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Abstract: Low back pain (LBP) is a common condition that has substantial consequences on individuals and society, both socially 
and economically. The primary contributor to LBP is often identified as intervertebral disc degeneration (IVDD), which worsens and 
leads to significant spinal problems. The conventional treatment approach for IVDD involves physiotherapy, drug therapy for pain 
management, and, in severe cases, surgery. However, none of these treatments address the underlying cause of the condition, meaning 
that they cannot fundamentally reverse IVDD or restore the mechanical function of the spine. Nanotechnology and regenerative 
medicine have made significant advancements in the field of healthcare, particularly in the area of nanodrug delivery systems 
(NDDSs). These approaches have demonstrated significant potential in enhancing the efficacy of IVDD treatments by providing 
benefits such as high biocompatibility, biodegradability, precise drug delivery to targeted areas, prolonged drug release, and improved 
therapeutic results. The advancements in different NDDSs designed for delivering various genes, cells, proteins and therapeutic drugs 
have opened up new opportunities for effectively addressing IVDD. This comprehensive review provides a consolidated overview of 
the recent advancements in the use of NDDSs for the treatment of IVDD. It emphasizes the potential of these systems in overcoming 
the challenges associated with this condition. Meanwhile, the insights and ideas presented in this review aim to contribute to the 
advancement of precise IVDD treatment using NDDSs. 
Keywords: lumbar disc herniation, intervertebral disc degeneration, nanocarrier drug delivery system, targeted therapy, regenerative 
medicine

Introduction
Low back pain (LBP) is a widespread public health issue that results in profound and long-lasting disability, placing 
a substantial economic burden on both society and individuals affected by it.1 Based on recent research, it is estimated that 
over 1/4 of adults will encounter LBP at some stage during their lifetime. Furthermore, approximately 10% of individuals with 
LBP will develop persistent disabilities.2,3 The growing elderly population has led to a substantial rise in the economic impact 
of LBP. LBP has emerged as a prominent health issue exerting a substantial influence on public health and patients’ quality of 
life. The origins of LBP are multifaceted and involve a wide range of factors, including genetic predisposition, lifestyle 
choices, and the natural process of aging.4 While the origins of LBP are multifaceted, IVDD stands as the prevailing cause, 
characterized by evident structural alterations resulting from aging or mechanical strain.5,6 The intervertebral disc (IVD) is 
a type of fibrocartilage that acts as a connective tissue between neighboring vertebrae, providing flexibility and helping to 
distribute pressure. Over time, the IVD undergoes wear and tear due to ongoing mechanical stress during development and the 
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aging process, leading to dysfunction and degeneration of the disc.7,8 Scientific research has provided evidence that the 
progressive degradation of the ECM, changes in the cellular properties of IVD cells, heightened cellular aging and mortality, 
and excessive inflammatory reactions are widely acknowledged as substantial factors in the initiation and advancement of 
IVDD. These factors exacerbate the disorder and disrupt the normal functioning of the IVD.9–11 Presently, the majority of 
patients rely on rest or conservative therapies as the primary approach to alleviate pain associated with IVDD. Additionally, 
various medications including non-steroidal anti-inflammatory drugs (NSAIDs), analgesics, and other blockers are commonly 
used. In cases where these treatments prove ineffective, surgical interventions are typically employed to relieve symptoms and 
improve the quality of life for patients.12,13 In summary, current interventions for IVDD do not effectively restore IVD 
function and are associated with drawbacks such as invasiveness, potential recurrence, and degeneration of adjacent IVDs. 
Considering the limitations of both non-surgical and surgical treatments, there is a pressing need to investigate more 
efficacious approaches for managing IVDD. A range of treatment strategies are under investigation, including the utilization 
of biomaterial substitutes, administration of therapeutic drugs via injection, gene therapy, and stem cell therapy.14–16 

A significant focus in the management of IVDD is the identification of specific drug targets. Furthermore, the limited duration 
of action of bioactive substances utilized in IVD treatment poses a significant limitation, as it restricts the efficacy of the drugs. 
To overcome this challenge, emerging novel NDDSs hold promise in the development of innovative treatment strategies. 
NDDSs offer the advantage of incorporating multiple therapeutic agents, enabling tailored release kinetics and precise 
targeting capabilities.17,18 By concentrating and prolonging the residence of drugs within IVD tissues, NDDSs possess the 
capability to augment therapeutic outcomes and enhance the efficacy of treatment.19–23 This review provides a succinct 
overview of the underlying pathogenic mechanisms implicated in the progression of IVDD and delineates the current 
constraints associated with existing treatment modalities. Furthermore, it elucidates the notable advancements achieved in 
the field of NDDSs therapy for IVDD. The review culminates by presenting prospective directions aimed at advancing the 
utilization of NDDSs in the management of IVDD.

