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A B S T R A C T   

Intervertebral disc degeneration (IVDD) is rising worldwide and leading to significant health issues and financial 
strain for patients. Traditional treatments for IVDD can alleviate pain but do not reverse disease progression, and 
surgical removal of the damaged disc may be required for advanced disease. The inflammatory microenviron-
ment is a key driver in the development of disc degeneration. Suitable anti-inflammatory substances are critical 
for controlling inflammation in IVDD. Several treatment options, including glucocorticoids, non-steroidal anti- 
inflammatory drugs, and biotherapy, are being studied for their potential to reduce inflammation. However, anti- 
inflammatories often have a short half-life when applied directly and are quickly excreted, thus limiting their 
therapeutic effects. Biomaterial-based platforms are being explored as anti-inflammation therapeutic strategies 
for IVDD treatment. This review introduces the pathophysiology of IVDD and discusses anti-inflammatory 
therapeutics and the components of these unique biomaterial platforms as comprehensive treatment systems. 
We discuss the strengths, shortcomings, and development prospects for various biomaterials platforms used to 
modulate the inflammatory microenvironment, thus providing guidance for future breakthroughs in IVDD 
treatment.   

1. Introduction 

Intervertebral disc degeneration (IVDD) is the essential pathological 
basis of vertebral degenerative diseases, which lead to complications 
such as protrusion of the intervertebral disc, spinal stenosis, and spinal 
degeneration, which seriously affect human health and life quality. The 
intervertebral disc is a fibrous cartilage pad between the vertebral and 
vertebral bodies and comprises a nucleus pulposus (NP), a multi-layered 
annulus fibrous ring (AF), and a cartilaginous endplate. The disc func-
tions biomechanically to maintain spinal stability, mitigate impact, 
absorb shock, and distribute external forces, and is critical for the pro-
tection and movement of the spine [1]. IVDD is characterized by nucleus 

pulposus cell (NPC) reduction and extracellular matrix (ECM) degra-
dation [2,3]. The latest research demonstrates the causal role of the 
inflammatory microenvironment in IVDD [4], in which increased in-
flammatory cells and inflammatory factors in intervertebral discs trigger 
an inflammatory cascade and various signaling pathways, causing 
apoptosis and ECM degradation that ultimately lead to IVDD. 

Current treatments for disc degeneration include non-surgical and 
surgical options. Non-surgical treatment includes bed rest, analgesic 
drugs, and physical therapy, but the pain-relief effects are limited. 
Although surgical treatment can partially relieve pain, its highly inva-
sive nature may accelerate the degeneration of adjacent intervertebral 
discs and destroy spinal biomechanics, thus resulting in poor long-term 
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prognosis [5]. Thus, the clinical treatment for IVDD is limited, and the 
most recommended treatments are analgesic medications and manage-
ment of IVDD progression to delay surgery [6]. However, the NP tissue is 
an avascularized environment, and orally administered drugs may not 
traverse the blood vessel to the site of disc degeneration [1], so local disc 
administration is currently the most effective drug delivery route [7]. 
However, directly injected small-molecule drugs, proteins, nucleic acids, 
and other therapeutic drugs have short half-lives and are quickly elim-
inated, which limits their therapeutic effects. Given the limitations of 
traditional conservative and surgical treatment for advanced disc 
degeneration pathophysiology, biomaterials-based treatments are 
promising approaches for disc degeneration [8,9]. 

The inflammatory microenvironment is crucial to the onset and 
progression of IVDD, so regulation of the local inflammatory microen-
vironment may delay the progression of IVDD and promote the regen-
eration of intervertebral disc tissue. The localized delivery of anti- 
inflammatory components through biomaterials such as nanoparticles, 
hydrogels, and microspheres is now recognized as a promising approach 
in intervertebral disc biomaterials repair. We expect that IVDD treat-
ment will expand to include the continuous regulation of the interver-
tebral disc inflammatory microenvironment. In this review, we will 
discuss three main aspects of IVDD and the inflammatory 
microenvironment:  

1. The structure of a standard intervertebral disc and the structural 
changes and pathological microenvironment of IVDD. 

2. The role of inflammatory cells and inflammatory factors in inter-
vertebral disc degeneration and the signaling pathway mechanisms 
of the inflammatory response during IVDD.  

3. Therapeutic agents and biomaterials that improve the inflammatory 
microenvironment of IVDD, and their mechanisms of action. 

This review aims to illustrate the mechanisms of the inflammatory 
microenvironment in IVDD and highlight the unique potential for stra-
tegies that regulate the local inflammatory microenvironment. Such 
efforts aim to improve the inflammatory microenvironment of IVDD 
using biomedical engineering approaches, thus promoting regeneration 
and recovery from IVDD and providing pain relief to patients. 

2. IVDD structure and the role of inflammation in IVDD 

2.1. Structure and function of intervertebral discs 

The intervertebral disc is located between the upper and lower 
vertebrae and is the connecting structure between the spinal vertebrae 
that maintains the normal function of the axial bones. The intervertebral 
disc is a highly hydrated fibrocartilaginous tissue composed of the 
central NP, the outer AF, and the upper and lower cartilaginous end-
plates [10]. The NP, located in the center of the intervertebral disc, is a 
soft and elastic jelly-like substance with high water content. The normal 
NP is 80%–90% water, and the cellular components are mainly chon-
droid cells and nodal cells. The NP contains many aminoglycan and 
type-II collagen fibers. The collagen fibers are interwoven into a 
grid-like structure, and the colloidal substance formed by the amino-
glycan constitutes a three-dimensional colloidal network structure that 
allows the NP to evenly distribute forces to the surrounding AF when the 
intervertebral disc is stressed. This structure provides excellent buffering 
performance [11]. The AF is a fibrous structure wrapped around the NP 
and is formed from the adhesion of 15–25 fibrocartilage plates arranged 
in concentric circles with an apparent layered structure divided into 
inner, middle, and outer layers that vary in the fiber density of the 
fibrocartilage plates. The density gradually increases from inside to 
outside, and the inner ring is composed of type-I and type-II collagen 
fibers. 

In contrast, the outer ring is mainly composed of type-I collagen fi-
bers, with higher proportions of type-I collagen fibers at outer positions, 

thus enabling the intervertebral disc to resist intense tensile loads and 
absorb the pressure transmitted from the NP [12]. The cartilaginous 
endplate, the boundary tissue between the intervertebral disc and the 
vertebral body, is semitransparent, homogeneous, and thicker around 
the periphery, with an average thickness of about 1 mm [13]. The 
cartilage endplate has many highly permeable micro-spaces. The 
transport of nutrients and metabolites in and out of the intervertebral 
disc is essential and prevents NP fluid loss and maintains the balance 
between mechanical properties and nutritional requirements [14]. After 
embryonic development and maturity, the inner AF and NP tissues are 
wrapped by the outer AF to form a closed structure without blood vessels 
as the blood vessels around the intervertebral disc degenerate [15]. 

2.2. IVDD pathophysiology 

Intervertebral disc degeneration begins in the NP, which changes in 
composition and structure. In the early stages, proteoglycan degradation 
increases in the NP, and the high-water-retaining notochord cells un-
dergo apoptosis, which reduces the water content of the NP. In addition, 
apparently due to the influence of extracellular matrix enzymes and 
deformation of type II collagen, type-II collagen content decreases, type- 
I collagen content increases, and the arrangement of collagen and elastin 
networks becomes more chaotic [16,17]. The NP tissue gradually 
changes from gelatinous to fibrous and loses its original elasticity and 
flexibility [18], thus weakening the biomechanical properties and 
bearing capacity of the intervertebral disc, which gradually collapses 
and results in structural changes that cause microtrauma and fracture to 
the surrounding AF. Once the AF is damaged, the inner AF and NP tis-
sues are exposed to the circulatory system and make contact with the 
immune system, which recognizes these tissues as “foreign.” This 
recognition triggers the body’s autoimmune response to generate the 
inflammatory microenvironment of IVDD that results in clinical symp-
toms [19]. Direct evidence of an autoimmune response to NP was found 
by Capossela et al. [20], who found IgG antibodies against proteoglycans 
and collagen types I, II, and V in human degenerative IVD samples. 
Studies have shown that macrophages [21], B cells, and T cells [22,23] 
are involved in the inflammatory response in the NP and that macro-
phages secrete a large number of proinflammatory mediators, including 
TNF-α and IL1-β [24]. Antibodies that mediate the humoral immune 
reaction are produced by the proliferation and differentiation of 
B-lymphocyte plasma cells [25], and T-cells are involved in the in-
flammatory response by differentiating mainly into Th lymphocytes. 
These inflammatory cytokines secreted by immune cells promote a 
catabolic response, resulting in ECM loss, cellular apoptosis, production 
of neurotrophins, and infiltration of immune cells, including macro-
phages, into the disc [26]. Recruitment of immune cells to the disc, 
including macrophages, amplifies the inflammatory response. Inflam-
matory cytokines will promote the generation of pain through changes 
in nociceptive neuron ion channel activity, as well as apoptosis of these 
cells in the dorsal root ganglion [26]. 

The mechanisms of disc degeneration are complex and involve fac-
tors such as age, genetics, and lifestyle (e.g., occupation, smoking, 
alcohol consumption, lack of physical activity, and late nights). Pro-
gressive IVDD involves the calcification of tiny pores in the endplate, 
which leads to impaired diffusion and exchange of gases and nutrients 
[27] and contributes to a degenerative cascade. Intervertebral disc cell 
division, proliferation, differentiation, and physiological function 
decline as individuals age, while the senescence of intervertebral disc 
cells is accompanied by the accumulation of a senescence-related 
secretory phenotype (SASP) that cannot be effectively cleared from 
vascularized intervertebral discs. Inflammatory mediators such as IL-β, 
IL-6, TNF-α, and chemokines in SASP jointly construct a local inflam-
matory microenvironment that promotes the aging of adjacent inter-
vertebral disc cells and the infiltration of immune cells to form a vicious 
local cycle of inflammation and degeneration [28,29]. Inflammation can 
also be induced by a minor rupture of the AF and NP under improper 
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mechanical load [30], and an inflammatory-like mechanism can lead to 
the production and accumulation of pro-inflammatory mediators in the 
NP, the necrosis and apoptosis of NP cells, and the dysfunction of ECM 
synthesis. Moreover, inflammation induces NP cells and immune cells to 
secrete more enzymes that promote stroma-decomposition (e.g., matrix 
metalloproteinases and ADAMTS metalloproteinases) [31] and causes 
ECM anabolic/catabolic disorders that lead to the onset and progression 
of IVDD. 

2.3. The importance of inflammatory reaction in IVDD 

Inflammation is usually an adaptive response triggered by harmful 
stimuli, and the disruption of local homeostasis is also essential to pro-
voking cell and tissue inflammation [32,33]. The inflammatory response 
in degenerative diseases is often misregulated and gradually becomes 
chronic, and many inflammatory cells (e.g., macrophages, lymphocytes, 
and plasma cells) infiltrate the tissue site and produce inflammatory 
cytokines, enzymes, and growth factors that cause tissue damage and 
secondary repair (including fibrosis). Chronic inflammation drives many 
degenerative diseases, and high levels of immune cells and 
pro-inflammatory cytokines are found in most patients with osteoar-
thritis [34], atherosclerotic lesions [35], and Alzheimer’s disease [36]. 

Inflammation is also critical in IVDD [37]; the intervertebral disc is a 
nearly closed system of avascular tissue where nutrient sources and the 
accumulated waste of degraded organelles are challenging to exchange 
and remove metabolically. Therefore, this closed environment gradually 
acidifies to create an imbalance within the intervertebral disc that ac-
tivates inflammatory signaling and a dramatic release of 
pro-inflammatory mediators including TNF-α, IL-1α, IL-1β, IL-6, IFN-γ, 
cytochemokines, stroma-degradation related enzymes, and prosta-
glandin E2 [37–40]. The pro-inflammatory factors IL-1β and TNF-α can 
increase the expression levels of stromal enzymes (e.g., MMP-1, MMP-3, 
MMP-9, MMP-10, and ADAMTS-4) in the intervertebral disc by acti-
vating NF-κB signaling, thus accelerating the degradation of pro-
teoglycans and type-II collagen [41–43]. Moreover, the synthesis and 
expression of proteoglycans and type-II collagen in NP cells are also 
reduced [44], which synergistically accelerates the development of 
lumbar degenerative diseases. 

