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ARTICLE INFO ABSTRACT

Keywords: Low back pain (LBP) is a common disease that imposes a huge social and economic burden on people. Inter-
Intervertebral disc degeneration vertebral disc (IVD) degeneration (IVDD) is often considered to be the leading cause of LBP and further aggravate
Namted?mbgy and cause serious spinal problems. The established treatment strategy for IVDD consists of physiotherapy, pain
E;‘rlicd:rlr‘;er‘;y system medication by drug therapy, and, if necessary, surgery, but none of them can be treated from the etiology; that is,
Nanoparticles it cannot fundamentally reverse IVD and reconstruct the mechanical function of the spine. With the development

of nanotechnology and regenerative medicine, nano-drug delivery systems (NDDSs) have improved treatment
results because of their good biodegradability, biocompatibility, precise targeted specific drug delivery, pro-
longed drug release time, and enhanced drug efficacy, and various new NDDSs for drugs, proteins, cells, and
genes have brought light and hope for the treatment of IVDD. This review summarizes the research progress of
NDDSs in the treatment of IVDD and provides prospects for using NDDSs to address the challenges of IVDD. We

hope that the ideas generated in this review will provide insight into the precise treatment of IVDD.

1. Introduction

Low back pain (LBP) is a common public health problem worldwide
that leads to serious lifelong disability and a huge economic burden on
society and patients [1,2]. According to relevant research, more than
80% of adults will suffer from LBP at some stage. About 10% of LBP
patients will develop chronic disabilities [3,4]. With the aging of the
population, the economic burden of LBP has increased significantly [5].
LBP has become one of the major diseases affecting public health and
quality of life [6]. The etiology of LBP is multifaceted and includes ge-
netic causes, lifestyle factors (such as occupational exposure, lack of
exercise, drinking, and smoking), and aging [4,7,8]. Although the eti-
ology of LBP is complex, intervertebral disc (IVD) degeneration (IVDD)
is the most common etiology, representing clear morphological changes
caused by aging or mechanical stress [9].

The IVD is a fibrocartilage tissue that connects adjacent vertebrae
and is located between vertebrae to provide flexibility and maintain
pressure. Continuous mechanical stimulation during development and
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aging inevitably causes dysfunction and degradation of the IVD [10].
Existing research proves that the progressive destruction of the extra-
cellular matrix (ECM), changes in the IVD cell phenotype, loss of active
IVD cells, increased cell aging and death, and excessive inflammatory
reactions are considered the key developmental factors of IVDD
[11-13]; which aggravate the disorder and destruction of normal IVD
function [14]. Currently, most patients use rest or conservative treat-
ment only to relieve pain, as well as a variety of drugs such as
non-steroidal anti-inflammatory drugs (NSAIDs), analgesics, and other
blockers. When these methods are ineffective, surgery is usually used to
alleviate symptoms and improve the quality of life [15,16]. In brief,
these interventions do not allow the recovery of IVD function, and there
are some defects such as high invasiveness, high risk of recurrence, loss
of mechanical properties, and adjacent IVD degeneration. Since
non-surgical and surgical treatments are suboptimal, finding more
effective strategies for IVDD treatment is important. Different treatment
strategies are available, including biomaterial substitution, drug injec-
tion, gene therapy, and stem cell therapy [17]. Among these, drug
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therapy and gene therapy involve the challenge of identifying specific
targets. Equally important, the half-life of bioactive substances for IVD
treatment is short, which limits the duration of drug treatment activities,
thereby reducing efficacy [18]. In this regard, nano-drug delivery sys-
tems (NDDSs) may play a crucial role as part of new treatment strategies
because they can combine different types of drugs or therapeutic agents,
have adjustable release and targeting capabilities, and may help to
improve the therapeutic effects of drugs by concentrating and pro-
longing their presence in IVD tissues [19,20].

This review aims to briefly describe the pathogenesis of IVDD and the
limitations of the current treatments. Most importantly, this review
demonstrates the progress of NDDS therapy for IVDD. Finally, chal-
lenges and future directions in this field are presented to advance the
development of NDDS in IVDD therapy.

