the leakage of seed cells and materials cannot be completely avoided, which will eventually lead to complications such as osteophytes. However, the use of microspheres as cell carriers may improve this situation. Li et al. encapsulated MSCs in porous collagen microspheres to form MSC microcapsules and validated the effect of MSC-containing saline and collagen microspheres after injection into IVDs (Li et al., 2014). Compared with MSCs in the saline group, MSCs in the microsphere group were better able to maintain the dynamic mechanical properties of the spinal motion segments and significantly reduce osteophyte formation at 6 months, although they did not have an advantage in maintaining DHI and hydration index. It follows that the use of cell transplantation for the treatment of IVDD should focus on the selection of cell carriers, and the selection of suitable microsphere transport carriers will greatly avoid complications while ensuring the therapeutic effect.
3.4 Gene Therapy
Gene therapy is an emerging therapeutic strategy for genetically related diseases that have long been widely studied. It generally treats diseases by introducing exogenous DNA or RNA into specific cells with the help of transfer technology to improve their expression. Gene transfer technology has undergone a long evolution from direct injection to viral vectors and then to nonviral vectors. However, thus far, the development of safe and efficient nucleic acid carriers remains a key challenge for gene therapy. Currently, viral gene vectors include adenoviruses, adeno-associated viruses, lentiviruses, and retroviruses (Sayed et al., 2022). Although viral vectors have made breakthroughs in the field of gene therapy, their oncogenicity, immunogenicity, and toxicity also severely limit their clinical applications (Kaiser, 2020). In recent years, research on nonviral gene delivery has become popular. From the nanoscale (e.g., liposomes (Wang et al., 2021; Yu et al., 2022), complex micelles (Yoshinaga et al., 2021; Yoshinaga et al., 2022), and exosomes (Cui et al., 2022; Xu et al., 2022)) to the micron scale (such as microspheres (McMillan et al., 2018; Hinkelmann et al., 2022)) or combined forms of nanoparticles and microspheres (Feng et al., 2017; Feng et al., 2020; Chang et al., 2022), more options for nonviral vectors have been provided. Importantly, genetic factors contribute to the worsening of IVDD, and gene therapy approaches are expected to improve the poor genetic cascade regulation of IVD. Recently, a combination strategy of nanoparticles and microspheres has started to be used for gene delivery therapy of IVDD, which can accomplish the genetic modification process with precision and efficiency.
3.4.1 Nuclear Receptor 4A1 (NR4A1) Plasmid DNA (pDNA) and Anti-miR-199a
NP fibrosis is an important manifestation of IVDD, and inhibition of the fibrotic process contributes to the treatment of degenerative IVD (Kong et al., 2021). Correspondingly, small-molecule NR4A1 agonists inhibit fibrosis in multiple organs in experimental mice; thus, NR4A1 is considered a potential therapeutic target for fibrotic diseases (Palumbo-Zerr et al., 2015). Local transfection of genes in IVD to promote NR4A1 expression may be an effective way to inhibit fibrosis in IVD tissues. For this purpose, Feng and coworkers combined nanospheres (NS) and microspheres to enable the delivery and transfection of pDNA encoding NR4A1 (Feng et al., 2017). They encapsulated a complex formed by pDNA with hyperbranched polymer (HP) in PLGA NSs and then injected a mixture of pDNA/NS combined with porous nanofibrous spongy microspheres (NF-SMS) into the rat tail IVD. In this study, after the mixture of pDNA/NS and microspheres entered IVD, the pDNA complex was released along with the degradation of NS, which made pDNA transfect NPC at high speed, thereby overexpressing NR4A1. In vitro results showed that overexpression of NR4A1 significantly inhibited TGF-β1-induced fibrosis. Likewise, in vivo experiments confirmed that the NR4A1 pDNA-treated group had more IVD stromal deposition (high GAG content) and less fibrous tissue infiltration than the untreated group (no pDNA) with highly reduced IVD and extensive tissue fibrosis (Feng et al., 2017). It was shown that this microsphere-based delivery system can upregulate NR4A1 expression through pDNA transfection as a way to inhibit NP tissue fibrosis, maintain IVD biological function, and provide the possibility of IVD regeneration. Several years later, the team conducted another study using the same delivery system in which they loaded anti-miR-199a (AMO) on HP and inoculated MSCs with NF-SMS to achieve sustained release of AMO and efficient transfection of MSCs (Feng et al., 2020). The results from in vitro and subcutaneous studies in nude mice revealed that the sustained action of AMO promotes hypoxia-inducible factor-1α expression by inhibiting miR-199a, thereby inducing NP-like differentiation and preventing osteogenic differentiation in MSCs. In the rabbit IVDD model, the MSC/AMO microsphere treatment group showed a DHI and matrix content closer to normal levels and a much smaller volume of heterotopic ossification than the MSC microsphere treatment and sham groups, demonstrating good resistance to the calcification (Feng et al., 2020). It can be concluded that the slow release of anti-miR-199a on microsphere systems can provide effective genetic modification of MSCs to differentiate toward NP while blocking the tendency of ossification, which is of great significance for NP tissue regeneration and prevention of IVD calcification.