More importantly, the increased secretion of pro-inflammatory 
chemotactic factors recruits additional immune cells to enter the 
degenerative intervertebral disc from the circulatory system and induce 
lymphocyte activation and the differentiation of macrophages into the 
pro-inflammatory M1 type [45]. Macrophages activate the p38 MAPK 
pathway to secrete many inflammatory cytokines [46], and the Wnt 
signaling pathway regulates the balance between ECM synthesis and 
degradation in intervertebral discs [47]. The Wnt signaling pathway can 
induce intervertebral disc cells to synthesize cytokines and proteins that 
protect intervertebral discs [48–50], but β-catenin expression is elevated 
in the NP and cartilage endplates of IVDD patients [51]. It is unclear 
whether inflammatory factors regulate the two opposing directions of 
inflammatory responses via the Wnt/β-catenin signaling pathway. 
Normally, TGF-β/BMP pathway activation has a therapeutic effect on 
disc degeneration by reducing inflammation and ECM degradation, 
promoting ECM synthesis and cell proliferation in the NP, and inhibiting 
apoptosis [52]. However, overactivation of the TGF-β/BMP signaling 
pathway may lead to increased disc degeneration [53,54], so moderate 
activation of TGF-β/BMP signaling is critical for disc therapy. Inflam-
matory cells produce many inflammatory mediators and stimulate 
intervertebral disc cells to produce more pro-inflammatory cytokines, 
thus triggering inflammatory cascade reactions while upregulating 
stroma-degrading enzymes that destroy proteoglycan and collagen in 
the ECM, thus creating an imbalance between matrix catabolism and 
anabolism. ECM degradation products accumulate extracellularly and 
stimulate the inflammatory response in the NP. Overall, the inflamma-
tory microenvironment co-constructed by inflammatory cells and in-
flammatory factors is crucial to IVDD pathophysiology (Fig. 1) [55]. 

3. Drugs for relieving inflammation 

Finding suitable anti-inflammatory substances is the most critical 
step in controlling inflammatory in IVDD. Glucocorticoids inhibit the 
synthesis of inflammatory mediators such as leukotrienes and prosta-
glandins, they attenuate the inflammatory cascade by inhibiting 
macrophage expression of cytokines such as TNF-α, IL-1, and IL-6, and 
they can also reduce the sensitivity of the spinal nerve roots to inflam-
matory mediators [56]. Non-steroidal anti-inflammatory drugs have a 
simpler mechanism of action than steroids, involving inhibition of 
cyclooxygenase, the key enzyme that catalyzes the conversion of 
arachidonic acid to prostaglandins [57]. Natural products (from ani-
mals, plants, and microorganisms) are an important and abundant 
source of anti-inflammatory candidate substances. Many natural 
anti-inflammatory substances possess favorable safety profiles both in 
vitro and in vivo, and many promising natural substances have been 
extracted from plants (summarized on Table 1) [58]. 

3.1. Glucocorticoid 

Glucocorticoids (GCs) are synthesized in the adrenal cortex and are 
crucial to the body’s stress response. GC release is triggered by activa-
tion of the hypothalamic-pituitary-adrenal axis with a dynamic circa-
dian pattern and enables the organism to adapt to varying stress signals. 
The primary mechanism of GC action is through the GC receptor, a 
critical regulator in anti-inflammatory processes. GCs exert potent anti- 
inflammatory effects by blocking pro-inflammatory transcription factors 
such as NF-κB and activating protein-1 [59]. In addition, GCs inhibit p38 
MAPK kinase, thereby changing macrophage cytokine production [60]. 
Inflammation is crucial to the pathophysiology of IVDD; prior studies 
demonstrate that epidural GC injections provide significant 
anti-inflammatory and analgesic effects in patients, successfully 
relieving IVDD and the accompanying radicular pain [61,62]. Local 
administration of GCs inhibits the expression of pro-inflammatory cy-
tokines in deteriorated intervertebral disc tissues [63] and induces 
apoptosis in macrophages, T lymphocytes, and other inflammatory cells, 
producing powerful anti-inflammatory effects [64]. Synthetic gluco-
corticoids with lipophilic characteristics are commonly utilized in clin-
ical practice; these synthetic GCs have more significant GC receptor 

Fig. 1. Role of the inflammatory response in IVDD.  
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binding affinity than endogenous hormones and allow for more efficient 
control of the immunological and inflammatory cascade [65]. In addi-
tion, GCs regulate inflammation-related enzymes such as those involved 
in the metabolism of arachidonic acid and its derivatives [66]. Because 
of their lipophilicity, GCs interact directly with nuclear steroid re-
ceptors, impacting mRNA and protein production and cellular function. 
The side effects of corticosteroids are similar to exogenous cortisolism, a 
clinical syndrome similar to Cushing’s disease. These include adrenal 
suppression, hypertension, hyperglycemia, osteoporosis, skin pigmen-
tation, and increased infection risk [67]. The localized administration of 
GCs is useful in reducing common side effects associated with long-term 
oral preparations and the systemic effects of excess cortisol [68]. 

3.2. NSAIDs 

Nonsteroidal anti-inflammatory drugs (NSAIDs) such as aspirin exert 
their therapeutic benefits by inhibiting cyclooxygenase (COX) and 
prostaglandin synthesis and are utilized extensively for antipyretic, 
analgesic, and anti-inflammatory effects. Aspirin has traditionally been 
used to reduce the risk of cardiovascular disease and treat rheumatic 
disorders or arthritis [69]. Aspirin inhibits the expression of inflamma-
tory mediators, including MMP-3, MMP-13, iNOS, COX-2, IL-1β, and 
TNF-α when studied in vitro or with localized injection into rat inter-
vertebral discs, demonstrating that aspirin suppresses intervertebral disc 

inflammation and may reverse IVDD [70]. However, traditional NSAIDs 
(e.g., aspirin and diclofenac) lack selectivity in COX inhibition and cause 
significant gastric irritation and an increased risk for upper gastroin-
testinal ulcers and digestive disorders. 

Celecoxib, a selective COX-2 inhibitor, effectively suppresses the 
release of pro-inflammatory cytokines without interfering with COX-1- 
related physiology and is the most widely used medication for various 
chronic pain conditions and inflammation-related diseases. However, 
celecoxib is primarily administered orally, resulting in adverse systemic 
effects and insufficient pain relief for specific localized pain such as the 
lumbar pain originating from intervertebral discs. Celecoxib selectively 
inhibits COX-2 in degenerated NP cells, reducing the expression of 
PGE2, MMP-13, and ADAMT-5 while increasing the content of type-II 
collagen and aminoglycans, thereby delaying the progression of IVDD 
[71–73]. Several studies indicate that celecoxib inhibits the activation of 
the mTOR signaling pathway and reduces apoptosis in NP cells [74]. 
Unfortunately, studies indicate that therapeutic approaches involving 
NSAIDs and celecoxib are insufficient for the restoration and regenera-
tion of degenerated intervertebral disc tissue and can only provide pain 
relief. 

3.3. Traditional medicine 

Traditional Chinese medicines have fewer side effects than Western 
pharmaceutical drugs, and anti-inflammatory Chinese herbal medicines 
are increasingly used to treat inflammation-related diseases. Curcumin 
is a well-known natural anti-inflammatory agent that inhibits TNF-α and 
IL-1β production and alleviates oxidative stress [75], but curcumin is 
highly hydrophobic with poor water solubility and bioavailability [76]. 
Thus, appropriate drug carriers must be identified for effective drug 
delivery. Ferulic acid (FA) is an essential polyphenol ingredient in most 
Chinese herbal remedies and has powerful anti-inflammatory and anti-
oxidant effects. Numerous studies have demonstrated the 
anti-inflammatory properties of FA in various disorders including 
endometriosis [77], acute respiratory distress syndrome [78], and 
drug-induced liver injury [79]. FA suppresses the activation of NF-κB 
and regulates the NF-κB-induced expression of COX-2, iNOS, VCAM-1, 
and ICAM-1, and is a potential alternative treatment for chronic 
inflammation and aging [77]. FA has potent protective effects against 
IL-1β-induced osteoarthritic degeneration by reducing inflammatory 
responses, limiting ECM degradation, and modulating the 
Sirt1/AMPK/PGC-1 signaling pathway to reduce oxidative stress [80]. 
Genipin is a naturally-occurring compound isolated from Gardenia jas-
minoides and Gardenia fruit with anti-inflammatory, anti-angiogenic, 
and neuroprotective effects [81]. Notably, genipin can induce tissue 
crosslinking [82], and many studies have used fibrin gels cross-linked 
with genipin for healing AF. Beyond its anti-inflammatory properties, 
the genipin-crosslinked fibrin gel also offers outstanding mechanical 
performance and favorable therapeutic outcomes for AF repair [83–86]. 

Other plant-based components have also demonstrated anti- 
inflammatory effects that slow the progression of degenerative joint 
conditions, including tanshinone [87], aucubin [88], piperine [89], and 
juglone [90]. These plant-derived compounds are promising therapeutic 
agents for managing inflammation and slowing degeneration. However, 
plant-derived anti-inflammatory drugs are not well understood and have 
limitations, and more research is needed on the mechanisms of these 
anti-inflammatory drugs. 

4. Biotherapy for relieving inflammation 

Because of the adverse side effects of glucocorticoids and NSAIDs, 
IVDD therapeutic research has shifted focus toward biologics and com-
bination therapies of cellular and biologic agents. Inflammatory factor 
receptor inhibitors have a clear mechanism, specifically blocking 
signaling and interrupting the inflammatory cascade response. The 
encoding functional genes may generate a therapeutic effect by 

Table 1 
Anti-inflammatory ingredients and their mechanisms in IVDD.   

Ingredient Mechanism Main results 

Drug Glucocorticoids inhibit phospholipase 
A2 
suppress NK-κB 

decrease expression of 
pro-inflammatory 
cytokines 

NSAID inhibit cyclooxygenase inhibit the expression 
of inflammatory 
mediators 

Curcumin modulate pro- 
inflammatory 
cytokines, apoptotic 
proteins, NF–κB, COX-2 

inhibit TNF-α and IL- 
1β production 
alleviate oxidative 
stress 

Ferulic acid suppress the activation 
of NF-κBmodulate 
Sirt1/AMPK/PGC-1 
pathway 

suppress 
inflammatory 
response 
reduce oxidative 
stress 

Biotherapy IL-1ra and TNF- 
α inhibitors 

selective inhibition of 
TNF-α and IL-1 

inhibit inflammatory 
responses and ECM 
degradation 

Lactate oxidase consume excess lactate modification of the 
acidic 
microenvironment 

mRNA Transcribing cells 
produce anti- 
inflammatory 
mediators 

inflammatory factor 
receptor antagonist 

miRNA and 
siRNA 

mediates target mRNA 
degradation or inhibits 
mRNA translation 

inhibit inflammatory 
signaling pathways 

MSCs paracrine and 
immunomodulatory 
effects 

secrete anti- 
inflammatory 
cytokines 
polarize macrophages 
to M2 type 

Extracellular 
vesicles 

transport an abundance 
of proteins, mRNAs, 
miRNAs, and short non- 
RNAs 

suppress the 
expression of 
inflammatory factors 
and ECM-degrading 
enzymes 

Platelet-rich 
plasma 

inhibit NF-κB 
activation, reduce pro- 
inflammatory 
cytokines IL-6 and IL-8 

alleviate 
inflammation, inhibit 
apoptosis, promote 
cell proliferation, and 
increase ECM 
synthesis  
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producing anti-inflammatory mediators when they are introduced into 
grafted cells or native cells in the NP. Stem cells and cell derivatives 
exert anti-inflammatory effects by replacing NP cells and restoring the 
function and structure of degenerated discs. Below we review recent 
advances and emerging concepts in biological therapies for IVDD, 
including antibodies and cytokine inhibitors, gene therapy, stem cells, 
extracellular vesicles, and platelet-rich plasma (summarized on Table 1) 
[91]. 

4.1. Antibodies and cytokine inhibitors 

Biologics have recently made significant strides in treating various 
inflammatory-related diseases, including rheumatoid arthritis, anky-
losing spondylitis, and inflammatory bowel disease, and these agents 
have demonstrated outstanding potential for preventing autoimmune 
diseases. In clinical practice, TNF-α inhibitors, IL-6 receptor antagonists, 
and anti-CD20 monoclonal antibodies are frequently used biologics, and 
this class has expanded beyond autoimmune disease applications to 
other inflammation-related conditions as our understanding of the dis-
ease evolves. IL-1ra, for instance, has been used successfully to treat 
rheumatoid arthritis [92], with promising positive outcomes as an 
osteoarthritis treatment in both animal and human clinical trials [93]. 
Considering the pathological and physiological similarities between 
osteoarthritis and IVDD and the crucial role of IL-1 in the inflammatory 
response of IVDD, IL-1ra may have therapeutic potential for treating 
IVDD. IL-1ra delivered directly into the disc can decrease the expression 
and biological activity of ECM-degrading enzymes induced by the in-
flammatory factor IL-1 [94,95]. Moreover, studies using a simulated NP 
3D cell culture model demonstrate that the synergistic delivery of sol-
uble IL-1ra can effectively inhibit IL-1-mediated inflammatory responses 
and ECM degradation and mitigate the degeneration induced by IL-1β 
[96]. In vivo rat experiments indicate that local administration of 
infliximab to IVDD mitigates the degeneration and pain induced by 
lumbar disc puncture [97]. The treatment reduces the production of 
IL-1β, IL-6, IL-8, and TNF-α by degenerated AF cells [98]. 