IVD: Anatomy and Pathophysiology
IVD is crucial cartilaginous structure situated between the vertebrae, serving a pivotal role in supporting and enabling 
proper spinal function. It maintains close association with the neighboring vertebrae and serves as a fundamental 
component for both mobility and shock absorption. Comprising three distinct elements, namely the nucleus pulposus 
(NP), the annulus fibrosus (AF), and the cartilaginous endplates (CEP) situated at the upper and lower ends of the disc, 
the IVD exhibits a complex anatomical composition.24,25 The NP is a hydrophilic structure enclosed by fibrous rings, and 
its primary function is to withstand pressure within the spine. Composed of water, inorganic salts, and NP cells, it forms 
an ECM along with aggregations of spinal cells.9 The ECM of the NP comprises type II collagen fibers, proteoglycans, 
and elastic fibers. Within the elastic fibers, there are negatively charged proteoglycan side chains that play a crucial role 
in maintaining the NP’s high hydration and permeability. These characteristics enable the NP to endure pressure and 
retain its shape. The primary function of the proteoglycans and collagen type II is to retain water and facilitate the 
distribution of compressive loads throughout the IVD via hydraulic mechanisms.26–28 Hence, the NP acts as a cushion 
and fulfills the role of a shock absorber, effectively preventing direct and excessive mechanical impact on the bones and 
cartilages. The AF is divided into inner and outer regions, primarily distinguished by their collagen composition. The 
inner annulus is composed of multiple layers of fibrocartilage, primarily consisting of collagen type II and a higher 
concentration of proteoglycans. On the other hand, the outer annulus is composed of fibrous tissue containing collagen 
type I fibers, which confer tensile strength and enable it to withstand pressure.29,30 In the vicinity of the outer AF, the 
content of collagen type I fibers increases, while the levels of collagen type II fibers and proteoglycans decrease. The 
primary function of the AF is to endure and support the osmotic pressure generated by the NP, providing inherent 
resistance against bending, torsion, and shear forces, especially during movements involving flexion, bending, and 
twisting of the IVD. Unlike the NP, the AF comprises fibroblasts as its predominant cell type, and their elongated cellular 
morphology facilitates the organization of an ECM rich in collagen type I. This arrangement of collagen type I serves as 
the foundational structure for lamellae within the AF.31 The CEP is a thin layer that envelops the upper and lower 
surfaces of the intervertebral disc (IVD). These structures are essential for facilitating the transport of fluid and solutes 
into and out of the IVD, thereby aiding in the provision of nutrients to the disc.32,33 The primary source of nutrient supply 
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for the IVD is predominantly dependent on the infiltration of the CEP.34 Furthermore, the IVD has a limited capacity for 
internal healing, which makes it prone to degeneration. Moreover, the endplates, which have a cartilaginous composition, 
serve as a pliable and sturdy support system capable of bearing significant loads and evenly distributing pressure 
throughout the IVD and neighboring vertebrae.35 IVDD is a complex degenerative condition influenced by various 
factors such as aging, injuries, nutrition, biomechanics, genetics, and environmental elements. Regardless of the under-
lying causes, the primary characteristic of a degenerated IVD is an imbalance between the processes of synthesis and 
degradation, accompanied by a decline in the number and activity of NP cells. These changes can result in weakened 
tissue, alterations in cell morphology and function. From a clinical perspective, IVDD is a chronic and progressive 
disorder characterized by persistent pain in the lower back and legs, which can result in substantial disability. In more 
severe instances, IVDD can give rise to conditions such as disc herniation, nerve root impairments, compression of the 
spinal cord, spondylolisthesis, spinal stenosis, and even degenerative scoliosis. These conditions directly contribute to 
long-term disability.36,37 The painful symptoms arise as a result of molecular and cellular alterations within the tissue, 
which disrupt the structural integrity and mechanical characteristics of the IVD (Figure 1).

Diagnosis and Treatment of Lumbar Disc Herniation
The symptoms of intervertebral disc herniation vary depending on factors such as the patient’s age, the progression of the 
disease, the location and size of the protruded disc, the extent of nerve compression, and the presence of inflammatory 
response. Common symptoms include radiating radicular pain, muscle weakness, and sensory abnormalities that corre-
spond to the affected nerve root. Patients may also experience acute or chronic lower back pain, limited range of motion in 
the lumbar region, compensatory scoliosis, hamstring tightness in children and adolescents with lumbar disc herniation, and 
in severe cases, cauda equina syndrome.38,39 Ancillary examinations, such as X-ray imaging, CT, MRI,40–42 myelography 
and CT myelography, selective nerve root injection and nerve root block procedure,43,44 nerve electrophysiological 
examinations are very helpful in diagnosing lumbar disc herniation.45 During the acute phase of LDH, conservative 
treatment is crucial. Physical therapy, exercise and change of health style, medicine, etc were proven to be useful.46–48 

Figure 1 A diagram showing healthy IVD and the key pathogenic and anatomical alterations in IVDD. MMPs is Matrix metalloproteinases, ADAMTS is Metalloproteinase 
with Thrombospondin Motif.