3.4.2 CircSTC2 Silencing Genes
Although the etiological mechanisms of IVDD development have not been elucidated, certain circRNAs present in NP tissues are aberrantly expressed under the harsh conditions of IVD tissue degeneration and nutrient deficiency (Chang et al., 2021). This can cause disturbances in ECM anabolism and catabolism, but targeted regulation of circRNAs has the potential to prevent abnormal metabolism and thus restore ECM homeostasis. Chang et al. pioneered the use of cationic liposomes to load silencing genes and graft them onto HAMA microspheres and subsequently tested the effects of this liposome-microsphere system (circSTC2/lipo/MS) for circRNA silencing in nutrient-limited in vivo and in vitro environments (Chang et al., 2022). The authors used a microfluidic device to fabricate porous HAMA microspheres (257.86 ± 13.45 µm) and detected the encapsulation efficiency (95.60%) and drug loading efficiency (2.05%) of the lipoplex for pDNA. The release experiment showed that the microsphere delivery system equipped with pDNA-liposomes could be released continuously for 27 days, and the total release amount was more than 80%. In vitro culture of NPC revealed a significant upregulation of ACAN and COL2 in the circSTC2/lipo/MS group compared to the glucose-free group. Even the expression level of COL2 exceeded that of the normal culture group at both the gene and protein levels. In the nutrient-deficient rat IVD model, the circSTC2/lipo/MS treatment group also exhibited satisfactory effects. After 8 weeks of treatment, IVD had a highly significant recovery, with better IVD architecture and more ECM deposition observed on histological staining (Chang et al., 2022). Therefore, the circSTC2/lipo/MS delivery system can silence circSTC2 in NPC, maintain ECM metabolic homeostasis in a nutrient-deficient environment, better remodel the IVD morphological structure, and possess good repair effects on degenerated IVD tissues.
In summary, microsphere delivery systems have been widely used to relieve the pain of IVD origin and to regenerate or repair IVD tissue. Although these studies are still in the preclinical stage, the use of microspheres as delivery vehicles for active substances, drugs, cells, and gene regulators for the treatment of IVDD has yielded exciting efficacy (Table 2). Shortly, this microsphere therapy may be an effective alternative to the current treatment option, bringing good news to more IVDD patients.
TABLE 2 | Application of microsphere-based delivery systems in IVDD.
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As a common class of drug carriers, microspheres are being developed on a large scale and have high expectations in serving clinical purposes. The microspheres that carry the hope must possess excellent properties (such as suitable biocompatibility, degradability, and mechanical properties, as well as a certain drug encapsulation rate and drug delivery efficiency) to ensure high functionality and low biologic aggression. The U.S. Food and Drug Administration (FDA) has a positive binding effect on these scaffolds and drug products for tissue use (Gottlieb, 2017; Naci et al., 2017). In the last decade, drug delivery technology for microspheres has developed rapidly and clinical trials related to it have been widely conducted worldwide. Microsphere delivery systems have shown exciting potential for application in humans, mainly focused on the control and treatment of several diseases, including cancer (Vilgrain et al., 2017; Chow et al., 2018; Ricke et al., 2019; Edeline et al., 2020; Boas et al., 2021; Garin et al., 2021), diabetes (Bode et al., 2015; Rosenstock et al., 2015; Seaquist et al., 2020), and osteoarthritis (Conaghan et al., 2018; Kraus et al., 2018). We can fully expect breakthrough efficacy and advances in these diseases from microsphere formulations. Notably, microsphere delivery and embolization strategies are research hotspots in oncology therapeutics, especially in high blood flow tumors, such as hepatocellular carcinoma. Currently, FDA-approved embolic microspheres include DC beads (Biocompatibles Inc, United Kingdom), HepaSpheres (Biosphere Medical Inc, America), CalliSpheres (Callisyn Biomedical Inc, China), etc. It is believed that more microspheres for different diseases will be approved for clinical studies in the future. Overall, the clinical translation process of microsphere delivery systems shows a trend of advancing year by year, but there are differences and multifaceted challenges in the direction of different disease applications.