Lactate accumulation in avascular intervertebral disc tissue is a 
fundamental cause of disc degeneration [99]; lactate accumulates 
gradually in the nearby NP to concentrations several times higher than 
in the surrounding plasma. Excessive lactate buildup attracts inflam-
matory cells, impairs mitochondrial function, and stimulates intracel-
lular production of reactive oxygen species (ROS), leading to cell death 
and hindered tissue regeneration [100]. Lactate oxidase is a fla-
voenzyme of the hydroxyacid oxidase family that catalyzes the oxida-
tion of lactate to produce pyruvate and H2O2 [101]. Engineered fusions 
of lactate oxidase and catalase irreversibly transform lactate and oxygen 
into pyruvate and water, thus avoiding the adverse effects of generated 
H2O2 on tissues [102]. Combined with H2O2 scavenging technique, 
lactate oxidase is an essential method for reducing the inflammatory 
response in IVDD. 

4.2. Gene therapy 

Gene therapy has recently generated interest as a potential treatment 
for various degenerative diseases; the method transfers genes into target 
tissues to express therapeutic proteins that promote tissue repair at the 
injury site [103]. Gene therapy also includes gene silencing by inhibiting 
translation and promoting mRNA degradation [104]. Gene therapy in 
degenerative intervertebral disc tissue typically entails the regulation of 
the inflammatory microenvironment via silencing of essential inflam-
matory mediators (e.g., IL-1β and TNF-α) or inflammatory signaling 
pathways [105]. Wehling et al. [106] successfully transmitted two 
exogenous genes, the bacterial LacZ gene and IL-1ra, using a retroviral 
vector introduced into bovine tail intervertebral disc cartilage cells; the 
treatment generated IL-1ra protein within 48 h. MicroRNAs (miRNAs) 
are 21–22 nucleotide noncoding RNAs that regulate transcription and 
RNA silencing by binding with complementary sequences in the 

3′-untranslated regions of target mRNAs, resulting in mRNA instability, 
degradation, and translational repression. Because miRNAs operate 
post-transcriptionally in the cytoplasm, miRNA-based therapies can 
alter gene expression without invading the cell nucleus [107]. A unique 
interaction between miR-141 and the SIRT1/NF-κB pathway accelerates 
IVDD [108], and miR-222 knockdown reduces inflammation and cell 
death in human NP cells treated with lipopolysaccharide [109]. There-
fore, miRNA-based inhibition of specific transcripts in vivo may 
constitute a possible treatment for IVDD. 

Synthetic siRNAs are new tools for targeting undruggable targets and 
for treating diseases such as neurodegenerative disorders, spinal cord 
injuries, and cancers. SiRNAs are polyanions with a very short half-life in 
the bloodstream as they are bound by serum opsonins and removed from 
circulation [110]. Effective siRNA delivery is crucial for in vivo stability 
[111]. For IVDD therapy, siRNA can be delivered directly into the 
gel-like substance of the intervertebral disc NP, thereby eliminating the 
need to isolate nucleic acids from natural serum sources and increasing 
the retention time of the siRNA within the intervertebral disc to achieve 
gene silencing. The combination of siRNA with cationic liposomes helps 
to prevent RNA degradation and facilitates siRNA entry into the cell 
[112]. Reddy et al. [113] designed siRNAs targeting the Caspase 3 and 
ADAMTS5 genes, demonstrating their regenerative potential in vitro 
and in animal models of disc degeneration. Hu et al. [114] loaded 
therapeutic siRNAs silencing the expression of P65 within hydrogels and 
found that gene-drug release in vitro and in vivo persisted over 28 days 
and greatly inhibited LPS-induced secretion of inflammatory factors and 
subsequent degeneration of NP cells. 

Over the past decade, a variety of effective vectors, delivery tech-
nologies, and approaches to developing gene-based disease in-
terventions have been developed. However, the potential benefits of 
gene therapy must be maximized in terms of effective and sustained 
expression of therapeutic genes in target cells with minimal toxicity and 
high safety [115]. Biomaterials-based gene delivery with cationic 
nanoparticles, liposomes, and other biomaterials is expected to drive 
substantial progress in gene therapy. 

4.3. Cell-derived components 

Mesenchymal stem cells (MSCs) are tissue-derived stem cells that 
develop into many cell types, making them useful for tissue healing, 
immunological regulation, and enhancement of the engraftment ca-
pacity of hematopoietic stem cells. MSCs exert anti-inflammatory and 
tissue repair/regeneration activities via the following mechanisms 
[116]: (1) Paracrine effects: MSCs secrete various growth factors and 
anti-inflammatory cytokines that inhibit apoptosis, promote cell prolif-
eration, and facilitate the regeneration of damaged cells; (2) Immuno-
modulatory effects: MSCs polarize macrophages from a 
pro-inflammatory M1 phenotype to an anti-inflammatory M2 pheno-
type and induce the secretion of anti-inflammatory factors such as IL-10 
and TGF-β [117]. Through interactions with immune cells, MSCs induce 
immune tolerance, promote the generation and expansion of regulatory 
T cells, and inhibit the responses of auto-reactive effector T cells; (3) 
Homing effects: Upon signaling stimulation from tissue injury or 
inflammation, MSCs migrate and home to the damaged tissue site where 
they undergo targeted differentiation into tissue-specific cells with 
corresponding tissue-repair capabilities. Teixeira et al. [118] cultured 
human bone marrow-derived MSCs within the degenerated NP region of 
bovine intervertebral discs and analyzed the response of MSCs to the 
inflammatory environment by detecting the apoptosis and migration of 
MSCs. They found that co-culture with stem cells downregulated the 
expression of inflammatory factors such as IL-6, IL-8, and TNF-α. Stem 
cell reprogramming is another regenerative medicine strategy [119], 
and live-cell therapies have also emerged as valuable drug delivery 
platforms because of their favorable liquidity, stability, and low 
immunogenicity [120]. 

However, therapeutic MSCs have some tumorigenic hazards, and the 
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complicated immunological microenvironment within degenerative 
intervertebral disc tissue can drastically decrease MSC survival rates. 
MSCs mediate their effects through extracellular vesicles termed exo-
somes, which are tiny vesicles with a diameter of 30–150 nm that enable 
cell-to-cell communication by transporting an abundance of proteins, 
mRNAs, miRNAs, and short noncoding RNAs. This communication en-
ables gene expression regulation and functional alterations in receiving 
cells that ultimately influence the pathophysiology of the illness. MSC- 
derived exosomes can protect NP cells from death, stimulate ECM for-
mation, and alleviate the inflammatory response in intervertebral discs 
[121]. Xia et al. [122] found that degenerated intervertebral discs 
contain several inflammatory NP proteins not found in healthy NPs. 
MSC exosomes suppress the expression of IL-1β, iNOS, COX2, IL-6, 
MMP3, MMP13, and other inflammatory factors and ECM-degrading 
enzymes in deteriorated disc tissue, suggesting that MSC exosomes 
reduce the inflammatory response and ECM degradation in IVDD, 
making them a practical biologic treatment. 

Platelet-rich plasma (PRP) isolated from blood is a natural carrier of 
several growth factors, primarily TGF-β1 [123]. PRP inhibits IL-1β-in-
duced NF-κB levels in human myeloid cells [124], reducing the levels of 
pro-inflammatory cytokines IL-6 and IL-8 and thus modulating local 
inflammatory responses [125]. PRP alleviates inflammation, inhibits 
apoptosis, promotes cell proliferation, increases ECM synthesis, and can 
be used to treat IVDD [126]. However, these therapies all introduce risks 
that must be considered, including infection risks, procurement chal-
lenges, and susceptibility to inactivation. 

We described above the primary anti-inflammatory components and 
their mechanisms of action in IVDD therapy. However, directly injected 
small-molecule drugs, proteins, nucleic acids, and other therapeutic 
drugs have short half-lives and are quickly eliminated, and directly 
delivered stem cells do not survive well in the inflammatory microen-
vironment of degenerated intervertebral discs, thus limiting therapeutic 
effects. Biomaterials-based anti-inflammatory delivery methods are 
promising for disc degeneration (Fig. 2). Below we review the various 
biomaterials used to deliver these anti-inflammatory components to 
help understand their unique advantages and deficiencies and support 
the future rational design of biomaterials for intervertebral disc 
regeneration. 

5. Naturally-derived polymer materials for IVDD drug delivery 

Large, naturally-occurring organic biopolymers from animals, 
plants, and microbes demonstrate exceptional biocompatibility and 
biodegradability, allowing for their progressive decomposition in the 
physiological milieu via hydrolysis and enzymatic degradation. Ulti-
mately, they are entirely absorbed or metabolically eliminated. Fortu-
nately, many natural biopolymers are functionalized to be accessible to 
chemical, physical, and biological manipulation, resulting in a vast array 
of derivatives with diverse properties. 

5.1. Hyaluronic acid 

Hyaluronic acid (HA) is a naturally occurring glycosaminoglycan 
with alternating N-acetylglucosamine and glucuronic acid disaccharide 
units. HA is very hydrophilic, with an affinity for water nearly 1000 × its 
weight in aqueous solutions [127]. High quantities of HA have been 
discovered in numerous human tissues including skin, cartilage, the NP 
of intervertebral discs, the vitreous humor, and synovial fluid [128]. In 
intervertebral discs and cartilage, HA exists in its natural state as an 
ultra-long, high-molecular-weight (HMWHA) polymer renowned for its 
anti-inflammatory, anti-apoptotic, and matrix-restorative effects [129]. 
Though not entirely understood, the mechanisms of HA action may 
involve binding to the cell surface receptor CD44 [130]. Notably, Wang 
et al. [131] reported that HMWHA inhibits TNF-α production in 
IL-1β-stimulated fibroblast-like synoviocytes via CD44-receptor inhibi-
tion, indicating that HMWHA inhibits Toll-like receptor (TLR)-mediated 
inflammatory responses. Campo et al. [127] further investigated TLR 
and discovered that HMWHA dramatically lowers TLR4, TLR2, MyD88, 
and NF-κB expression and protein synthesis in synoviocytes of a mouse 
model of osteoarthritis. HMWHA-based therapies remain promising for 
the treatment of IVDD. HMWHA inhibits the expression of inflammatory 
factors IL-1β, MyD88, nerve growth factor, and brain-derived neuro-
trophic factor in NPC caused by IL-1β [130]. Kazezian et al. studied the 
anti-inflammatory and matrix-modulating effects of HMWHA with an in 
vitro bovine organ culture model; HMWHA microgels decreased the 
expression of pro-inflammatory IFN-α, pro-apoptotic insulin-like growth 
factor-binding protein 3, and apoptosis marker caspase-3, thereby 

Fig. 2. Drugs and delivery strategies for alleviating inflammatory responses in IVDD.  
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exerting anti-inflammatory effects [132]. These studies indicate that 
HMWHA is a promising anti-inflammatory drug and regeneration agent 
for the NP and AF, and the solubility and versatility of HMWHA have led 
to widespread use in tissue engineering, with prospects for direct 
intervertebral disc repair and as drug- and cell-delivery vehicles. 

5.2. Collagen and gelatin 

Collagen is an integral ECM component and naturally-occurring 
biomaterial distributed widely in the skin, bones, cartilage, blood ves-
sels, teeth, and tendons [133]. At both ends of collagen molecules are 
triple-helical regions and two non-helical regions; the triple-helical 
conformation is the defining structural element of all collagen pro-
teins, where the collagen triple helix (tertiary structure) is formed by 
three parallel peptide chains in a helical coil (secondary structure). 
Collagen has low immunogenicity, making collagen-based implants well 
tolerated with weak inflammatory and cytotoxic reactions and good 
biocompatibility and biodegradability [133]. Gelatin is derived from the 
thermal denaturation of animal collagen, retaining the signature 
Arg-Gly-Asp (RGD) collagen sequence that promotes cell adhesion, 
proliferation, migration, and differentiation [134]. Gelatin degradation 
products are derived from the same collagen sources and are also 
non-toxic and non-immunogenic. Therefore, collagen and gelatin 
hydrogels have numerous applications in tissue regeneration, recon-
structive surgery, drug delivery, wound healing, and tissue engineering 
[135]. Gelatin- and collagen-based drug delivery strategies have 
advanced in anti-inflammatory therapy [136,137], but the mechanical 
properties of pure gelatin are insufficient for NP tissue, and chemical 
modifications or crosslinks with other high-molecular-weight com-
pounds are needed to improve stability. 