Drug Design, Development and Therapy 2024:18                                                                             https://doi.org/10.2147/DDDT.S448807                                                                                                                                                                                                                       

DovePress                                                                                                                       
1009

Dovepress                                                                                                                                                               Hu et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Surgical treatment includes minimally invasive surgery and open surgery. Percutaneous enzymatic or laser nucleolysis,49 

ozone nucleolysis,50 microendoscopic discectomy (MED),51 percutaneous endoscopic lumbar discectomy (PELD) and 
percutaneous endoscopic interlaminar discectomy (PEID),52 the unilateral biportal endoscopic (UBE),53 lumbar interbody 
fusion,54–56 lumbar artificial disc replacement (ARD)57 were reported to be effective in treatment of LDH (Figure 2).

NDDSs for the Treatment of IVDD
Presently, the majority of drugs or bioactive molecules employed for the treatment of IVDD are administered either 
systemically or through direct injection into the IVD. However, these treatment methods are associated with the 
drawback of limited therapeutic efficacy.58 Nanotechnology is leading the way in advancements related to medical 
diagnosis, imaging, and targeted drug delivery. It presents a promising opportunity to manipulate the size and properties 
of drugs and materials, granting precise control over their characteristics and behavior.59,60 Due to the remarkable 
progress and groundbreaking advancements in nanotechnology, numerous NDDSs have been created and integrated into 
the realm of IVDD treatment.61–63 The field of NDDSs in the treatment of IVDD is dynamic and continuously expanding. 
NDDSs offer several notable advantages that have been extensively validated in their ability to significantly enhance and 
repair IVDD. The field of NDDSs in the treatment of IVDD is dynamic and continuously expanding. NDDSs have been 
extensively validated for their ability to significantly enhance and repair IVDD, offering several notable advantages: 1. 
NDDSs exhibit non-toxicity, biodegradability, and excellent biocompatibility with the intervertebral disc, creating 
a favorable microenvironment that promotes IVDD regeneration. 2. Certain NDDSs can overcome cellular barriers 
and effectively reach the cytoplasmic space or activate specific transport mechanisms, thereby improving drug retention 
and efficacy. 3. The sustained release of drugs from NDDSs prolongs the presence of therapeutic drug levels, minimizing 

Figure 2 Diagnostic methods and current treatments of LDH.
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the requirement for frequent drug dosing, reducing treatment expenses, and at the same time improving patient 
adherence. 4.NDDSs that employ natural materials can provide additional benefits due to their composition resembling 
cartilage and other matrices relevant to the IVD. This similarity creates an enhanced cellular microenvironment for the 
treatment of IVDD.64–68 In summary, NDDSs demonstrate outstanding potential in IVDD treatment, offering advantages 
such as biocompatibility, enhanced drug delivery, prolonged drug release, and the utilization of natural materials that 
mimic the disc’s composition.

Major Categories of NDDS for IVDD
A wide range of NDDSs incorporating therapeutic agents have been employed to facilitate the restoration and rejuvena-
tion of IVDs. Various approaches have been employed to exploit biocompatible, biodegradable and safe platforms for 
drug delivery, aiming to enhance therapeutic effectiveness. In this overview, we highlight several promising nanocarriers 
that demonstrate potential for managing IVDD. These encompass liposomes, inorganic nanoparticles, polymeric nano-
particles, nanofibers, polymer micelles, nanohydrogels, and exosomes (Table 1 and Figure 3).

Liposomes
Liposomes, the first nanoparticles to be successfully applied in clinical settings, are spherical structures at the nanoscale 
composed of lipid bilayers. Like cellular membranes, liposomes primarily consist of phospholipids and cholesterol. They 
possess a hydrophilic core and one or more hydrophobic compartments enclosed by lipid bilayers. This distinctive 
amphiphilic structure enables liposomes to encapsulate substances that are both hydrophobic and hydrophilic.85 In 
a study conducted by Banala et al,86 it indicated that the use of siRNA treatment as an intervention significantly reduced 
apoptosis within IVD. This suggests that delivering siRNA directly into the spinal discs holds potential for nonsurgical 
treatment of disc degeneration. Another study by Wang et al87 demonstrated that oxymatrine liposomes (OMT-LIP) 
notably increased the accumulation of OMT in degenerative discs. This resulted in the attenuation of apoptosis in nucleus 
pulposus cells, reduced expression of matrix metalloproteinases 3/9 and interleukin-6, and decreased degradation of type 
II collagen. In their in vivo study, X-ray imaging illustrated that OMT-LIP effectively inhibited IVDD.

Inorganic Nanoparticles
Inorganic nanoparticles are a class of nanoparticles derived from materials of inorganic nature. This category encompasses 
various types of nanoparticles such as carbon-based nanoparticles, metal nanoparticles, ceramic nanoparticles, calcium 
nanoparticles, and quantum dots.88 Zhou et al89 conducted a study demonstrating the potential of polydopamine-coated 
black phosphorus nanoparticles (PBNPs) in alleviating intracellular oxidative stress and enhancing the activity of antioxidant 

Table 1 Main Nano-Drug Delivery Systems for IVDD

Category Size Scalability Advantages Disadvantages Reference

Liposome 50nm-5μm High High biocompatibility, Encapsulates drugs of 

different properties.