2. IVD: histological, biochemical, and pathophysiology features
2.1. IVD structure and function

The IVD is a cartilaginous structure between the upper and lower
vertebrae, which is firmly connected to the vertebrae and is an impor-
tant structure of the spine. Due to its unique load distribution, sliding,
and wear resistance, IVD is an important structure for human movement
and shock absorption [4,21]. Each IVD is composed of three complete
tissues: nucleus pulposus (NP), annulus fibrosus (AF), and upper and
lower cartilage endplates (CEPs) (Fig. 1).

The NP is a hydrophilic high-pressure structure surrounded by
fibrous rings. Its main function is to resist pressure from the spine. The
NP is composed of water, inorganic salts, and NP cells (small
chondrocyte-like cells) embedded in the ECM and spinal cord cell
clusters [22]. ECM is composed of type II collagen (collagen-II) fibers,
proteoglycans, and elastin. Elastin contains negatively charged side
chains of proteoglycans, which contribute to the high hydration and
permeability of NP and enable IVD to resist the burden of pressure and
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retain their morphology [23]. Proteoglycans and collagen-II are the
main components of NP. Their function is to maintain moisture and
make the IVD bear compression load, completed through the hydraulic
distribution of the entire IVD [24]. Therefore, NP is considered a buffer
that works as a shock absorber to avoid direct and severe mechanical
friction and impact on cartilage and bone.

AF is composed of internal and external parts, and the main differ-
ence lies in their collagen composition. The inner fiber ring comprises
several layers of fibrocartilage, mainly collagen-II and more pro-
teoglycans. The outer fiber ring is a fibrous tissue composed of type I
collagen (collagen-I); thus, its structure can be stretched and withstand
pressure [25]. Close to the outer ring fibrosis, the content of collagen-I
fibers increases, while the content of collagen-II fibers and pro-
teoglycans decreases [7,26].The main function of AF is to suppress and
maintain the osmotic pressure exerted by NP through its tensile strength,
providing natural resistance to bending, torsion, and shear, especially in
the flexion and extension or bending and torsion of the IVD. Unlike NP,
the cells in AF are fibroblasts, and their slender cell shape contributes to
the arrangement of ECM rich in collagen-I, which may provide the basic
structure for the lamella in AF [27].

The CEP is a thin-layered cartilaginous structure covering the upper
and lower ends of the IVD (approximately 0.6-1.1 mm thick each),
which plays a key role in transporting liquids and solutes into and out of
the IVD and provides the IVD nutrition [28]. The IVD is the largest
known avascular tissue in the human body. Most of the nutritional
supply of the IVD depends on the infiltration of CEPs. At the same time,
the internal healing potential of the IVD is very limited, which is also
why the IVD easily degenerates. In addition, owing to its cartilaginous
structure, the endplate provides a flexible entity that can support a large
load and distribute pressure in the IVD to the adjacent vertebrae [29,
30].
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Fig. 1. Schematic representation of healthy IVD and the main pathological and morphological changes in IVDD.
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2.2. IVDD pathophysiology

IVDD is a multifactorial degenerative disease caused by aging,
injury, nutrition, biomechanics, genetics, and environmental factors
[31-35]. In all cases, degenerated IVD is mainly manifested by an
imbalance of anabolic and catabolic processes and a reduction in the
number and activity of NP cells, which may lead to tissue weakness and
cell morphological and functional changes [36,37]. Clinically, IVDD is a
progressive chronic disease characterized by low back and leg pain and
can even lead to serious disability [14,38]. In severe cases, [IVDD can
lead to disc herniation, radiculopathy, spondylolisthesis, spinal canal
stenosis, and even degenerative scoliosis, the most direct cause of
chronic disability [39,40]. These painful symptoms are due to molecular
and cellular changes in tissues that damage the structure and mechanical
properties of the IVD (Fig. 1).

2.2.1. Cellular and molecular changes

With aging, the physiological process of the IVD changes naturally,
and its ability to withstand mechanical stress decreases. However, other
factors accelerate the degradation of these pathophysiological processes
and drive the abnormal response of IVD cells [41].