5.3. Chitosan 

Chitosan (CS) is the only naturally-occurring positively-charged 
alkaline polysaccharide and is widely used for wound hemostasis, anti- 
infection, drug delivery, and gene delivery. CS is a linear polysaccharide 
of linked glucosamine and N-acetylglucosamine; the ratio of glucos-
amine to N-acetylglucosamine is known as the degree of deacetylation 
[138]. Chitosan is structurally similar to natural ECM glycosaminogly-
cans and its degradation products are non-toxic and non-immunogenic 
with excellent biocompatibility. Chitosan can be modified to form 
temperature-responsive and pH-responsive hydrogels that are promising 
controlled-drug-release vehicles for anti-inflammatory drugs [139]. The 
positive charges of chitosan promote interaction with anionic com-
pounds (e.g., glycosaminoglycans) and binding with growth factors in 
vivo to increase loading capacity, though chitosan hydrogels are cross-
linked via hydrogen bonds [138] and are therefore softer than natural 
NP tissue. Consequently, the elastic modulus and compressive strength 
of chitosan hydrogels are significantly lower than those of the spinal 
structure and require additional modifications to enhance their me-
chanical strength. The primary research areas of chitosan hydrogels are 
double-network hydrogels, pH-sensitive hydrogels, and self-healing 
hydrogels, and various chitosan-based composite hydrogels have 
demonstrated good tissue- and cell-compatibility in vitro and in vivo. 
However, an ideal tissue engineering scaffold material should match 
rates of degradation with tissue regeneration; rapid scaffold degradation 
may lead to insufficient attachment sites for proliferating cells and 
newly formed tissue matrix, resulting in loose tissue structure and 
inadequate repair, while slow scaffold degradation may lead to insuffi-
cient space for new tissue regeneration, resulting in herniation. 

5.4. Sodium alginate 

Sodium alginate is a water-soluble linear polysaccharide extracted 
from brown algae such as kelp. It comprises β-D-mannuronate (M units) 
and α-L-guluronate (G units) linked by 1,4-glycosidic bonds in a random 

arrangement to form poly-GG, poly-MG, and poly-MM segments. In 
aqueous solutions of divalent cations (e.g., Ca2+ and Sr2+), sodium 
alginate crosslinks via free carboxyl groups to form a networked 
hydrogel [140]. A calcium alginate hydrogel has the mechanical 
strength to support cell growth and proliferation and has good 
biocompatibility and low immunogenicity. The rigidity of the sodium 
alginate hydrogel is modified by adjusting the weight/volume percent-
age of sodium alginate; a 2% sodium alginate hydrogel in a CaCl2 so-
lution meets the requirements for IVDD [141]. However, calcium 
alginate hydrogel crosslinking is metastable; calcium ions in the gel 
undergo ion exchange when exposed to chelating agents or high con-
centrations of Na + or Mg2+ that disrupt the gel and limit some appli-
cations of sodium alginate hydrogels. Sodium alginate-based 
biocompatible systems have therapeutic value beyond drug delivery. 
Katsuro et al. [142] implanted purified sodium alginate hydrogels 
directly into degenerated intervertebral disc tissue and discovered that 
the hydrogels inhibit the production of TNF-α and IL-6, downregulate 
the expression of TrkA protein, reduce inflammatory stimulation of 
sensory nerves, and inhibit IVDD. 

5.5. Silk fibroin 

Silk fibroin (SF) protein accounts for approximately 70%–75% of silk 
and comprises 18 amino acids including glycine, alanine, and serine 
[143]. SF has a repetitive primary structure of sequence 
Gly-Ala-Gly-Ala-Gly-X that forms the protein secondary structure 
through intermolecular hydrogen bonds and hydrophobic interactions 
[144]. SF is an FDA-approved biodegradable natural biomaterial with 
biocompatibility and immunogenicity comparable to collagen and HC. 
Variations in silk’s molecular weight, which regulates its biodegradation 
rate, result directly from processing variations. SF has exceptional me-
chanical properties not found in other natural materials, with several 
times the tensile strength of the industry-standard Kevlar used in 
high-performance fiber technology [145]. Park et al. used an SF/HA 
composite gel to form a bilayered silk scaffold that mimics the AF and 
inner NP tissue, and the synthesized biphasic scaffold formed a complete 
artificial intervertebral disc in vitro, providing valuable insights for 
alternative IVDD treatments. Moreover, the SF-based stimuli-responsive 
materials demonstrated great potential as therapeutic tools for drug 
delivery and regenerative medicine, allowing sustained drug release and 
the construction of targeted chemotherapy platforms [146]. 

6. Synthetic polymer material for IVDD drug delivery 

The primary benefits of natural polymers are their superior 
biocompatibility and cell adherence, but synthetic polymers are critical 
for advanced materials with controlled degradation rates and stable 
cross-links. Unlike natural polymers, synthetic polymers offer superior 
control over their structure, mechanical properties, and composition. 
Synthetic polymers are more easily modified chemically and can be 
customized for specific uses, and can be manufactured at scale to pro-
vide more renewable possibilities than natural polymers [147]. Despite 
the excellent mechanical characteristics of most synthetic polymers, the 
inflammation induced by acidic and crystalline breakdown byproducts 
remains a problem. Below we describe numerous synthetic polymer 
materials commonly used in intervertebral disc tissue repair and 
regeneration. 

6.1. PLA and PLGA 

Polylactic acid (PLA) is an aliphatic strain-chain polyester formed by 
the condensation of lactic acid, and was the first biodegradable material 
approved by the FDA and classified in the US Pharmacopoeia as a 
pharmaceutical excipient [148]. PLA is a highly respected material 
known for its superior biocompatibility, biodegradability, and 
non-toxicity. PLA breaks down into water-soluble oligomers or 
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monomers that are metabolized and excreted by the body. As a result, 
PLA is widely utilized in various medical applications including surgical 
sutures, bone-fixation devices, controlled-medication-release systems, 
and tissue engineering scaffolds [149]. PLA and PLGA copolymer sys-
tems are currently of great interest in pharmaceutical research and 
development and are frequently utilized as drug-loaded microspheres or 
nanoparticles to transport pharmaceuticals and other large molecules 
including proteins, peptides, and nucleic acids [150]. In the past decade, 
PLA- and PLGA-based microsphere medicines have been developed as 
long-lasting anti-tumor medications [151–153]. Though PLA and PLGA 
are promising biomedical materials, many technical barriers must be 
overcome to develop effective drug-delivery methods. First, the intrinsic 
hydrophobicity of PLA and PLGA prohibits their interactions with cells 
other than the surrounding ECM, resulting in poor cell adherence during 
in vitro and in vivo drug delivery [154]; the encapsulation of hydro-
philic drugs may also be affected. In addition, the accumulation of acidic 
lactate by-products during PLA and PLGA degradation may increase 
inflammation, limiting their efficacy as drug-delivery systems and 
rendering them unsuitable for the delivery of fragile macromolecular 
therapeutics such as proteins [155]. Therefore, it is essential to design a 
delivery system that overcomes these obstacles for translational thera-
peutic applications. 

6.2. PCL 

Polycaprolactone (PCL) is a semi-crystalline aliphatic polyester 
produced by ring-opening polymerization of caprolactone monomers. At 
ambient temperature, PCL is soluble in aromatic and chlorinated sol-
vents, partly soluble in polar solvents such as acetone, and insoluble in 
alcohol and water [156]. PCL degrades through ester bond hydrolysis 
within months to years and forms non-toxic and biocompatible break-
down products, making it an ideal material for tissue engineering. PCL 
has flexible mechanical properties suitable for various medical appli-
cations including medical aids, wound dressings, bio-scaffolds, and 
dentistry [156,157]. PCL is intensively researched for controlled medi-
cation delivery and tissue engineering applications because of its 
biocompatibility and biodegradability; the compatibility with numerous 
medications permits uniform dispersion within the formulation matrix, 
and its slow degradation contributes to several months of sustained drug 
release [158]. The properties of PCLs are tunable, allowing for copoly-
merization or effective blending with many other polymers to modify 
their physical, chemical, and mechanical properties. Copolymerization 
alters chemical characteristics and indirectly influences all other quali-
ties including ionic nature, crystallinity, solubility, and degradation 
patterns. These modified PCLs possess the biophysical features needed 
for most drug-delivery formulations; PCL was primarily manufactured in 
the past as microspheres and nanoscale formulations for drug delivery 
[159], yet recent development has focused on scaffolding material ap-
plications [160]. Electrospun PCL fibers mimic the structure of the 
physiological AF and have excellent mechanical performance, resulting 
in effective intervertebral disc replacement [161,162]. PCL is the 
preferred polymer for controlled medication delivery and tissue engi-
neering because of its adaptable physical properties and chemical 
features. 

6.3. PEA 

Polyesteramide (PEA) is a synthetic amino acid copolymer with ester 
and amide backbone bonds and has a lengthy development history as a 
revolutionary biodegradable biomaterial [163]. The amino acid residues 
imbue these polymers with protein-like hydrogen bonding across poly-
mer chains, loaded with medicinal cargo and water. The cross-linking of 
tri-functional amino acids (e.g., lysine, tyrosine, or aspartic acid) into 
the polymer main chain yields free carboxylic acid groups and other 
functional groups needed for further medicinal chemistry coupling to 
achieve the desired structure and functionality. Hydrocarbon spacer 

bars impart PEA with optimal solubility, mechanical characteristics, and 
processability, and free amino end groups can be capped by acylation or 
further functionalized with other amino acids. The mechanical and 
thermal properties of PEAs can be modified by the incorporation of diols 
or diacids of varying lengths and concentrations along the PEA main 
chain [164], and it is particularly desirable to combine the favorable 
mechanical and thermal properties of PEA with the biodegradability of 
polyester. PEAs support endothelial cell adhesion and proliferation 
while having low immunogenicity and excellent biocompatibility [165, 
166]. These amino acid-based PEAs have been fabricated into diverse 
physical shapes to deliver medicines, biomacromolecules, electrospun 
fiber membranes [167], 3D porous hydrogel drug carriers [168], 
drug-loaded microspheres [169], and gene-loaded nanoparticles [170]. 

6.4. PVA 

Polyvinyl alcohol (PVA) is a simple hydroxylated linear polymer that 
forms stable network topologies via hydrogen bonding, with physical 
properties that depend on its chemical structure, degree of hydrolysis, 
and degree of polymerization [171]. PVA is porous, hydrophilic, 
non-toxic, water-soluble, film-forming, elastic, and solvent-resistant, 
with widespread applications in medicine, food, and polymer mate-
rials chemistry, including contact lenses [172], wound dressings [173], 
antibacterial materials [174], and implantable substitute materials 
[175,176]. The composition and preparation of a PVA hydrogel can be 
altered to form microporous structures with outstanding elasticity and 
compressibility that mimic the mechanical properties of cartilage tissue 
with a tensile modulus of 1–17 MPa and a compression modulus of 
0.0012–0.85 MPa. PVA hydrogels are attractive for medication delivery 
systems and articular cartilage repair alternatives for treating degener-
ative joint illnesses because the degeneration process results from 
insufficient nutrient supply [177]. However, pure PVA has several 
drawbacks related to swelling and water solubility that limit its appli-
cation, and it is frequently blended with high-molecular-weight poly-
mers to enhance its characteristics. In contrast, PVA-based hydrogel 
polymers are resistant to protein; bovine serum albumin does not adsorb 
well on PVA hydrogel surfaces, and fibroblasts also do not adhere. 
However, functionalizing of hydrogel surfaces with fibronectin enables 
cell attachment; Rachael et al. modified a PVA hydrogel surface with 
RGD peptides, which greatly enhanced fibroblast cell adhesion and 
migration on the material surface [178]. Glycerol-crosslinked PVA 
hydrogels have improved NP vitality and protective effects against 
pathological mechanical stresses both in vitro and in vivo [179]. 

6.5. Others 

Poly (N-isopropyl acrylamide) (pNIPAAM) is a thermosensitive 
hydrogel composed of hydrophilic and hydrophobic components; the 
hydrophilic component interacts with water below its lower critical 
solution temperature (LCST) to produce a cross-linked hydrated polymer 
network, and the hydrophobic component dehydrates and forms thick 
globules above the LCST [180]. The transition temperature is within the 
range of changes in human body temperature, making pNIPAAM highly 
relevant; pNIPAAM hydrogels can serve as NP replacements for inter-
vertebral discs. For example, pNIPAAM-PEG was blended with various 
PEG concentrations to produce graft or branching polymer architectures 
that improve hydrogel water content and size recovery [181]. PEG in-
creases the water content of pure pNIPAAM hydrogels, but excess PEG 
can hinder material characterization and detection. The pNIPAAM-PEG 
copolymer is a promising system for producing biomaterials in situ for 
soft tissue applications, but the pNIPAAM-PEG ratio must be carefully 
balanced to assure appropriate implantation characteristics [181]. The 
field is moving toward the preparation of injectable, artificial NPs 
formed in situ with suitable mechanical properties, excellent compati-
bility, and minimal invasiveness. Polyurethane (PU) is a synthetic 
polymer containing hydroxyl and isocyanate groups that react with 
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hydrogen compounds and exhibit good tissue adhesion [182]. PU can 
form porous scaffolds without compromising mechanical qualities 
[183], enabling nutrient diffusion and other substrate delivery that 
overcome the insufficient nutrient supply of IVDD [184]. Furthermore, 
injectable and in-situ-curable PU sealants can fix AF flaws while 
enabling tissue ingrowth, making them viable for intervertebral disc AF 
repair. 