Low encapsulation rate Low 

reproducibility

[69,70]

Inorganic 
nanoparticles

1–100nm Medium Good biocompatibility and stability. Low solubility [71–73]

PNPs 1–1000nm Medium Higher encapsulation rate. Good 

biocompatibility and biodegradability.

Cumbersome and unstable 

synthesis process

[74,75]

Nanofibers Varied Medium Prolonged drug release, Improved drug 

stability.

Low reproducibility [76,77]

Polymer micelles Varied High Increased drug solubility, Improved drug 
bioavailability.

Particle aggregation [78,79]

Nano-hydrogels Mesh size of 

5–100nm

High Good biocompatibility Restore the height of 

intervertebral space.

Irreversibly entrap the drug 

Potential toxicity

[80,81]

Exosomes 50–100nm Medium Good biocompatibility Non-toxic, 

Immunologically inert.

Purification method is 

limited

[82–84]
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enzymes, specifically superoxide dismutase 1 (SOD1). The researchers observed that PBNPs had the ability to rescue 
degeneration of nucleus pulposus cells by upregulating mRNA and proteins associated with the oxidoreductase system, 
particularly by stabilizing SOD1 and preventing its degradation through the ubiquitination-proteasome pathway. This resulted 
in improvements in mitochondrial structure, enhanced antioxidation ability, and ultimately the rescue of IVD degeneration 
induced by reactive oxygen species (ROS) in a rat model. Therefore, PBNPs have the potential to serve as a contrast agent for 
discography with antioxidative properties. Similarly, Zhu et al63 discovered that manganese dioxide nanoparticles (MnO2 

NPs) with a spherical and hollow structure can dissociate under low pH and hydrogen peroxide (H2O2) conditions, releasing 
loaded transforming growth factor-beta 3 (TGF-β3) molecules. In an oxidative stress environment, TGF-β3/MnO2 exhibited 
superior effects compared to TGF-β3 or MnO2 NPs alone, effectively suppressing matrix degradation, ROS production, and 
apoptosis in nucleus pulposus cells. When injected into the intervertebral discs of a rat model with IVDD, TGF-β3/MnO2 

prevented disc degeneration and promoted self-regeneration. The study concluded that utilizing an MnO2 nanoplatform for 
controlled release of biological factors to regulate the IVDD microenvironment and facilitate endogenous repair could be an 
effective approach for treating IVDD.

Polymeric Nanoparticles (PNPs)
PNPs are commonly small, uniform, spherical structures with nanoscale dimensions, composed of biocompatible and 
biodegradable polymers. These nanoparticles have the ability to encapsulate drugs either within their core or attach them 
to their surface.90 In a study conducted by Lim et al,91 it was discovered that ABT263, a senolytic drug, can be loaded 
into poly (lactic-co-glycolic acid) nanoparticles (PLGA-ABT) and administered intradiscally in rat models with injury- 
induced IVDD. The single intradiscal injection of PLGA-ABT enables localized drug delivery to the avascular IVD, 
thereby avoiding potential systemic toxicity associated with systemic administration of senolytic drugs and reducing the 
morbidity caused by repetitive injections of free drugs into the IVD. This strategy leads to the selective elimination of 
senescent cells in the degenerative IVD, reduces the expression of pro-inflammatory cytokines and matrix proteases, 
inhibits the progression of IVDD, and even restores the structure of the IVDD. This study demonstrates, for the first time, 
the effective treatment of senescence-associated IVDD through local delivery of a senolytic drug. Furthermore, this 
approach holds promise for treating other types of degenerative diseases associated with cellular senescence. In a study 

Figure 3 NDDSs that are commonly used for IVDD therapy.
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conducted by Arul et al,92 they developed nanoparticles using cellulose acetate and polycaprolactone-polyethylene 
glycol. These nanoparticles were conjugated with a novel fluorescent dye called 1-oxo-1H-pyrido [2,1-b] [1,3] benzox-
azole-3-carboxylic acid (PBC) using an oil-in-water emulsion technique. The study aimed to investigate the release 
patterns of two drugs: indomethacin (IND), which is not soluble in water, and 4-aminopyridine (4-AP), which is water- 
soluble. The researchers injected these nanoparticles into the IVDs of mouse tails in vivo. The findings demonstrated that 
the nanoparticles were confined to the NPCs and the injection site, present in both the NP and AF of the IVD. This 
suggest that these fluorescent nano-formulations hold promise as a versatile technology platform for delivering ther-
apeutic agents specifically to IVD and other tissues that necessitate targeted drug injections.