Some studies have emphasized the key role of disappearing large
vacuolar notochordal cells and the interruption of information exchange
between them and NP cells in IVDD, which is closely related to reduced
NP cell survival [42-44]. With the decrease in notochord cells (the
dominant cells that produce proteoglycans and maintain the consistency
of NP gel) and the phenotypic changes of NP cells, there is a reduction in
normal ECM and proteoglycan synthesis. The balance of collagen pro-
duction is converted from collagen II to collagen I, accompanied by
increased matrix-degrading enzyme production, which ultimately re-
duces the height and loading capacity of the IVD [45,46]. With the
development of disease, NP cells abnormally synthesize and secrete
matrix metalloproteinase (MMP)-1, MMP-3, and a disintegrin and met-
alloprotease with thrombospondin motifs (ADAMTS), which inhibit the
synthesis of proteoglycan and collagen-II, resulting in changes in ECM
integrity [47-49]. In addition, NP cells secrete large amounts of inter-
leukin (IL)-6, IL-8, and prostaglandin E2 (PGE2), which can then stim-
ulate the production of brain-derived neurotrophic factor (BDNF) and
nerve growth factor (NGF) [20]. Abnormal nerve ingrowth and vascu-
larization occur in normal avascular and non-innervated IVD tissues.
These new nerve fibers interact with inflammatory mediators in NP,
causing discogenic low back pain [14]. Moreover, NP cells induce
angiogenesis and chemokine synthesis, especially CCL2, 3, 4, 5, 7, and
13, CXCL10, and IL-8, which stimulate immune cell recruitment and
produce IL-1f and tumor necrosis factor o (TNF-a) [14,50]. These two
major pro-inflammatory cytokines jointly mediate catabolism and
anti-anabolism in NP and play important roles in the progress of IVDD
[10,51]. With metabolic dysregulation, advanced glycation end prod-
ucts (AGEs) accumulate in NP tissues and promote their degeneration,
further increasing oxidative stress and secretion of major inflammatory
cytokines [52,53]. In conclusion, inflammatory mediators, such as IL-1p
and TNF-o, regulate catabolic reactions in IVD, leading to decreased
proteoglycan and collagen-II content and increased collagen-I expres-
sion, causing NP to gradually lose its gelatinous and highly hydrating
properties, becoming more fibrotic, less elastic, and cracked, resulting in
morphological changes and height reduction of IVD. Thus, the ability of
IVD to act as a hydraulic shock absorber is weakened.

Furthermore, chondrocyte hypertrophy, bone marrow space occlu-
sion, sclerosis, calcification, and loss of permeability of CEPS change the
balance of energy supply and demand and reduce the diffusion rate of
nutrients and metabolites [54-56]. During immune cell recruitment, the
nutrient supply decreases, and demand increases. This imbalance be-
tween demand and supply reduces the availability of nutrients to IVD
cells, resulting in adverse effects on cell activity and vitality [57].
Moreover, with the calcification of the tiny pores within CEPs and
changes in the mechanical mechanism, metabolite excretion is reduced,
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and the IVD microenvironment is acidified, which leads to decreased cell
proliferation and viability, stimulates apoptosis and senescence of NP
cells, and further aggravates the degenerative cascade [21,58]. Even-
tually, the ECM of AF also weakens with the irregular thinning of
collagen fibers, and its concentric structure dissolves and may form
fissures [59].

2.2.2. Structural and mechanical changes

IVD degeneration involves cellular, molecular, and inflammatory
mechanisms resulting in significant structural, physical, and mechanical
changes and LBP. The degradation of proteoglycan and the weakening of
the water-binding capacity of NP lead to dehydration and the loss of its
mechanical properties. As NP denaturation becomes more fibrotic, it
begins to behave more non-hydrostatically. The fibers in AF gradually
lose direction and degenerate, and the tensile force of AF increases [60].
Therefore, the AF can tear; in severe cases, NP (IVD herniation) prolapse
can occur, usually accompanied by significant LBP and leg pain owing to
compression of adjacent nerve roots [61,62]. The AF is also damaged
internally, and subsequent nerve growth and secretion of inflammatory
factors magnify the degenerative cascade and the patient’s pain. More-
over, degenerative changes in the IVD are related to damage to nearby
structures, such as ligaments, joints, and vertebral muscles, which lead
to functional changes and injury susceptibility [63]; Due to overload, the
osteoid joint must bear a higher load, which leads to arthritis of sur-
rounding tissues and the formation of bone spurs; at the same time, there
is also a reduction in the strength of the yellow ligament, leading to its
hypertrophy and protrusion into the spinal canal, narrowing and com-
pressing the nerve structure [40,46,64]. In conclusion, the associated
hydrostatic pressure loss leads to an overall reduction in IVD height,
compromising the overall mechanical integrity of the IVD and encour-
aging further degradation, thus initiating a vicious cycle.