As we continue to explore issues related to microsphere delivery strategies for the treatment of IVDD, we must be clear about one fact–the results achieved thus far are based on alternative models other than humans. Although rodent models of IVD, such as rats and rabbits, can partially recapitulate the pathological process of degeneration, their function and stress environment during daily activities are far different from human IVD (Liao et al., 2019). Therefore, in the search for a more realistic simulation, further experiments are necessary on upright walking animals such as monkeys and gorillas. In addition, the current research is biased toward exploring the efficacy of single factor improvement, which is not enough for IVDD with complex etiological mechanisms. Of course, much of this is due to limitations in available research techniques and inadequate understanding of the pathogenesis of IVDD. Furthermore, although NP tissue degeneration is a major component of IVDD, AF and CEP are equally not immune, and IVD should be improved as a whole motor unit. In summary, more reasonable animal models need to be selected when evaluating microsphere delivery systems, more adequately simulating the pathological state of the disease, and finally, implementing treatment for the overall structure. This will improve the safety, efficacy, and feasibility of IVD microsphere formulations and accelerate their transition to the clinic.
Moreover, the following issues must be considered for the clinical translation and even full-scale dissemination of microsphere therapy. First and foremost is the widespread concern about security. These microsphere delivery systems must undergo a rigorous safety evaluation to minimize human toxicity and other side effects as they move from the laboratory to the marketplace. Of these, the choice of materials is most critical. Some polymeric microspheres or composites doped with polymeric microspheres can trigger local tissue inflammatory responses when degraded in vivo (Shishatskaya et al., 2008; Habraken et al., 2010). This inflammatory effect and other side effects may be attributable to the tissue condition of the graft site and the composition and purity of the material, and careful selection of material is required if inflammation can, in turn, alter the rate of degradation and release of the microspheres. Second, the effectiveness of the product is crucial. However, most hydrophilic materials containing hydroxyl and carboxyl groups have low loading rates for hydrophobic substances (Liu et al., 2017). This greatly limits the drug loading efficiency of the microspheres. Additionally, it is largely difficult to replicate and predict the effects of complex and subtle environmental changes (e.g., oxygen levels, temperature, pH, and enzymes) in human tissues on microspheres during the testing of newly developed microsphere formulations (Lengyel et al., 2019). This may lead to less-than-expected sustained-release effects of the microspheres in human practice. Third, a certain stability is required to ensure the smooth functioning of the microspheres. Although microsphere-based injectable delivery systems excel in the sustained release of substances, there is a potential for migration from the injection site due to the lack of cohesion between the microspheres (Wang et al., 2012). Insufficient stability of the delivery system may be the reason for microsphere runoff from the treatment site, and increasing the adhesion between the microspheres is a viable option but requires a more demanding production technique. Finally, the production capacity of the microspheres is the basis for the implementation of related treatments. As we all know, the preparation of microspheres involves a series of complex processes and has strict requirements for equipment and production conditions and thus large-scale controlled production of microspheres is still challenging considering the cost of materials and time. Therefore, some commercially available microsphere products may be expensive. All of the above problems need to be addressed and solved so that microsphere therapy can be brought to more fields and better realize its clinical application.
5 SUMMARY AND PROSPECTS