Nanofibers
Nanofibers, being a significant biomaterial, exhibits distinct characteristics including a significant surface-area-to-volume 
ratio, low density and high porosity. The main components of most nanofibers are biodegradable synthetic polymers and 
natural polymers.93 In the realm of biomedical research and applications, nanofibers find extensive application as scaffolds in 
tissue engineering. In a study conducted by Yu et al,94 they developed a biocompatible scaffold made of polyurethane called 
F-PECUU. This scaffold was loaded with fucoidan, a polysaccharide derived from marine sources, with the aim of improving 
the microenvironment of IVDD and promoting disc regeneration. The F-PECUU scaffold demonstrated the ability to reduce 
inflammation and oxidative stress induced by lipopolysaccharide in AF cells. It also prevented the degradation of the ECM. In 
vivo experiments showed that the scaffold promoted the deposition of ECM, thereby maintaining disc height, water content, 
and mechanical properties. This study highlights the potential of functional scaffolds containing marine polysaccharides for 
treating IVDD. By improving the harsh microenvironment associated with disc degeneration, these scaffolds have the 
potential to contribute to the treatment and regeneration of intervertebral discs. In another study conducted by Tu et al,95 

a combination of Micro-sol electrospinning technology and collagen type I (Col-I) self-assembly technique was utilized to 
fabricate a biomimetic scaffold consisting of layered micro/nanofibers. The scaffold was designed to release basic fibroblast 
growth factor (bFGF) in order to promote the repair and regeneration of the annulus AF. By incorporating Col-I, which can 
mimic the microenvironment of the ECM, the scaffold provided structural and biochemical cues that are conducive to AF 
tissue regeneration. The study suggests that these micro/nanofibrous scaffolds hold promise for clinical applications in treating 
AF deficiencies caused by IVDD.95

Polymeric Micelles
Polymeric micelles are self-assembled structures formed by amphiphilic block copolymers in the presence of water. 
These micelles possess a core-shell configuration, where the hydrophobic core is surrounded by a hydrophilic shell facing 
the aqueous environment. This distinct structure allows for the encapsulation of poorly soluble drugs within the 
hydrophobic core. The size of polymeric micelles is predominantly influenced by the ratio of hydrophilic to hydrophobic 
segments in amphiphilic molecules and can be tailored according to the specific properties of the drug being 
encapsulated.96 In a study performed by Yu et al,97 it was discovered that the PAKM micelle, which is the monomer 
of interest, exhibited enhanced bioactivities due to a synergistic effect. The PAKM micelle demonstrated improved 
viability, activation of autophagy markers (P62, LC3 II), upregulation of the ECM-related transcription factor SOX9, and 
maintenance of ECM components (Collagen II, Aggrecan) in human adipose-derived stem cells (ADSCs). Furthermore, 
when PAKM micelles were injected along with human ADSCs into rats, it resulted in increased disc height and water 
content compared to control groups. These findings indicate that PAKM micelles have the ability to promote cell survival 
and differentiation, suggesting their potential as a therapeutic agent for IVDD. In another study conducted by Chang 
et al98 they demonstrated that the use of polyplex nano-micelles as carriers for mRNA medicine, specifically for the 
anabolic factor Runx1, played a critical role in attenuating the advancement of IVDD. IVDD is characterized by 
a metabolic imbalance within the disc. The use of this platform, which involves the delivery of Runx1 through polyplex 
nano-micelles, holds promise as a potential strategy in the field of regenerative medicine. It offers a potential avenue for 
developing treatments aimed at addressing the imbalanced metabolic state associated with IVDD.

Drug Design, Development and Therapy 2024:18                                                                             https://doi.org/10.2147/DDDT.S448807                                                                                                                                                                                                                       

DovePress                                                                                                                       
1013

Dovepress                                                                                                                                                               Hu et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Nanohydrogels
Nanohydrogels are three-dimensional polymer networks formed through the chemical or physical cross-linking of 
hydrogels with nanomaterials. These unique structures exhibit a blend of characteristics found in both hydrogels and 
nanoparticles. Unlike traditional hydrogels like microgels that rely on intermolecular cross-linking, nanohydrogels are 
primarily defined by intramolecular cross-linking.99 Chang et al100 conducted a study that in a rat model of nutrient- 
restricted IVD, the local injection of psh-circSTC2-lipo@MS resulted in enhanced synthesis of the ECM and restoration 
of the NP tissue after 8 weeks. The researchers further confirmed that psh-circSTC2-lipo@MS, serving as a targeted gene 
delivery system, is safe and controllable. It demonstrated significant potential in regulating the balance of ECM 
metabolism within an abnormal microenvironment. Luo et al101 demonstrated effective sustained delivery of chondroitin 
sulfate (CS). This hydrogel was found to successfully inhibit the expression of inflammatory cytokines and maintain 
a balance between anabolic and catabolic processes in an inflammation-simulated environment. Importantly, the HA/CS 
hydrogel exhibited significant improvements in reducing degeneration in a rat model of IVDD induced by puncture. The 
self-antioxidant HA/CS hydrogel, developed in this study, holds great promise as a novel therapeutic platform for treating 
IVDD. Its ability to inhibit inflammation, maintain the anabolic/catabolic balance, and ameliorate degeneration highlights 
its potential as an innovative approach for the treatment of IVDD (Table 2).

Exosomes
Exosomes are small extracellular vesicles that are released by various cell types, including mesenchymal stem cells 
(MSCs). They are composed of phospholipid bilayers, similar to the cell membrane, and have a diameter ranging from 50 
to 100 nanometers. These nanoscale vesicles originate from intracellular multivesicular bodies and play a role in 
modulating the biological activities of recipient cells through their cargo.102 Exosome-based acellular therapy has gained 
attention in recent years due to the low immunogenicity and excellent stability of exosomes.103 They are considered 

Table 2 Recently Representative Research of Nano-Drug Delivery Systems for Treatment of IVDD

Study Year Category Therapeutic 
Agent

Model Administration 
Methods

Outcome

Banala et al86 2019 Liposome siRNA Rabbits In situ injection Reduced the extent of apoptosis in the discs.