7. Nano-drug delivery systems for relieving inflammation of 
IVDD 

Most IVDD treatments are delivered systemically or via intradiscal 
injection. The intervertebral disc tissue lacks vasculature, and nutrients 
primarily diffuse from the endplates of the disc, meaning that local 
bioavailability is restricted following systemic delivery [1]. Direct 
intradiscal injections are unsatisfactory because the injected medicines 
drain quickly from the intervertebral disc, resulting in limited absorp-
tion by NP cells and decreased drug concentrations at the target region. 
Several injections are often required to maintain appropriate drug 
concentrations, which promotes inflammation and raises the risk of 
infection or a pierced NP, thus accelerating IVDD [185]. Therefore, 
several nano drug delivery systems (NDDS) have been developed and 
introduced for IVDD treatment to achieve controlled, sustained drug 
release with reduced dose frequency and improved patient compliance 
[186]. 

From a surface chemistry perspective, a reduction in the size of 
nanomaterials leads to an increase in the number of atoms and lattice 
defects on their surfaces, which greatly enhances their surface reactivity 
and facilitates biophysical-chemical interactions at the bio-nano inter-
face [187]. This feature can be used to construct functional nano-
materials for many biomedical applications. However, the small size and 
high surface energy of nanomaterials makes them more prone to interact 
with cellular components and biological systems, which may lead to 
unwanted chemical, biological, and toxicological reactions in normal 
tissues [188,189]. For example, nanostructures with rigid surfaces and 
sharp edges, especially inorganic and carbon-based nanomaterials, are 
capable of physically interacting with biological systems and causing 

irreversible damage to membrane structure [190] and cell activity 
[191]. Nanomaterials smaller than 10 nm may directly penetrate the 
nucleus and disrupt DNA, causing genotoxic effects including DNA 
strand breaks and chromosome fragmentation [192,193]. Cationic 
nanocarriers induce cell necrosis through inhibition of Na (+)/K 
(+)-ATPase [194]. Therefore, it is important to find an optimal balance 
between nanomedical functionality and nanotoxicity. 

Furthermore, targeted NDDS can enter cells to access specific sub-
cellular compartments or activate signaling pathways that improve 
therapeutic efficacy [195,196], though endosomal/lysosomal degrada-
tion must be overcome through the use of cellular uptake and intracel-
lular transport mechanisms [197]. Here, we introduce nanoparticles, 
liposomes, and nanomicelles used to reduce inflammation and treat 
IVDD (summarized on Table 2). 

7.1. Nanoparticles 

Nanoparticles (size 0.2–100 nm) have a high capacity for tissue 
penetration and drug loading that enables the delivery of easily 
degraded medicines and the bioavailability of hydrophobic pharma-
ceuticals. The slow release of drugs from nanoparticles increases their 
circulation time in the body and preserves their pharmacokinetic sta-
bility [198]. Inflammation and damage result in the expression of formyl 
peptide receptor-1 in neutrophils, monocytes, and macrophages. Li 
[199] linked functionalized fullerene with a targeting peptide to form 
FT-C60, a novel functionalized nanostructure that targets injured 
intervertebral discs and reduces local inflammation (Fig. 3b) [199]. 
Studies suggest that cellular senescence and the SASP play essential roles 
in IVDD [200]. Lim et al. [201] delivered ABT263 using PLGA nano-
particles that minimize systemic side effects and observed preferential 
removal of senescent cells within the intervertebral disc, reduced 
expression of pro-inflammatory cytokines and matrix metal-
loproteinases, and blocked disc degeneration that facilitated disc 
structural restoration. IVDD involves inflammation and abnormal ECM 
synthesis and degradation, and Ding [202] fabricated a ROS-responsive 
cationic copolymer poly (β-amino ester)-poly (ε-caprolactone) (PBC) to 
load luteolin and TGF-β1 plasmid DNA (pDNA) for delivery into NPCs. 

Table 2 
Nanosystem delivery strategies that alleviate the inflammatory response in IVDD.  

Formulation Year Product Anti-inflammatory therapeutic 
agents 

Administration 
methods 

Outcome Reference 

Nanoparticles 2019 FT-C60 Peptide binds specifically to FPR- 
1 expressed on activated 
macrophages 

Intravenous 
injection 

Significantly reduces the expression of pro- 
inflammatory factors in macrophages targe and reduces 
inflammation at the local injury site 

[199] 

Nanoparticles 2016 Df-NPs Nonsteroidal anti-inflammatory 
drug diclofenac 

Bovine IVDD organ 
culture 

Reduces inflammation, down-regulates IL-6, IL-8, 
MMP1, and MMP3, decreases PGE2 production, 
upregulates ECM proteins 

[223, 
224] 

Nanoparticles 2021 PLGA-ABT263 Senolytic drug ABT263 In situ injection Selective elimination of senescent cells. 
Reduces expressions of pro-inflammatory cytokines and 
matrix proteases in the IVDD. 
Inhibits the progression of IVDD 

[201] 

Nanoparticles 2022 LUT-pTGF- 
β1@PBC 

Natural flavonoid luteolin, the 
gene TGF-β1 

In situ injection Suppress COX-2 and IL-6 expression to inhibit 
inflammation. 
Restore anabolism/catabolism balance of ECM by TGF- 
β1 

[202] 

Nanoparticles 2013 Fullerol 
nanoparticles 

Free radical scavenger In situ injection MMP-1, 3, 13, and TNF-α were suppressed by fullerol to 
prevent adipogenic differentiation of vertebral bone 
marrow stromal cells 

[203] 

Liposomes 2022 OMT-LIP Oxymatrine derived from the 
roots of Kushen 

Intravenous 
injection 

Inflammatory sites targeting. 
Markedly reduces the levels of MMP3/9 and IL-6 and 
mitigates ECM degeneration. 
Protects NP cells from apoptosis, prevents inflammation 
by blocking the NF-κB pathway. 

[209] 

Liposomes 2019 siRNA lipoplexes SiRNA against Caspase-3 and 
ADAMTS5 genes 

In situ injection Effective siRNA delivery strategies for decreasing 
apoptosis and matrix degradation 

[113] 

Nanomicelles 2023 PEG-PIB pre- 
modified NPPCs 

NPPCs endocytosed PEG-PIB In situ injection Sustained release of ibuprofen. 
Inhibition of NPPCs pyroptosis after transplantation. 
NPPCs with higher proliferative ability have a more 
robust NP differentiative capacity. 

[211]  
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The active ROS-responsive nanoparticle system (pDNA@PBC) success-
fully transfects NPCs, and the luteolin enclosed within the hydrophobic 
core of the pDNA@PBC promotes cellular uptake and maintains drug 
release within the intervertebral disc (Fig. 3a). 

Most clinical research on IVDD has focused on the local interverte-
bral disc rather than the surrounding vertebrae. Liu et al. [203] inves-
tigated the inhibition of vertebral bone marrow stromal cell (vBMSC) 
inflammation and adipogenesis by free-radical-scavenging fullerol 
nanoparticles and observed a reduction in vertebral bone marrow 
damage and IVDD. Fullerol decreased the metabolic activity of vBMSCs 
in response to inflammatory stimuli by lowering the levels of ROS, 
matrix metalloproteinases, and TNF-α. However, more studies are 
needed to determine the safety and viability of fullerol nanoparticles as 
an IVDD treatment. 

Nanoparticle-based drug delivery systems provide new diagnostic 
and therapeutic tools. Liu et al. [204] suggested an in vivo imaging 
approach for IVDD based on hybrid collagen peptides that target de-
natured and disrupted collagen molecules in the ECM; the method is 
promising for diagnosing, monitoring, and treating various spine dis-
orders including IVDD and spinal arthritis. COX-2 is overexpressed 
during inflammation and is a valuable biomarker in diagnostics. Michael 

[205] and Cheol Ho Heo [206] bound fluorescent dyes to a cellulose 
acetate and poly (caprolactone)-poly (ethylene glycol) copolymer and 
used water-in-oil emulsions to create nanoparticles from fluorescent 
polymers and indomethacin (Fig. 3c). When injected locally, these 
nanoparticles enabled the visualization and monitoring of local 
inflammation and drug localization and efficacy. In rat models, artificial 
injury-induced intervertebral disc tissues (simulating IVDD) were 
significantly more fluorescent than normal intervertebral disc tissues. 

7.2. Liposomes 

Liposomes are small (20–5000 nm), water-soluble vesicles 
comprised of phospholipids and cholesterol, which are natural compo-
nents of cell membranes. The phospholipid bilayer structure resembles 
that of cell membranes, allowing them to fuse with cell membranes, 
improve drug distribution and circulation, and reduce drug toxicity and 
side effects [207]. Liposomes protect peptides, proteins, and nucleic 
acid-based drugs from enzymatic degradation, facilitate their passage 
across mucosal barriers, and significantly improve the bioavailability of 
drug cargo. Clinically, bupivacaine-loaded liposomes relieve pain 
following intervertebral disc fusion, and intramuscular injection of 

Fig. 3. Nanosystem delivery strategies that alleviate the inflammatory response in IVDD.  
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bupivacaine-loaded liposomes significantly reduces postoperative hos-
pital stays and opioid use [208]. Recently, Wang et al. [209] used a 
pH-gradient method to prepare oxymatrine-loaded liposomes that 
mitigate ECM degradation by suppressing IL-1β-induced MMP3/9 and 
IL-6 mRNA and protein levels; improvements in IVDD were confirmed 
by X-rays. However, this system was administered intravenously, 
resulting in reduced drug concentrations within the intervertebral disc 
as liposomes are absorbed via circulation. In contrast, Reddy Banala 
targeted Caspase3 and ADAMTS5 (a gene involved in ECM degradation) 
with siRNAs loaded into cationic liposomes that increase siRNA stability 
and facilitate cellular uptake in vivo; direct intradiscal injection of the 
siRNA-liposomal complex silenced Caspase3 and ADAMTS5 and 
reduced apoptosis and ECM loss [210]. However, the safety of 
liposome-based biomaterials for the treatment of IVDD requires further 
evaluation because of the cytotoxicity of cationic nanocarriers [194]. 
Few studies have used liposomes as the sole drug carriers for IVDD 
treatment; liposomes are frequently paired with other delivery methods 
to improve pharmacokinetic properties. 

7.3. Nanomicelles 

Nanomicelles are a delivery system generated when amphiphilic 
polymers spontaneously self-assemble in aqueous solutions. The micelle 
hydrophobic core encloses hydrophobic chemotherapeutic agents to 
improve their solubility, while the hydrophilic shell forms a protective 
hydration barrier that decreases protein absorption and clearance by the 
reticuloendothelial system during blood circulation and extends the 
therapeutic half-life. Nanomicelles are typically small (10–100 nm) with 
narrow size distributions, and particle size can be modified via the 
lengths of hydrophilic and hydrophobic segments. Nanomicelles can be 
produced with varying particle sizes and functionalities; Xia et al. [211] 
produced ibuprofen-based nanomicelles with esterase-responsive char-
acteristics (PEG-PIB) and preloaded them into NP progenitor cells 
(NPPCs) to reduce post-implantation stem cell apoptosis resulting from 
the inflammatory microenvironment of IVDD. PEG-PIB exhibited sus-
tained stimuli-responsive release, and PEG-PIB-modified NPPCs pre-
vented cell death in IVDD (Fig. 3d). Though effective, practical 
implementation is limited by the ethical and technical challenges of 
sourcing and collecting embryonic NPPCs. Feng et al. [212] produced 
thermoresponsive multiphase coronal polyelectrolyte micelles with PEG 
and poly N-isopropyl acrylamide; these micelles utilize the electrostatic 
contact between pDNA and mixed-block copolymers to deliver the heme 
oxygenase-1 gene. These gene carriers were stable and effectively sup-
pressed the expression of IL-1β induced by MMP-3 and COX-2 in IVDD. 

7.4. Nanozymes 

Nanozymes are nanomaterials with enzyme-like properties; most are 
mimics of superoxide dismutase (SOD), catalase, and peroxidase with 
greater physicochemical stability and durability and lower preparation 
costs under extreme conditions than natural enzymes. Nanozyme metal 
active sites imitate the catalytic electron redox activities of natural en-
zymes [213] and their catalytic activity is proportional to their size; 
nanozymes with larger surface areas and more exposed active sites 
typically have greater catalytic activity. Consequently, the catalytic 
activity of nanozymes can be modified by altering nanomaterial size 
[214]. ROS are crucial inflammatory mediators that can be targeted for 
IVDD treatment. Wang et al. [215] developed an N-acetylcysteine-der-
ived carbon dot (NAC-CDs) nanozyme that scavenges free radicals and 
maintains mitochondrial homeostasis, thereby inhibiting cell senes-
cence and suppressing inflammatory factor expression in NP cells. Zhou 
et al. [216] locally injected Prussian blue nanoparticles (PBNPs) into an 
IVDD rat model and found that PBNPs mitigate ROS-induced IVDD by 
inhibiting the ubiquitination of SOD1 and reducing intracellular 
oxidative stress. Shi et al. [217] used NAc to synthesize iron sulfides that 
release polysulfides (e.g., H2S2) in aqueous solution to clear intracellular 

free radicals via a self-catalytic cycle. Though nanozymes are more 
stable and less toxic than natural enzymes, their application is limited by 
metabolism in the body. 