After reviewing the limitations of conventional therapies, we provide a comprehensive overview of the application of novel microsphere delivery systems in IVDD. Clearly, the excellent slow-release properties conferred by the porous structure, high encapsulation rate, and biodegradability, coupled with good surface adhesion, have led to the gradual emergence of microspheres as the preferred carrier in the field of tissue engineering. Such microsphere carriers allow targeted delivery and controlled release of drugs, gene regulatory sequences, and active substances, including proteins, suitable for localized diseases such as IVDD. Although still in the preclinical stage, microsphere-based delivery systems have shown outstanding therapeutic potential in IVDD. For example, microsphere delivery systems can largely avoid the end result of the explosive release and subsequent rapid clearance of therapeutic components in IVD, which is a strong guarantee for the smooth therapeutic effect of the loaded substances. In addition, microsphere-mediated sustained release effectively prolongs the local treatment time of substances, which is attractive for improving chronic disease. Furthermore, the delivery system does not stop alleviating the clinical symptoms of the disease, and its inhibition of disease progression and promotion of tissue regeneration are the ultimate therapeutic trends. In conclusion, the benefits of microsphere delivery systems include but are not limited to optimizing drug delivery strategies, extending treatment duration, inhibiting degenerative progression, and promoting tissue regeneration or repair.
Currently, there are few studies of microsphere therapies for IVDD, and many deficiencies remain to be further identified and refined. After ensuring the safety and efficacy of microsphere materials, the selection of therapeutic substances becomes crucial for effective microsphere therapy. The therapeutic components selected in all current microsphere delivery protocols support intervention in IVDD across multiple pathogenic mechanisms and achieve therapeutic objectives such as inhibition of inflammation, promotion of matrix synthesis, and restoration of ECM metabolic homeostasis. However, the singularity of interventions in single studies, the incomplete understanding of IVDD pathogenesis, and the lack of an effective targeted scheme have prevented the implementation of comprehensive treatment strategies with microspheres. In the future, a single study should block more possible etiologic mechanisms to expand the breadth and depth of microsphere therapy in IVDD. At the same time, more attention should be focused on the degenerating IVD tissue niche, as the inflammatory microenvironment of hypoxia, low nutrients, and low pH pose a huge challenge for microsphere delivery strategies. Moreover, the existing microsphere strategies focus on NP tissue while ignoring the treatment of AF and CEP, and such regenerative therapies that do not focus on the overall structure of the IVD may not yield substantial results, so future research should focus on the wholeness of IVD.
With the development and application of microsphere delivery systems in IVD tissue engineering, a large number of issues need to be properly addressed. This requires deeper learning and understanding of the pathological mechanisms of IVDD and the integration of IVD pathophysiology with IVD regenerative therapies to drive the clinical translation of microsphere delivery systems for use in IVDD. In the future, it may be possible to implement personalized treatment for patients at the mechanistic level using microsphere delivery technology through a well-established system for tracing the etiology of IVDD.
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GLOSSARY
LBP Low back pain
IVDD Intervertebral disc degeneration
NP Nucleus pulposus
AF Annulus fibrosus
ECM Extracellular matrix
CEP Cartilaginous endplates
COL2 Type II collagen
PG Proteoglycans
SASP Senescence-associated secretory phenotype
MMP Matrix metalloproteinase
TNF Tumor necrosis factor
IL Interleukin
ACAN Aggrecan
NSAIDs Nonsteroidal anti-inflammatory drugs
TDR Total disc replacement
OP-1 Osteogenic protein 1
MSCs Mesenchymal stem cells
3D Three-dimensional
PLGA Poly(lactic-co-glycolic acid)
PLLA Poly(l-lactic acid)
PEA Poly(ester amide)
W/O/W Water-oil-water
GDF Growth differentiation factor
TGF Transforming growth factor
GelMA Gelatin methacryloyl
ADSCs Adipose-derived stem cells
ASCs Adipose stem cells
GAG Glycosaminoglycan
HA Hyaluronic acid
rhsTNFRII Recombinant human soluble tumor necrosis factor receptor II
DHI Disc height index
ASIC-3 Acid-sensitive ion channel 3
PRP Platelet rich plasma
DNPM Decellularized nucleus pulposus matrix
CXB Celecoxib
COX-2 Cyclooxygenase-2
PGE2 Prostaglandin E2
NGF Nerve growth factor
TA Triamcinolone acetonide
DEX Dexamethasone
bFGF Basic fibroblast growth factor
GlcNAc N-acetyl-glucosamine
EGCG Epigallocatechin 3-gallate
BMSCs Bone marrow stromal cells
iPSCs Induced pluripotent stem cells
NR4A1 Nuclear receptor 4A1
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evaporation
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General Process