Wang et al87 2020 Liposome Oxymatrine Mice In situ injection Attenuated NP cell apoptosis, reduced the 
expression of MMP 3/9 and IL-6, and decreased 

degradation of collagen-II.

Zhou et al89 2022 Carbon-based 
nanoparticles

NA Rats In situ injection Alleviated oxidative stress and increased the 
activities of SOD1.

Zhu et al63 2022 Magnetic 

nanoparticles

TGF-β3 Rats In situ injection Prevented the degeneration and promoted self- 

regeneration.
Lim et al91 2022 Polymeric 

nanoparticles

ABT263 Rats In situ injection Eliminated senescent cells, reduced pro- 

inflammatory cytokines and matrix proteases.

Arul et al92 2023 Polymeric 
nanoparticles

Indomethacin, 
aminopyridine

Mice In situ injection Nanoparticles remained within disc. 

Yu et al94 2022 Nanofibers Fucoidan Rats In situ 

implantation

Reduced the expression of COX-2 and deposited 

more ECM between the scaffold layers.
Tu et al95 2023 Nanofibers Fibroblast 

growth factor

Mice In situ 

implantation

Micro/nanofibrous scaffolds have clinical potential 

for treating AF deficits induced by IVDD.

Yu et al97 2021 Polymeric 
micelles

KGN, APO Rats In situ injection Stimulated differentiation of human ADSCs and 
protected cells by suppressing oxidative stress.

Chang et al98 2022 Polymeric 

micelles

Runx1 Rats In situ injection Increased hydration content, disc space height and 

ECM production.
Chang et al100 2022 Nanohydrogels circSTC2 Rats In situ injection Promoted ECM synthesis and repaired NP tissue

Luo et al101 2023 Nanohydrogels Chondroitin 

sulfate

Rats In situ injection Anti-inflammation.
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miniature versions of the parent cells and carry a range of constituents. These constituents include approximately 4400 
proteins, 194 lipids, 1639 mRNAs, and 764 microRNAs (miRNAs) in exosomes derived from various cell types. The 
composition of these molecules determines the biological functions and therapeutic potential of exosomes104 (Figure 4). 
Zhu et al105 demonstrated that exosomes derived from bone MSCs and containing miR-142-3p can alleviate injury to 
nucleus pulposus cells (NPCs). This effect is achieved by suppressing the MAPK signaling pathway through the targeting 
of MLK3 by miR-142-3p. The research emphasizes the therapeutic potential of MSCs in mitigating the progression of 
IVDD. Additionally, the study suggests that exosomes derived from bone marrow MSCs hold promise as a therapeutic 
strategy for IVDD. Sun et al106 clarified that miR-194-5p, derived from extracellular vesicles (EVs) released by MSCs, 
plays a protective role in IVD cells that have been intervened by TNF-α. This protective effect occurs by inhibiting the 
expression of TRAF6, which provides a potential therapeutic target for the treatment of IVDD. In another study 
conducted by Sun et al,107 it was discovered that small EVs derived from mesenchymal stem cells, specifically referred 
to as iMSC-sEVs, possess the ability to rejuvenate senescent nucleus pulposus cells (NPCs) and mitigate the progression 
of IVDD. The rejuvenating effects of iMSC-sEVs were achieved through the delivery of miR-105-5p to senescent NPCs 
and subsequent activation of the Sirt6 pathway. These findings indicate that iMSCs hold promise as a potential source for 
large-scale production of MSC-derived small EVs, offering a cell-free therapeutic approach for IVDD treatment that 
overcomes certain limitations associated with current MSC-based applications. Zhu et al108 observed that exosomes 
derived from bone marrow mesenchymal stem cells (BMSCs) possess the potential to suppress TNF-α-induced 
apoptosis, ECM degradation, and fibrosis deposition in NPCs. This beneficial effect is achieved through the delivery 
of miR-532-5p, which targets the RASSF5 gene. These findings present a promising therapeutic strategy for addressing 
the progression of IVDD. Cui et al109 found that the expression of miR-129-5p was significantly reduced in IVD tissues 
affected by IVDD. By delivering miR-129-5p to NPCs through EVs derived from MSCs, a decrease in NP cell apoptosis, 