7.5. Other nano-drug systems 

Compared to nanocarriers such as liposomes, micelles, and nano-
particles, poly amidoamine dendrimers (PAMAM) feature homogeneous 
particle sizes, porous 3D interior cavities, and abundant amino groups 
that can be chemically modified with targeted ligands and fluorescent 
probes. Positively-charged surface amino groups can absorb medica-
tions through electrostatic interactions and facilitate cellular uptake, 
making PAMAM an extremely important nanocarrier [218,219]. Iron 
oxide nanoparticles (IONP) have generated considerable interest 
because of their biocompatibility, superparamagnetism, variable size, 
and diverse morphology. Researchers combined IONPs with HA- and 
furan-functionalized dexamethasone peptides (GQPGK) to address adi-
pose tissue abnormalities [220]. The dexamethasone peptide was 
covalently bonded to the nano complex and promoted adipogenesis in 
human adipose-derived stem cells, revealing considerable therapeutic 
potential for tissue regeneration [221]. Gold nanoparticles reduce 
IL-1β-induced inflammation and are a promising new therapeutic option 
for IVDD [222]. 

a. ROS-responsive nano platform of LUT-pTGF-β1@PBC in IVDD 
therapy. Reproduced with permission from Ref. [202] b. Nanofullerene 
conjugated with a peptide that binds specifically to FPR-1 expressed on 
macrophages. Reproduced with permission from Ref. [199]. c. Strategy 
for evaluation of IVDD using the COX-2-selective fluorescent probe 
IBPC1. Reproduced with permission from Ref. [206]. d. Synthesis of 
esterase-responsive PEG-PIB with NPPCs for synergistic transplantation. 
Reproduced with permission from Ref. [211]. 

8. Application of microsphere-based delivery systems in IVDD 

Microspheres are 3D spherical structures of 1–250 μm particle size 
that are widely used in the biomedical field because of their excellent 
material transport capabilities and minimally invasive applications 
[225]. Microspheres are loaded with drugs via physical or chemical 
encapsulation or adsorption of drugs or cells onto the polymer surface 
[226]. The relative stability and slow degradation of microspheres 
ensure the effective sustained release of active ingredients and allow the 
encapsulation of small hydrophobic drugs (corticosteroids and NSAIDs), 
large organic molecules (enzymes and antibodies), and even cells. Mi-
crospheres are categorized structurally as microcapsules and micro-
matrices; microcapsules have a core of therapeutic substance and a shell 
of encapsulating material, while micromatrices disperse or embed the 
therapeutic component throughout the material matrix [227]. Micro-
sphere systems still face considerable challenges; microspheres used in 
sustained-release injections are prone to either burst release or stagnate 
mid-term, and the reproducibility and quality control of double-layer 
microspheres are challenging. Encapsulation efficiency is typically low 
for hollow microspheres, and porogen removal during porous micro-
spheres production is also a concern. Conventional techniques for 
microsphere fabrication include emulsion evaporation, phase separa-
tion, and spray drying. Microfluidics [228] and 
membrane-emulsification techniques have recently provided re-
searchers with appropriate materials and methods, and microspheres 
are used frequently in biomedicine because of their minimally-invasive 
administration and higher chemical transport efficiency [229]. Here, we 
describe advances in the use of microsphere systems to load 
anti-inflammatory components, regulate the inflammatory microenvi-
ronment in IVDD, delay IVDD progression, and promote regeneration 
(summarized on Table 3) . 
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8.1. Natural polymer microspheres 

Natural polymers are indispensable in microsphere applications 
because of their exceptional biocompatibility, biodegradability, and low 
toxicity. Epigallocatechin-3-gallate ester (EGCG) is an anti- 
inflammatory and antioxidant polyphenol extracted from tea trees and 
encapsulated by Loepfe et al. [197] within glutaraldehyde-crosslinked 
gelatin microspheres using electrospray. The EGCG microspheres sup-
pressed the synthesis of inflammatory (IL-6, IL-8, COX-2) and catabolic 
(MMP1, MMP3, MMP13) mediators in NP cell cultures, but this study 
was limited to in vitro demonstrations; the anti-inflammatory and 
regenerative properties have yet to be proven in vivo (Fig. 4a). Bartolo 
et al. [230] loaded dexamethasone onto alginate microbeads under 
normoxic and hypoxic conditions and demonstrated powerful 
anti-inflammatory effects that promoted cell proliferation and chon-
drogenic differentiation. However, patients with chronic lower back 
pain receiving long-term corticosteroid treatment may not experience 
therapeutic improvements [231]. 

The intervertebral disc tissue is avascular, and the central region is 
hypoxic and hypoglycemic and produces energy primarily from anaer-
obic glycolysis and lactate accumulation, which is critical for inflam-
mation and IVDD. We recently [232] prepared nanozyme-functionalized 
hydrogel microspheres to eliminate local lactate buildup, reduce 
inflammation, and stimulate tissue regeneration. MS@MCL was formed 
by conjugating MnO2-LOX nanozymes with HAMA microspheres. 
MnO2-LOX-loaded microspheres convert lactate to pyruvate and water 
to decrease local inflammation and oxidative stress (Fig. 4c) [232]. 
Some circRNAs are abnormally expressed in NP tissues under conditions 
of IVDD and nutritional deficiency, resulting in ECM synthesis and 
metabolic problems [233]. Chang et al. [234] developed a 
circRNA-silencing hydrogel microsphere (psh-circSTC2-lipo@MS) by 
grafting OTAP/Chol/DOPE cationic liposomes containing 

circSTC2-silencing genes into HAMA microspheres. This system silences 
circSTC2 expression in NP cells to balance ECM metabolism in a 
nutrient-deficient microenvironment; this safe and controllable targeted 
gene delivery system has great potential to regulate ECM metabolism in 
abnormal microenvironments (Fig. 4a). 

Microspheres have recently attracted attention as novel cell culture 
and delivery scaffolds in regenerative medicine because they can expand 
in vitro and in vivo in 3D culture environments while being easily 
administered and small with a large surface-area-to-volume ratio. Xia 
et al. [235] induced iPSCs to differentiate into NP-like cells in vitro and 
prepared gelatin microspheres loaded with GDF-5 for sustained delivery 
to NP-like cells. Microsphere carriers can deliver and supplement IVDD 
cells, partially restore disc height and ECM components, and markedly 
influence intervertebral disc regeneration. Traditional 
minimally-invasive cell injections unavoidably generate some cell and 
material leakage that results in complications such as osteophytes, and 
microsphere carriers alleviate this concern and increase cell survival 
rates. However, practical complications must still be considered, 
including the rapid aging and death of stem cells from inflammatory and 
oxidative stress in IVDD; transplant rejection reactions require further 
study. 

8.2. Synthetic polymer microspheres 

Synthetic polymers are commonly used to manufacture microspheres 
with superior mechanical characteristics, controllability, and stability. 
Tellgen et al. [72] prepared two types of PEAM microspheres with high 
and low concentrations of the COX2-selective inhibitor celecoxib using 
the emulsion-solvent evaporation technique and achieved safe and 
effective sustained drug release with injectable microspheres in a canine 
model of IVDD. Jansen et al. [237] used the ultrasonic emulsification 
method to prepare PEAM microspheres loaded with triamcinolone 

Table 3 
Application of microsphere delivery strategies in alleviating the inflammatory response in IVDD.  

Year Product Anti-inflammatory 
Therapeutic agents 

Administration 
methods 

Outcome Reference 

2019 EGCG-loaded gelatin 
microparticles 

EGCG (epigallocatechin 3- 
gallate) 

Cells and organ 
models 

EGCG microparticles inhibited IL-1β-dependent expression of 
IL-6, IL-8, COX-2, MMP1, MMP3, and MMP13. Inhibits 
oxidative stress-induced death of IVDD cells by activating the 
PI3K/Akt pathway protecting mitochondrial membranes from 
depolarization 

[236] 

2022 MS@MCI MnO2 and lactate oxidase In situ injection Eliminated oxidative and inflammatory stress to achieve a long- 
term oxygen-promoted lactate exhaustion effect, promoted 
ECM metabolism and cell survival 

[232] 

2022 psh-circSTC2-lipo@MS circSTC2-silencing genes In situ injection DOTAP improves delivery efficiency and the stability of gene 
therapy, effectively silencing circSTC2 expression in NP cells to 
maintain ECM metabolism balance 

[234] 

2019 NP-lC-seeded GDF-5-loaded 
GMs 

NP-lCs, growth and 
differentiation factor-5 

In situ injection Disc height recovered, water content elevated, and NP cells and 
ECM were restored 

[235] 

2018 CXB-PEAMs Celecoxib, a selective COX-2 
inhibitor 

In situ injection Anti-inflammatory and anti-degenerative effects on NP cells 
from degenerated IVDDs, a COX-2 inhibitor addresses pain 
related to IVDD 

[72] 

2018 Polymeric capsules Catalase-loaded polymer 
capsules with tannic acid 

In situ injection Tannic acid has a higher scavenging capacity for hydrogen 
peroxide, and hydroxyl radicals attenuate the expression of 
major proteolytic enzymes in an IL-1β induced inflammation 
model of NP. 

[242] 

2023 Mg@PLPE MS PBT-co-EGDM, Mg, H2 In situ injection ROS-responsive controlled H2 release platform has significant 
antioxidative and anti-inflammatory effects. 

[238] 

2012 
2014 

(PLGA) microspheres loaded 
with interleukin-1 receptor 
antagonist 

IL-1β receptor antagonist In vitro model and in 
situ injection 

Effectively attenuates IL-1β-mediated inflammatory changes in 
an engineered NP construct in vitro. Sustained delivery of anti- 
inflammatory agents may effectively prevent catabolic changes 
during early-stage disc degeneration but is unlikely sufficient to 
regenerate a painful and severely degenerated NP. 

[240] 

2020 PLLA MS-BNP Recombinant human soluble 
TNF receptor type II 
(rhsTNFRII) 

In situ injection Expression of TNF-α is significantly inhibited, a significant 
regeneration in NP occurred 

[241] 

2012 Dex/bFGF PLGA 
microspheres 

Dexamethasone and growth 
factors 

Cells and organ 
models 

Programmed to release dexamethasone and bFGF locally. 
No cytotoxicity against rMSCs; improved rMSC growth and 
differentiation into NP-like cells and reduced the inflammation. 

[243]  
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acetonide for extended-release corticosteroid administration and 
observed excellent anti-inflammatory effects and extended pain relief 
without adverse effects. Zhang et al. [238] designed a ROS-sensitive 
magnesium-containing microsphere (Mg@PLPE) for antioxidant treat-
ment in IVDD (Fig. 5d). The Mg@PLPE microspheres comprised a PLGA 
shell with a ROS-responsive polymer poly (PBT-co-EGDM) and a mag-
nesium particle core. Poly (PBT-co-EGDM) is degraded by H2O2-induced 
hydrophobic-hydrophilic transformation to promote the reaction of 
magnesium with water to produce H2; the H2 reacts with harmful hy-
droxyl radicals. In a rat model of IVDD, Mg@PLPE microspheres deliv-
ered potent antioxidant and anti-inflammatory effects while reducing 
ECM breakdown and cell death. 

IL-1β and TNF-α are critical to the inflammatory cascade [40], and 
antagonists of these inflammatory mediators have been used in IVDD 
treatment [98,239]. IL-1 receptor antagonists (IL-1ra) have some ther-
apeutic benefit that is outweighed by adverse effects from systemic 
administration or repeated local injections, and Gorth et al. [240] 
addressed this issue by synthesizing IL1ra-PLGA microspheres via 
double-emulsion methods. Sustained IL-1ra release lasted 20 days and 
attenuated IL-1β-induced inflammatory destruction, potentially treating 
inflammation-mediated early IVDD. However, acidic PLGA degradation 
products such as lactic acid and glycolic acid may aggravate avascular 
disc tissue and induce local inflammation. Kazuhide et al. [241] grafted 
bovine serum albumin nanoparticles (BNP) loaded with recombinant 
human soluble TNF II (rhsTNFRII) onto porous PLLA microspheres via 

ultrasonication to form an injectable functionalized porous microsphere 
(Fig. 5a). The multiple binding sites of BNPs increase encapsulation ef-
ficiency and facilitate the continuous release of rhsTNFRII to regulate 
ECM metabolism in NP. In addition, porous PLLA microspheres are 
highly injectable with uniform cargo loading via chemical conjugation. 

a. Fabrication and alkaline hydrolysis of PLLA microspheres and 
grafting of BNP loaded with rhsTNFRII. Reproduced with permission 
from Ref. [241]. b. Catalase-loaded polymer capsules functionalized 
with an external layer of TA. Reproduced with permission from 
Ref. [242]. c. bFGF-loaded heparinized nanoparticles coated onto DEX 
PLGA microspheres. Reproduced with permission from Ref. [243]. d. 
ROS-responsive Mg@PLPE microspheres in antioxidant therapy for 
IVDD. Reproduced with permission from Ref. [238]. 