3. Diagnosis and current treatments of IVDD

The diagnosis of IVDD is mainly based on the clinical symptoms of
LBP. It is then confirmed by complementary imaging analysis (such as X-
ray, CT scan, or magnetic resonance imaging (MRI)), and the severity of
degeneration is evaluated by scoring [20,65,66]. Scoring is based on the
high hydration state (Pfirrmann) of NP and IVD or the Modic change in
CEPs [67-69]. Currently, there are two common methods of IVDD
treatment: conservative treatment (including non-drug treatment and
drug treatment) and invasive surgical treatment [70]. If degeneration is
not severe, a healthy lifestyle, appropriate and regular exercise, weight
loss, and physical therapy are key and simple non-drug approaches to
treating IVDD. Conventional drugs include paracetamol, opioid anal-
gesics, epidural steroid injections, muscle relaxants, and NSAIDs, all of
which aim to achieve pain control, and improved function and quality of
life. However, with their own risk of side effects, some people may
develop addiction and dependence [71,72]. In the early stage of the
disease, to reduce pain, treatment methods (such as painkillers, phys-
iotherapy, and anti-inflammatory drugs) can be used to provide a plat-
form for the body to adapt to improve the patient’s physical health and
quality of life. In advanced cases, steroids can be injected locally to treat
nerve root symptoms [73]. Once conservative treatment fails, acute
nerve interruption, cauda equina syndrome, spinal deformity (such as
degenerative kyphosis), or spinal cord functional instability, surgical
treatment is required. Surgical interventions include partial or complete
discectomy, fusion, and total disc replacement (TDR) (Fig. 2). Spinal
fusion is the fusing or connecting of two bones. It is currently considered
the gold standard for IVDD treatment [74]. TDR, replacing degenerative
intervertebral discs with artificial IVDs, is usually used only when there
is a single segment of IVD disease and no disease of the small joints [72,
75]. Although back pain may be reduced after spinal surgery, there is an
increased risk of further degeneration at the surgery site or adjacent
segments, and pain often recurs [76]. In conclusion, although these
drugs and surgical treatment strategies positively impact patients’ pain,
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Fig. 2. Diagnosis and current IVDD treatments.

their long-term efficacy is still moderate and unreliable. There is a high
risk of vertebral fracture and adjacent segment degeneration [77,78].
Hence, based on the structural and pathophysiological characteristics of
IVD, there is an urgent need for more ideal and valuable treatment
methods designed to prevent, reduce, and even reverse the incidence of
IVD degenerative cascade.

4. Beneficial aspects of NDDSs for the treatment of IVDD

Currently, most drugs or bioactive molecules used to treat IVDD are
administered systemically or via in situ IVD injection, but they all have
the disadvantage of poor therapeutic effects. First, prolonged systemic
overexposure and subsequent off-target side effects (e.g., enzyme in-
hibitors), resulting in very short bioavailability within the IVD, often
also have side effects on healthy organs [18]; In addition, for IVD, the
bioavailability in local tissues after systemic administration is limited
owing to the presence of avascular, endplate, and synovial spaces [19].
For in situ IVD injection, the disadvantage is that the injected drugs are
quickly cleared in the IVD, and the absorption of drugs by target cells is
limited, which reduces the drug concentration and therapeutic effect at
the action site. However, more frequent injections will lead to the risk of
infection, inflammation, may puncture the NP, and even accelerate the
IVDD process [20,79,80]. Furthermore, drugs directly injected into the
IVD or epidural space will increase the risk of adverse reactions of the
central nervous system with the dispersion or leakage of drugs [72,81].
Therefore, owing to the side effects and low drug availability of tradi-
tional drugs and delivery routes, NDDSs may potentially play a crucial
role as part of the new IVDD treatment strategy because they can
combine different types of drugs, provide local and continuous drug
release, and achieve targeted drug delivery through passive or active
targeting, reducing off-target toxicity [82-84].