Single emuision method: The active substance
and polymer material are dissolved i organic
solvent to form the oil phase and then added to
the aqueous phase containing emuisifer; after
high-speed rotation to generate emulsion
droplets, the organic solvent in the emulsion
droplets is evaporated to obtain microspheres
Double emuision method: The active substance
is dissolved in an aqueous medium to form an
internal aqueous phase, followed by adding the
internal aqueous phase to the oil phase
containing the polymer to complete the primary
emulsification. The primary emulsion is then
added to the aqueous phase containing the
emulsifier to complete the re-emulsification
process. The microspheres are obtained by
evaporation of the organic solvent

Immiscible liquid phases were injected into
different microchannels to form microspheres
under high shear stress

Merits

Simple and easy to operate; a wider choice of
materials; capable of encapsulating fat-soluble
and water-soluble substances

Relatively controlable particle size of
microspheres; better reproducibilty; aseptic

Drawbacks

Uneven size of microspheres; poor
encapsulation of water-soluble substances;
incomplete removal of organic solvents

Lower production efficiency; difficulty cleaning
equipment

Spray-drying

Phase separation

Electrospray

The prepared liquid of raw and auxiliary materials
is atomized through the atomizing nozzle and
then cured in the dry hot gas to form
microspheres

The active substance is dissolved or dispersed
inthe organic phase dissolved with polymer, and
then the organic nonsolvent is added to this
organic phase to precipitate the polymer, thus
encapsulating the active substance to form
microdroplets. The microspheres are obtained
after removing the excess components

The polymer solution containing the active
substance is placed in the syringe of the
electrospray device, and the droplets come out
of the nozzle and are atomized microdroplets by
voltage, collected at the bottom, dried, and
cured to obtain microspheres

High encapsulation rate and low loss of active
substances; keeping substances active

Easy equipment and operation; high ball

formation rate for water-soluble substances

Microsphere size can be controlled by adjusting
the voltage; higher encapsulation rate

Loss of raw materials; temperature seriously
affects the qualty of microspheres

Microspheres are agglomerated and not easily
dispersed; easy residual organic solvents

Not much coverage
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Components of
the Delivery
System

PLGA microspheres

GelMA microspheres

Copolymer
microparticles

Getatin microspheres
and collagen-LMW HA
hydrogel

PLGA microspheres

PLLA microspheres

GelMA microspheres

HAMA microspheres

Gelatin hydrogel
microspheres

Collagen microspheres

PEA microspheres

PEA microspheres
PLGA microspheres
PLGA microspheres
Sik microspheres and
sil hydrogel