9. Hydrogel systems for relieving inflammation 

Hydrogels are crosslinked polymer networks generated from mono-
mers via hydrophilic crosslinking that absorb and retain large quantities 
of water. These hydrogels are versatile transporters for therapeutics 
including medicines, proteins, and cells. Water absorption results from 
hydrophilic functional groups linked to the polymer backbone (e.g., 
–OH, –CONH–, –CONH2–, and –SO2H), and crosslinks between polymer 
chains impart resistance to dissolution [244]. Hydrogels are classified by 
crosslinking mechanism as chemically crosslinked (covalent bonding) or 
physically crosslinked (hydrogen bonding, van der Waals forces, or 

Fig. 4. Application of natural polymer microspheres to alleviate the inflammation in IVDD. a. Injectable circRNA-silencing-hydrogel microspheres for the regulation 
of ECM metabolism. Reproduced with permission from Ref. [234]. b. Microparticle encapsulation of EGCG inhibits the expression of inflammatory mediators. 
Reproduced with permission from Ref. [236]. c. Nanozyme-functionalized hydrogel microsphere. Reproduced with permission from Ref. [232]. 
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physical entanglement). Chemical crosslinking forms a 3D polymer 
network of highly stable structures that are resistant to degradation, 
while physical hydrogels can undergo gel-sol transitions in response to 
external stimuli such as temperature and ionic strength [245]. Physi-
cally crosslinked hydrogels are safer and more straightforward to pre-
pare than chemically crosslinked hydrogels, but may have inferior 
mechanical properties. The use of hydrogels in IVDD usually requires 
consideration of a balance between injectability and the ability to pro-
vide some mechanical support. 

Hydrogels are widely used in various fields because of their superior 
biological properties and diverse crosslinking techniques; applications 
include skin repair, oral and maxillofacial repair, articular cartilage 
repair, and intervertebral disc replacement [244]. Biologics-based 
hydrogels are most commonly used to treat IVDD via substitution and 
repair effects, and more recently hydrogels are being used to reduce the 
inflammatory microenvironment and promote disc regeneration in 
IVDD (summarized on Table 4). 

9.1. Naturally-derived hydrogels 

Naturally-derived hydrogels are biocompatible and biodegradable 
materials with low immunogenicity and weak inflammatory and cyto-
toxic reactions, making them desirable for mixed hydrogel scaffolds. 
Rising temperatures transform chitosan solutions into hydrogels, and 
Pereir [246] utilized coacervation to combine chitosan and PGA in 
nanoparticles loaded with the anti-inflammatory drug diclofenac and 
incorporated into an HA hydrogel. Aspirin, a classic NSAID, was loaded 
by Geng et al. [247] into liposomes mixed with GelMA to create an 
injectable hydrogel that inhibits the release of the inflammatory cyto-
kine HMGB1 after surgery to alleviate local inflammation and delay 
degeneration (Fig. 6a). IVDD induces an inflammatory microenviron-
ment, meaning that ROS accumulation and low pH [99] are natural 
triggers for intelligent hydrogel drug delivery at inflamed IVDD sites 
[248]. Wang et al. [249] designed an inflammation-responsive hydrogel 
of collagen and tannic acid crosslinked via boronic ester bonds for the 
sustained local delivery of a curcumin- and cholesterol-modified 
miRNA-21 inhibitor (Antagomir-21) to treat IVDD. Boronic ester 

Fig. 5. Application of synthetic polymer microspheres to alleviate inflammation in IVDD.  
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Table 4 
Application of hydrogel-based delivery strategies in alleviating inflammatory response in IVDD.  

Year Product Anti-inflammatory therapeutic agents Administration 
methods 

Outcome Reference 

2022 Celecoxib-loaded chitosan 
hydrogel 

Celecoxib In situ injection Thermosensitive injectable; anti-inflammatory and 
pain-relieving 

[252] 

2012 Chitosan/PGA nanocarriers with 
Df loaded within HA hydrogel 

Diclofenac (Df) In situ injection In situ anti-inflammatory drug delivery system; 
controlled release by pH changes 

[246] 

2021 ASP-Lip@GelMA Aspirin In situ injection Cover the inflammatory cycle after intervertebral disc 
surgery to inhibit inflammatory factor expression and 
attenuate the release of HMGB1. 

[247] 

2022 Hydrogel loaded with curcumin 
and miRNA 

Anti-inflammatory curcumin and a 
cholesterol-modified miRNA-21 
inhibitor 

In situ injection Inflammation-responsive sustained release of 
Antagomir-21 promoted ECM regeneration of NPCs by 
promoting autophagy activation. 
Promote the polarization of macrophages to M2 
phenotypes. 

[249] 

2018 FibGen with CHS and infliximab Infliximab, an anti-TNF-α drug In situ injection Reduce the levels of pro-inflammatory cytokines. 
Control the release rate of infliximab in FibGen by 
adjusting the drug loaded. 

[98] 

2021 dECM@exo ADSCs exosomes In situ injection Inhibits the pyroptosis of NPCs. [251] 
Regulates inflammatory complexes and 
metalloproteinases. 

2022 AEs/SF cryogel AF cell-derived exosomes In situ injection Anti-inflammatory and antioxidant stress. [253] 
Cell recruitment and regulating fibrocartilage 
differentiation abilities. Promoting the polarization of 
macrophages from the M1 to M2 phenotype 

2018 PCLA–PEG–PCLA hydrogel with 
celecoxib 

Celecoxib In situ injection Thermoresponsive. [71,73] 
Reduction of back pain. 
Anti-inflammation 

2015 CXB-loaded pNIPAAM MgFe-LDH 
hydrogel 

Celecoxib In situ injection Controlled release of CXB resulting in suppressed 
PGE2 levels for 28 days; Anti-inflammation 

[254] 

2019 Rapa@Gel ROS-scavenging scaffold with 
rapamycin 

In situ injection Scaffold reduces inflammatory responses. [255] 
Increase in the percentage of M2-like macrophages 

2013 FA–G/C/GP hydrogel FA, a member of the polyphenol family In situ injection Inhibit IκB kinase activity and down-regulate pro- 
inflammatory gene 
Reduce inflammation caused by oxidative stress. 

[258] 

Inhibit the apoptosis of H2O2-induced oxidative stress 
NP cells. 
Down-regulation of MMP-3, up-regulation of 
aggrecan and collagen-II. 

2023 OPF/SMA hydrogel with PLGA 
microspheres containing IL-4 and 
kartogenin 

IL-4, kartogenin In situ injection Induced macrophages to transition from the M1 to M2 
phenotype. 

[257] 

Promoted cell proliferation and improved cell 
viability. 
Reduced levels of MMP13 expression 

2021 TGF-β3-loaded graphene oxide 
peptide hybrid hydrogels 

TGF-β3, graphene oxide - self- 
assembling peptide 

In situ injection Upregulation of NP-specific genes. [264] 
Direct NP cell fate and function. 
Early reversal of IVDD. 

2022 Cur@PLA NPs in lginate/gelatin 
hydrogel 

Curcumin In situ injection Curcumin-mediated autophagy to relieve IVDD. [265] 
Reduces pro-inflammatory cytokines IL-1, IL-6, and 
IL-8. 

2023 HA/CS hydrogels Phenylboronic acid-modified CS (CS- 
PBA) 

In situ injection pH-responsive [263] 
Inhibit inflammatory cytokine expression and 
maintain anabolic/catabolic balance. 

2022 RTNPs/F127 hydrogels Immunomodulatory and TNF-α 
inhibitor-thalidomide selective JAK1/2 
inhibitor-ruxolitinib 

In situ injection Protective effects on NP cell apoptosis. [239] 
Inhibition of inflammation responses of NPCs and 
degradation of ECM 

2023 GelMA/HAMA hydrogel with 
mesoporous silica nanoparticles 
and TGF-β3 

Mesoporous silica nanoparticles, TGF-β3 In situ injection Eliminate ROS and induce anti-inflammatory M2 
type. 

[261] 

Macrophage polarization. 
TGF-β3 recruits AF cells and promotes ECM secretion. 

2022 siSTING@HPgel siSTING to intervene in the abnormal 
STING signal 

In situ injection PAMAM formed complexes with siRNA to promote 
siRNA transfection. 

[259] 

Injectable and self-healing hydrogel efficiently and 
steadily silenced STING expression in NP cells. 
Significantly eased IVDD inflammation and slowed 
IVDD 

2023 GelMA/HAMA/MSNs modified by 
ceria and TGF-β3 

Ceria TGF-β3 In situ injection Eliminate ROS and induce anti-inflammatory M2-type 
macrophages. 

[261] 

Recruit AF cells and promote ECM secretion. 
2019 Fibrin hydrogels with EW2871 EW2871, a macrophage recruitment 

agent 
In situ injection Promotes recruitment of anti-inflammatory 

macrophages. 
[262] 

2023 Hydrogel laden with PRP and SIM 
nano micelles 

Simvastatin and platelet-rich plasma In situ injection Excellent biocompatibility and slow biodegradability, 
anti-inflammatory effects and high mechanical 
characteristics 

[266] 

2020 WJ-MSCs-loaded HAMC Wharton’s Jelly-derived MSCs In situ injection Overall decrease in inflammation of the disc. [267] 

(continued on next page) 
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bonds are uniquely pH- and ROS-sensitive, and hydrogels containing 
boronic ester bonds can quickly release anti-inflammatory and antioxi-
dant drugs on demand while the sustained release of Antagomir-21 
promotes ECM regeneration of NP cells by activating autophagy 
(Fig. 6b). 

Stem cell-based biocompatible materials have made some progress in 
IVDD treatment. MSC-derived extracellular vesicles protect NPCs from 

apoptosis, reduce inflammation in the intervertebral disc, and promote 
ECM synthesis. Decellularized DCM (dECM) preserves the ECM and 
specific functional proteins (proteoglycans, elastin, growth factors) from 
the original tissue and retains ECM bioactivity conducive to cell 
signaling, migration, adhesion, proliferation, antimicrobial activity, and 
chemotaxis [250]. Moreover, tissue-derived dECM exhibits low immu-
nogenicity and high biocompatibility after decellularization. Xing et al. 

Table 4 (continued ) 

Year Product Anti-inflammatory therapeutic agents Administration 
methods 

Outcome Reference 

Attenuation of the activation of iNOS, MMP-13, 
ADAMTS4, and COX-2, and significant up-regulation 
of ECM 

2014 Hydrogel with MSCs Porcine MSCs In situ injection Persistence of metabolically active pMSC after 3 d in 
vivo 

[268] 

2021 HyPRP/HA/BTX hydrogel loaded 
with MSCs 

HyPRP In situ injection PRP induces resident cells to synthesize additional 
biological factors. 

[267] 

Exerts an anti-inflammatory effect via the NF-κB 
pathway. 

2018 Genipin-crosslinked hydrogel 
with ADSCs 

Genipin, MSCs In situ injection ADSCs differentiate into an NP-like phenotype and 
increase ECM. 

[269] 

Partly regenerate the degenerated NP. 
Genipin exerts anti-inflammatory effects.  

Fig. 6. Application of synthetic and natural hydrogel materials to alleviate the inflammation in IVDD. 
a. ASP-Lip@GelMA for relieving inflammation and preventing recurrence after partial discectomy. Reproduced with permission from Ref. [247]. b. 
Inflammation-responsive curcumin and miRNA-loaded hydrogels. Reproduced with permission from Ref. [249]. c. Preparation of thermosensitive injectable 
celecoxib-loaded chitosan hydrogel. Reproduced with permission from Ref. [252]. d. Multifunctional silk fibroin cryogel loaded with AFC-derived exosomes that seal 
and promote AF regeneration. Reproduced with permission from Ref. [253]. e. dECM@exo synthesis in the treatment of IVDD. Reproduced with permission 
from Ref. [251]. 
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[251] developed a thermosensitive dECM hydrogel combined with 
extracellular vesicles from adipose-derived MSCs (dECM@exo) that 
continuously releases extracellular vesicles that regulate metal-
loprotease expression and ECM synthesis and degradation while sup-
pressing inflammation to inhibit NPC pyroptosis (Fig. 6e). 