Figure 4 Exosome and miRNA biogenesis. (A) Exosome biogenesis. (B). Exosome composition. (C). Exosome internalization. (D) miRNA biogenesis; Pol II is an RNA 
polymerase II, whereas RNAP III is an RNA polymerase III.
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degradation of the ECM, and polarization of macrophages towards the M1 phenotype were observed. Notably, miR-129- 
5p directly targeted the LRG1 gene, leading to the activation of the p38 MAPK signaling pathway and subsequent 
polarization of macrophages towards the M1 phenotype. Additionally, in vivo experiments demonstrated that MSC- 
derived EVs loaded with miR-129-5p alleviated IVDD by inhibiting the LRG1/p38 MAPK signaling pathway. Taken 
together, these discoveries indicate that EVs derived from MSCs containing miR-129-5p have the potential to safeguard 
against IVDD by specifically targeting LRG1 and inhibiting the p38 MAPK signaling pathway. This discovery introduces 
a novel theranostic marker for IVDD. In another study conducted by Sun et al,110 that valuable insights were gained into 
the anti-angiogenesis mechanism of notochordal cell-derived exosomes (NC-exos). These findings highlight the ther-
apeutic potential of NC-exos for the treatment of IVDD. Zhou et al111 discovered that hypoxic pre-treatment of MSC- 
derived small extracellular vesicles (H-sEVs) containing miR-17-5p can effectively regulate the proliferation and 
synthesis of NPCs by modulating the TLR4/PI3K/AKT pathway. This suggests that hypoxic pre-treatment is 
a promising and efficient method to enhance the therapeutic effects of MSC-derived sEVs. Combining miRNA with 
MSC-derived sEVs holds potential as a promising therapeutic approach for IVDD. Chen et al112 discovered that 
exosomes derived from human amniotic mesenchymal stem cells (HASCs) and containing miR-155-5p had 
a beneficial effect in alleviating IVDD. This effect was achieved by targeting TGFβR2, which promoted autophagy (a 
cellular process that removes damaged components) and reduced pyroptosis (a type of programmed cell death associated 
with inflammation). These findings suggest that exosomal miR-155-5p from HASCs could serve as a new therapeutic 
target for the treatment of IVDD. Zhao et al113 discovered that exosomes derived from degenerated nucleus pulposus 
cells (dNPc-exo) have the ability to transport miR-27a-3p and target the PPARγ/NFκB/PI3K/AKT signaling pathway. 
This interaction influences the polarization of macrophages towards the M1 phenotype. Through experiments conducted 
on a rat model of IVDD, it indicated that the presence of exosomes containing miR-27a-3p led to the activation of M1 
macrophages and worsened the degradation of the IVD (Table 3 and Figure 5).

Cargo loading engineering for exosomes involves enhancing the delivery efficiency through modifications of the 
exosome membrane surface. These modifications can be achieved through direct alterations of the exosome membrane 
surface or indirect modifications of the exosome-derived parental cells. By targeting and modifying specific structures on 
the exosome membrane surface, such as proteins or molecules involved in targeting and homing functions, the delivery 
capabilities of exosomes can be improved. These modifications aim to optimize the delivery of cargo within exosomes 
and enhance their therapeutic potential.114–117 The progress of nanotechnology has played a significant role in the 
advancement of engineered exosomes. The combination of liposomes and exosomes has given rise to hybrid exosomes 

Table 3 Representative Exosome Transferred miRNAs in Treatment of IVDD

Donor Cell miRNAs Pathway Function Reference

MSCs miR142-3p MLK3/ 
MAPK

Inhibits IL-1β-induced apoptosis of NPCs. [105]

MSCs miR194-5p TRAF6 Inhibits TNF-α-induced apoptosis of NPCs. [106]

iPSCs-MSCs miR105-5p Sirt6 Delays the aging of NPCs [107]
BMSCs miR532-5p RASSF5 Inhibits the apoptosis of NPCs induced by TNF-α, the degradation of ECM, the 

deposition of fibrosis, and restores the metabolic balance of ECM.

[108]

BMSCs miR129-5p LRG1/ p38 
MAPK

Inhibits/Promotes M1/M2 polarization of macrophages [109]

NPCs miR140-5p Wnt/β- 

catenin

Inhibits angiogenesis and IVD vascularization of endothelial cells. [110]

HypoxicMSCs miR-17-5p TLR4, PI3K/ 

AKT

Promotes the proliferation of NPCs and the synthesis of ECM, and inhibits the 

apoptosis of NPCs and the degradation of ECM.

[111]

hASCs-derived miR-155-5p TGFβR2 Promotes autophagy and reduces pyroptosis. [112]
NP-MSC miR-27a-3p PPARγ/ 