Gelatin microspheres

PLGA microspheres

Getatin microspheres

Collagen microspheres

Nanofibrous spongy
microspheres and
PLGA nanospheres
Nanofibrous spongy
microspheres and
PLGA nanospheres

HAMA microspheres
and cationic liposomes

Fabrication Method

W/O/W double emulsion
method
Electrospray

W/O/W double emulsion
method

Microspheres: unclear;
hydrogel: gelation

W/O/W double emulsion
method

Microfluidic technology

Microfluicic technology

Microfuidic technology

Gelation

Gelation

Emuisification method

Emulsification method

Emulsion solvent evaporation
method

Emulsion solvent evaporation
method

Microspheres: template
method

Electrospray technology

Emulsification method

‘W/O emulsion method

Gelation

Microspheres: unclear;
nanospheres: W/OW
double emuision method
Microspheres: phase-
separation method;
nanospheres: W/OW
double emuision method
Microspheres: microfluidic
technology; Liposomes: fim
dispersion method

Substance
Delivered

rhGDF-5

GDF-5; ADSCs

thGDF-6

TGF-3

IL-1ra

rthsTNFRII

APETx2; NPC

Lactate oxidase

enzyme

PRP

DNPM; MSCs

Celecoxib

Triamcinolone
acetonide
Dexamethasone;
TGF-§3; ADSCs
Dexamethasone;

bFGF; MSCs
GlcNAc

EGCG

Simvastatin

NP-LCs; GDF-5

BMSCs

NR4AT pDNA

Anti-miR-199a;
BMSCs

CiroSTC2 siencing
genes

Experiments

Rat IVDD model

Cell; rat IVDD model

Cell

Cel; subcutaneously
implanted into female
SCID mice

Cell; NP constructs

Cell; rat IVDD model

Cell; rat VDD model

Cell; rat VDD model

Rabbit VDD model

Cell; rabbit VDD model

Cell; canine VDD model

Dog VDD model

Rat IVDD model

Cell

Cell; bovine ex-vivo IVDD

model

Cell

Rat IVDD model

Rat IVDD model

Rabbit VDD model

Cell; rat VDD model

Cell; subcutaneous
implantationin nude mice;
rabbit VDD model

Cell; rat VDD model

Function

Restoration of IVD heights; promote
IVD matrix expression

Promotion of ADSC proiferation and
NP-like differentiation; restoration of
IVD heights; promote the synthesis
of ECM

Induction of ACSs to NPG
differentiation; promote secretion of
sulfated GAG and ACAN

Promoting chondrogenic
differentiation of MSCs and nasal
chondrocytes; promote the
production of COL2 and GAG
Inflammatory inhibition; attenuate the
degradation of NP constructs by
IL-1B.

Effectively inhibit IVD inflammation;
maintain IVD height and matrix
content

Inhibit the expression of IL-1, IL-6,
TNF-a, MMP-3 and ADAMATS-5;
promote the expression of COL2 and
ACAN; inhibition of degenerative
processes

Inhibition of inflammation and lactic
acid acoumulation; maintain a high
level of IVD; promote IVD matrix
expression

Inhibition of NPC apoptosis; promote
the mRNA expression of

COL2 and PG

Indluction of differentiation of MSC to
NPC; promote GAG and

COL2 production

Inhibition of PGE2 and NGF
expression; anti-inflammatory and
anti-catabolic; relief of IVD-derived
pain; promote ECM synthesis
Inhibition of NGF expression; relief of
pain symptoms

Significant restoration of IVD height
and matrix content

Promote the expression of IVD matrix
components; inhibits inflammation
Promote the expression of GAG,
COL2 and ACAN; enhanced the
mecharical properties of the ex-vivo
VD model