9.2. Synthetic hydrogels 

Synthetic methods for hydrogel preparation allow convenient and 
effective control over their structure and properties, conferring prop-
erties not found in naturally-derived hydrogels, including enhanced 
mechanical properties, controlled and tunable drug release, and simple 
carrier modifications. Willems et al. [254] designed a reversible 
temperature-sensitive pNIPAAM MgFe-layered double hydroxide (pNI-
PAAM MgFe-LDH) hydrogel as a sustained-release vehicle for celecoxib 
(Fig. 7b). Bai et al. [255] developed a ROS-labile linker crosslinked to 
PVA to form a ROS-scavenging hydrogel that gradually releases rapa-
mycin. In a rat IVDD model, the hydrogel reduced M1 macrophages and 
increased M2 macrophages in the inflammatory environment, thereby 
alleviating inflammation, preventing disc degeneration, and encour-
aging the repair and regeneration of intervertebral disc tissue. More-
over, rapamycin upregulated Nrf2/Keap1 signaling and antioxidant 

content, thus reducing ROS and osteogenic differentiation of cartilage 
endplate stem cells and inhibiting cell senescence, which ultimately 
protects the cartilage endplate from inflammation-induced degeneration 
(Fig. 7a). Cheng et al. [256,257] created a novel injectable composite 
hydrogel scaffold of a poly (ethylene glycol) fumarate/sodium methac-
rylate hydrogel scaffold loaded with sustained release formulations of 
IL-4 and kartogenin in PLGA microspheres. The composite hydrogel 
scaffold induced macrophages to transition from the M1 to the M2 
phenotype while simultaneously exhibiting a continuous 
anti-inflammatory effect (Fig. 7c). 

a. Rapamycin-loaded ROS-responsive hydrogel regulating the IVDD 
immune microenvironment and ameliorating tissue repair. Reproduced 
with permission from Ref. [255]. b. Thermoresponsive celecoxib-loaded 
poly-N-isopropyl acrylamide MgFe-layered double hydroxide hydrogel. 
Reproduced with permission from Ref. [254]. c. OPF/SMA hydrogel and 
PLGA microspheres loaded with IL-4. Reproduced with permission from 
Ref. [257]. 

9.3. Composite hydrogel 

Hydrogels can be combined via covalent or non-covalent bonds to 
form composite hydrogel systems with improved chemical and physical 

Fig. 7. Application of synthetic polymer hydrogel materials to alleviate the inflammation in IVDD.  
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properties, and extended drug release can be achieved through systems 
that use covalently bonded drugs and polymers. Cheng et al. [258] 
designed a thermosensitive gelatin/chitosan/phosphate-glycerol 
hydrogel in which the anti-inflammatory drug ferulic acid was cova-
lently bound to gelatin for sustained release and promoted NPC regen-
eration. Hu et al. [239] developed a polyelectrolyte nanoparticle 
complex (RTNPs) composed of positively-charged chitosan hydrochlo-
ride and negatively-charged carboxymethyl chitosan wrapping sor-
afenib (a TNF-α inhibitor) and tofacitinib (a selective JAK1/2 inhibitor). 
The RTNPs were assembled with Pluronic F127 to form RTNPs/F127 
injectable thermosensitive hydrogels that release anti-inflammatory 
drugs to the NP over an extended period to treat IVDD (Fig. 8a). 

Hydrogel systems can also be designed to precisely regulate cellular 
transcription and translation; Chen et al. [259] designed an injectable 
and self-healing hydrogel for siRNA delivery by forming a dynamic 
Schiff base between aldehyde-functionalized HA and PAMAM/siRNA 
complexes that slowly dissociates to release cargo. The hydrogel effec-
tively transported siSTING and continuously silenced the STING/NF-κB 
pathway, significantly alleviating inflammation and delaying the 
development of IVDD. Traditional hydrogel microspheres are formed 
from a single crosslinking network and are soft and brittle, with 
degradation that is too rapid to allow intervertebral disc repair. Tsaryk 
et al. [260] used a semi-interpenetrating network hydrogel of collagen 
and low-molecular-weight HA to load collagen microspheres (Fig. 8d) 
with TGF-β3 and partially alleviate cell inflammatory reactions, pro-
mote NP cell proliferation, and induce MSC growth and chondrogenic 
differentiation (Fig. 8c). Han et al. [261] created a dual-network 
hydrogel by combining cerium dioxide-modified mesoporous silica 
nanoparticles with TGF-β3 in a composite hydrogel. This composite 

hydrogel with nanoparticles possesses excellent physical properties, 
eliminates ROS, and induces M2 macrophage polarization, while the 
released TGF-β3 recruits AF cells and promotes ECM secretion. 
SEW2871 is a monocyte/macrophage recruitment agent, and Tanaka 
et al. [262] loaded SEW2871 in cholesterol-grafted gelatin micelles and 
combined them with fibronectin to form a hydrogel that reliably recruits 
M2 macrophages and promotes the secretion of anti-inflammatory cy-
tokines while reducing the secretion of pro-inflammatory TNF-α 
(Fig. 8e). 

a. Inflammatory regulation by thalidomide/ruxolitinib in NP. 
Reproduced with permission from Ref. [239]. b. Design of 
double-crosslinked HA/CS hydrogels in inhibiting IVDD. Reproduced 
from Ref. [263]. c. Mesoporous silica nanoparticles modified by ceria 
and TGF-β3 into GelMA/HAMA composite hydrogels. Reproduced with 
permission from Ref. [261]. d. Injectable self-healing hydrogel-based 
gene therapy by sustained STING pathway silencing. Reproduced with 
permission from Ref. [259]. e. Functionalized fibrin hydrogels to pro-
mote the recruitment of anti-inflammatory macrophages. Reproduced 
with permission from Ref. [262]. 

10. Electrospun nanofiber 

The AF is an essential component of the intervertebral disc that is 
involved in the entire degeneration process. When AF integrity is 
compromised, NP protrusion results in nerve compression [270], and 
the repair of AF defects is essential to IVDD treatment. Currently, clinical 
AF repair relies primarily on physical suturing and mechanical closure, 
which can partially alleviate symptoms and close the annulus. However, 
these techniques cannot restore the natural structure of the AF, and the 

Fig. 8. Application of composite hydrogel materials to alleviate the inflammation in IVDD.  
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resulting repairs are frequently unsatisfactory [271]. Tissue engineering 
techniques can effectively repair a damaged AF and promote the 
regeneration of AF cells, thereby restoring the biomechanical properties 
of the intervertebral disc, enhancing surgical efficacy, and enhancing 
the long-term prognosis. 

Electrospinning is a straightforward, flexible, and controllable 
method for producing micro/nanofibers from polymer solutions or 
melts. Biologically-active proteins and antimicrobial drugs can be 
encapsulated in electrospun fibers to deliver therapeutics that stimulate 
intervertebral disc tissue regeneration [272], and the mechanical 
properties of electrospun fibers are superior to those of other tissue 
engineering materials such as hydrogels. Electrospinning has become an 
ideal technique for replicating the highly ordered anisotropic structure 
of the AF ECM and is promising for intervertebral disc repair. Bao et al. 
[273] fabricated PCL micro-scaffolds loaded with berberine (an 
anti-inflammatory and antimicrobial drug) to repair the AF, but there 
have been few reports of electrospun fibers that modulate the inflam-
matory response in intervertebral disc tissue. Han et al. [274] utilized 
electrospinning to construct core-shell structured nanofiber scaffolds 
with TGF-β3 and ibuprofen loaded in the inner and outer layers, 
respectively. Rapid ibuprofen release improved the inflammatory 
microenvironment, while sustained TGF-β3 release enhanced the for-
mation of new ECM. Yu et al. [275] prepared a biocompatible PECUU 
nanofiber scaffold loaded with the natural marine biopolymer fucoidan; 
this scaffold down-regulated inflammation-related genes and proteins in 
AF cells and prevented ECM degradation. Implantation of the nanofiber 
scaffold into an IVDD animal model repaired a defective AF to prevent 
recurrent disc herniation and delay IVDD, although the treatment did 
not fully restore NP hydration. 

Injectable electrospun nanofibers can be easily implanted into 
degenerated intervertebral disc tissue without damaging surrounding 
healthy tissues, but the stable crosslinking between nanofibers creates 
challenges for injectabil ity and restoration of original shape. Moreover, 
electrospinning is a time-consuming technique, and the customization of 
AF scaffolds for different patients requires costly mold preparation. In 
addition, electrospun fiber materials have small pore sizes, and most AF 
cells adhere and diffuse only on the scaffold surface without infiltrating 
more deeply. 

11. Summary and prospects 

In this review, we first discussed the causes and pathophysiology of 
IVDD and the crucial role of immune cells, inflammatory factors, and 
other inflammation-related substances in developing IVDD. However, 
the mechanism of IVDD and inflammation is highly complex, and IVDD 
can be delayed by controlling inflammation, reducing the secretion of 
inflammatory mediators, or interfering with their functions. Oral anti- 
inflammatory medications have systemic side effects, and the NP is 
avascular, meaning that local drug delivery to the intervertebral disc is 
the most effective route of administration. Biomaterials can deliver anti- 
inflammatory components locally to enable sustained and effective 
regulation of the inflammatory microenvironment in the intervertebral 
disc, which is critical for treating IVDD. We summarized some repre-
sentative bioactive materials that alleviate the inflammatory microen-
vironment in IVDD, including hydrogels, microspheres, nanoparticles, 
and electrospun nanofibers. Hydrogels are excellent carriers with 
biomechanical properties similar to the NP. Microspheres are porous 
with excellent sustained-release performance, encapsulation, and sur-
face adhesion. Cells can directly take up nanomaterials, leading to 
higher drug utilization rates. Significant progress has been made in 
treating IVDD with biomaterial-based drug delivery systems, though 
most systems target only one aspect of IVDD pathology by inhibiting 
inflammation, promoting ECM synthesis, or delivering cells. Though 
promising, more comprehensive approaches are needed to restore the 
complete structure and function of the intervertebral disc. IVDD pro-
gression is complex and multifactorial and involves cascades of 

inflammation and catabolism, progressive cell loss, and decreased cell 
synthesis and metabolic activity. Thus, multifunctional biomaterials 
should be considered for sequential delivery strategies that [185]: (1) 
release anti-inflammatory or anti-catabolic cytokines to target the in-
flammatory and catabolic microenvironment; (2) increase cell density in 
a less adverse microenvironment via the recruitment of endogenous cells 
or the injection of exogenous cells; and (3) promote ECM synthesis by 
releasing synthetic metabolic factors. The application of this concept to 
the design of biomaterial systems could result in more advanced IVDD 
treatment strategies. Significant advancements have been made in 
drug-loaded tissue engineering for the treatment of IVDD, though most 
studies are still in preclinical stages, and effective interventions may 
have different effects on the human body. 

Future research on the use of biomaterials to alleviate IVDD 
inflammation should consider that:  

(1) The inflammatory response is a precise and intricate regulatory 
mechanism, and the individual effects of particular cytokines on 
lumbar disc degeneration may not accurately reflect the overall 
circumstances. New methods to delay or reverse disc herniation 
can be derived from multidimensional and systematic research on 
the interplay between various inflammatory factors.  

(2) The etiology and pathogenesis of disc degeneration is complex, 
and the development of suitable animal models is challenging. 
Most current animal studies use a needle puncture of the rat 
intervertebral disc, resulting in structural damage. Treatments 
should be further verified in other types of animal models, such as 
genetic susceptibility and mechanical force-activated IVDD 
models. Relevant animal models must also be more consistent 
with clinical disease models.  

(3) The intervertebral disc is close to vital nerves and blood vessels, 
and the clinical safety of biocompatible materials and their 
therapeutic components must be ensured to avoid adverse 
reactions.  

(4) Current drug delivery and tissue repair strategies frequently only 
target NP or AF tissues, while the overall structure of the inter-
vertebral disc in regenerative therapies should be considered to 
produce better treatment outcomes. 

(5) The microenvironment of intervertebral disc tissue is character-
ized by inflammation, hypoxia, and acidity, and stimuli- 
responsive biomaterials are promising for degenerated interver-
tebral disc tissue repair.  

(6) Immune cells and immune molecules mediate the inflammatory 
microenvironment in IVDD. Immune modulators can be loaded 
onto biomaterials to regulate the immune response in IVDD, 
which has vast application potential.  

(7) Cellular senescence and SASP are vital to IVDD inflammation. 
Tissue engineering may be used to target the elimination of se-
nescent cells and SASP to modulate inflammation in IVDD.  

(8) Oxidative stress and inflammation are associated with the onset 
and progression of IVDD. Therapeutic benefits will result from 
enhancing intervertebral disc oxidative stress and reducing 
inflammation. 

(9) Under the extreme conditions of IVDD, many NP cells are inevi-
tably lost. Biomaterials may improve the local inflammatory 
microenvironment and deliver stem cells that restore NP cells.  

(10) Intervertebral disc regeneration must be promoted in addition to 
suppressing inflammation, and multifunctional composite sys-
tems are clinically well-suited to deliver anti-inflammatory and 
pro-regenerative properties. 
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