NFκB/PI3K/ 

AKT

Inducing M1 polarization of macrophages. [113]
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formed through membrane fusion, which hold great potential as nanodrug delivery systems. An important factor 
influencing the uptake of target cells is the lipid charge. By selecting liposomes tailored to the specific properties of 
the target cells, they can be hybridized with exosomes to improve the efficiency of cellular uptake. This approach seeks 
to optimize the delivery efficiency of exosomes and improve their effectiveness as a personalized therapeutic tool.118 To 
address the issue of exosome clearance, the utilization of bioactive materials as carriers has emerged as a strategy to 
enhance exosome retention at the disease site and enable sustained release. Moreover, these bioactive materials can 
provide additional therapeutic benefits. In the fields of tissue repair and regenerative medicine, bioactive scaffolds have 
been widely employed for delivering therapeutic agents or nanocarriers. An ideal scaffold material should possess 
excellent biocompatibility, preserve the structural integrity and activity of exosomes, facilitate prolonged release of 
exosomes, and promote the migration of target cells to the scaffold for uptake of exosomes, thereby exerting therapeutic 
effects.119,120 At present, the utilization of multifunctional nano-delivery platforms based on exosomes as promising 
therapeutic strategies for treating IVDD is predominantly confined to preclinical studies conducted in animal models. To 
advance these approaches, it is crucial to conduct more preclinical studies to gather additional data and prepare for future 
clinical investigations. An effective approach involves the use of exosome delivery systems loaded onto bioactive 
scaffolds, which enable enhanced retention and sustained release of exosomes at the disease sites. These systems, such 
as hydrogel-loaded exosomes, have shown encouraging therapeutic effects and find extensive applications in the fields of 
tissue repair and regenerative medicine.121,122 Plant-derived exosomes have gained increasing attention in recent years 
due to their plentiful sources and lower immunogenicity when compared to exosomes derived from mammals. Another 
advantage of plant-derived exosomes is their absence of zoonotic or human pathogens. Plant-derived exosomes have 
demonstrated significant potential as nanocarriers and have been the subject of extensive investigation as delivery 
platforms in numerous studies. While multifunctional nano-delivery platforms based on exosomes show promise for 

Figure 5 Therapeutic molecules (miRNAs) transferred by MSC-derived exosomes in treatment of IVDD. (A) Schematic representation of an experimental intradiscal 
injection of MSC-derived exosomes in a deteriorated IVD. (B) Therapeutic miRNAs are transmitted to degenerated IVD NP cells by MSC-derived exosomes, which hinder 
the translation process, regulating many intracellular processes such as apoptosis, pyroptosis, aging, ECM disintegration, and cytokine release. (C) IVD regeneration after 
MSC-derived exosome therapy, with increased cell proliferation, ECM production, and NP hydration, autophagy, decreased cytokines, and increased mitochondrial protein 
expression.
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the treatment of IVDD, further preclinical studies are necessary to gather additional data and advance our understanding. 
Additionally, the use of bioactive scaffolds and plant-derived exosomes present exciting avenues for research and 
development in this field.123,124 The progress in nanomaterials technology has opened up avenues for the creation of 
nanocomposite biomimetic scaffolds and nanohydrogel scaffolds. These innovative scaffolds combine the beneficial 
characteristics of both natural and synthetic materials. They hold immense potential for future exploration in the field of 
bio-scaffold-loaded exosome-based therapies, especially when utilized in conjunction with 3D printing technology.125,126 

This approach represents a promising direction for further research and development, as it allows for the fabrication of 
intricate and customized scaffolds with enhanced properties by incorporating exosomes with therapeutics.

Conclusion and Future Perspectives
IVDD is a prevalent degenerative condition that results in lower back and leg pain. This disorder significantly impacts 
patients’ quality of life and places a substantial financial strain on individuals, families, and society. Current treatments 
for IVDD mainly concentrate on symptom management rather than targeting the underlying degenerative process. These 
treatments are highly invasive, usually, with a high risk of recurrence, and degeneration of adjacent IVD. Moreover, these 
treatments are inadequate in terms of halting disease progression or reversing the degenerative process of IVDD. 
Numerous potential medications, such as growth factors, MSCs, platelet-rich plasma, and gene-editing techniques, 
have undergone examination in preclinical and clinical trials over the past few decades, showing promise as treatments 
for IVDD. However, their efficacy has been underwhelming. The primary challenges in addressing IVDD repair are 
associated with its avascular structure, limited endogenous cell repair mechanisms, and an unfavorable microenvironment 
in the degenerated area. Overcoming these hurdles is a desirable approach for treating IVDD, but implementing it in 
clinical practice remains a significant challenge. Fortunately, the rapid advancements in regenerative medicine and 
NDDSs have brought new hope to IVDD treatment. These developments hold the potential to address the limitations of 
current therapies and provide innovative solutions for IVDD management.

Ideal NDDSs targeting the IVD should possess several crucial properties. These include low or negligible toxicity, 
minimal invasiveness, high drug entrapment efficiency, controlled release capability, continuous delivery, and easy 
applicability in clinical settings. Nevertheless, existing technologies face challenges in fulfilling all these requirements 
simultaneously. Moreover, the controlled release properties and reproducibility of current NDDSs need to be thoroughly 
evaluated through large-scale studies. Another challenging aspect is ensuring the high biological stability and activity of 
the nanodrug, preventing its degradation by enzymes in the degenerated IVD. Additionally, studies on NDDSs as 
a treatment for IVDDs are still in their early stages, with limited studies primarily carried out on animal models such 
as rats and rabbits. Nonetheless, it is important to recognize that there are anatomical variations between animal models 
and humans, which could hinder their suitability for accurately representing IVDD. The pathogenesis of IVDD is 
multifaceted, and treatments that solely target a single factor or signaling pathway often yield ineffective results. 
Therefore, future research efforts may concentrate on the development of NDDSs that employ multitarget synergistic 
therapies to address the intricate nature of IVDD.
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