Inhibition of the expression of
inflammatory factors and catabolic
mediators

Increase the vertebral body bone
density; promote matrix deposition
in NP

Recovery of IVD height and water
content; promote ECM synthesis
Partial promotion of NP matrix
synthesis; maintenance of dynamic
mechanical properties of spinal
motor segments; reduce osteophyte
formation

Inhibition of NP tissue fibrosis;
promotion of GAG production; partia
restoration of IVD height

Promoting NP-like differentiation of
MSC; effective maintenance of IVD
height; inhibition of IVD tissue
calcification

Promote the synthesis of COL2 and
ACAN; inhibit the expression of
ADAMTS-4 and MMP-13; IVD height
and structure recovered significantly;
restoring ECM metabolic
homeostasis

Ref

Yan et al. (2014)

Xu H. etal. (2020)

Hodgkinson et al.
(2019)

Tsaryk et al
(2015)

Gorth et al. (2012)

XuY. et al. (2020)

Bian et al. (2021)

Shen et al. (2022)

Sawamura et al.
(2009)

Yuan et al. (2013)

Tellegen et al.
(2018)

Rudnik-Jansen
et al. (2019)
Liang et al. (2013)
Liang et al. (2012)
Murab et al,
(2015)

Loepfe et al.

(2019)

Zhu et al. (2020)

X et al. (2019)

Lietal. (2014)

Feng et al. (2017)

Feng et al. (2020)

Chang et al.
(2022)

PLGA, poly(lactic-co-glycolic acid); PLLA, poly-L-lactic acid; GelMA, gelatin methacryloyi; PEA, poly(ester amide); HAMA, methacrylated hyaluronic acid; W/O/W, water-oil-water; thGDF,
human recombinant growth differentiation factor; TGF, transforming growth factor; IL- 1ra, interleukin-1, receptor antagonist; rhs TNFRII, recombinant human soluble tumor necrosis factor
receptor Il; PRP, platelet-rich plasma; DNPM, decellularized nucleus pulposus matrix; bFGF, basic fibroblast growth factor; GIcNAC, N-acetyl-glucosamine; EGCG, epigallocatechin 3-
galate; NRAAT, nuclear receptor 4A1; 6-K-PGF1a, 6-keto-prostaglandin Fa; HIF-1a, hypoxia inducible factor-1a; PGE prostaglandin Ex; NGF, nerve growth factor; SCID, severe
complete immunodeficiency; NPC, nucleus pulposus cel; MSCs, mesenchymal stem cells; BMSCs, bone marrow mesenchymal stem cells; NP-LCs, nucleus pulposus lie cells; ADSCs,
adipose-derived stem cells; VDD, intervertebral disc degeneration; COL2, type Il, collagen; ACAN, aggrecan; PG, proteoglycan; GAG, glycosaminoglycan; ADAMTS, a disintegrin and
metalloproteinase with thrombospondin motifs: MMP, matrix metalloproteinase; ECM, extracellular matrix.





OPS/xhtml/nav.xhtml
Contents

		Cover

		New Hope for Treating Intervertebral Disc Degeneration: Microsphere-Based Delivery System		1 Introduction

		2 Mechanisms and Treatment Strategies of IVDD		2.1 Structure and Function of IVD

		2.2 Pathogenesis of IVDD

		2.3 Nonsurgical Strategies

		2.4 Surgical Strategies

		2.5 Early Exploration and Dilemma of IVD Regeneration Strategies





		3 Application of Microsphere-Based Delivery Systems in IVDD		3.1 Targeted Delivery of Bioactive Substances

		3.2 Drug Delivery and Controlled Release

		3.3 For Cell Production, Storage, and Transplantation

		3.4 Gene Therapy





		4 Clinical Transformation and Challenges of Microspheres

		5 Summary and Prospects

		Author Contributions

		Funding

		Publisher’s Note

		References

		Glossary









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-10-933901-g001.gif





OPS/images/fbioe-10-933901-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