Nanotechnology is at the forefront of medical diagnosis, imaging,
and therapeutic drug delivery. Nanotechnology has the potential to alter
the dimensions of drugs and materials, thereby facilitating control over
their various properties. Simultaneously, owing to the innovative and
impressive development of nanotechnology, many NDDSs have been
developed and introduced into the field related to IVDD treatment. The
field of NDDS in IVDD treatment is constantly evolving and expanding
[18-20]. NDDSs have the following outstanding advantages, which have
been widely confirmed to significantly improve and repair IVDD: (1)
NDDSs are non-toxic, biodegradable, and have perfect biocompatibility
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with IVD, creating a favorable tissue microenvironment for promoting
IVD regeneration; (2) some specific NDDSs can cross cellular barriers
into the cytoplasmic space or activate specific transport mechanisms to
improve drug retention; (3) continuous drug release prolongs the
maintenance time of effective drug concentrations, reducing the fre-
quency of drug administration and treatment cost, and improves
compliance [85-87]; (4) natural materials may have additional benefits
because their composition is similar to cartilage and other IVD-related
matrices, providing a superior cellular microenvironment for the treat-
ment of IVDD [88,89]. At present, nanoparticles, dendrimers, liposomes,
micelles, and exosomes have been used as nanocarriers to construct
nano-drugs; these nanocarriers contribute to IVD repair or healing,
relieving symptoms (e.g., pain and inflammation) and improving func-
tion. Published studies have shown that nanodrugs may be safer, more
reliable, and less risky than surgical treatment [17,90,91].

5. Major types of NDDS for IVDD

Numerous NDDSs carrying therapeutic agents have been used to
promote IVD repair and regeneration. Several approaches have been
adopted to apply biocompatible and safe drug delivery platforms to
improve therapeutic outcomes. Herein, we summarized several prom-
ising nanocarriers for the management of IVDD, including liposomes,
polymeric nanoparticles, inorganic nanoparticles, polymer micelles,
nanofibers, nanohydrogels, and exosomes (Fig. 3), and look for new
types of NDDS that are more valuable and effective for the treatment of
IVDD in the future. The advantages and limitations of some common
NDDSs used for the treatment of IVDD are summarized in Table 1. In
addition, recent research of NDDSs for IVDD treatment are listed in
Table 2.

5.1. Liposomes

Liposomes, nanosized spherically enclosed lipid bilayers, were the
first nanoparticles to be transformed into clinical applications. Similar to
cell membranes, liposomes are composed mainly of phospholipids and
cholesterol. Liposomes are composed of a hydrophilic core and one or
more hydrophobic spaces surrounded by lipid bilayers. This unique
amphiphilic structure enables the encapsulation of both hydrophobic
and hydrophilic compounds [92]. Moreover, the main advantages of

—
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Inorganic |
nanoparticle |
|

\ Polymeric
\ nanoparticles

Nano delivery for the
treatment of IVDQ

Fig. 3. Commonly used nano-drug delivery systems for IVDD treatment.
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Table 1
Main nano-drug delivery systems for IVDD.
Category Size Removal manner Scalability =~ Advantages Disadvantages Refs.
Liposome 50 nm —5 pm Biodegradation High e High biocompatibility e Low encapsulation rate [92,95]
e Encapsulates drugs of different e Low reproducibility
properties
e Less immunogenic e Easily degraded
PNPs 1-1000 nm Biodegradation Medium e Higher encapsulation rate e Cumbersome and unstable [186,
e Good biocompatibility and synthesis process 192]
biodegradability
e Low toxicity
Inorganic 1-100 nm Cell internalization or foreign Medium e Good biocompatibility and e Low solubility [187,
nanoparticles body reaction stability o Toxicity 188]
e Low clearance rate
Polymer micelles Vared Biodegradation High e Increased drug solubility o Particle aggregation [193]
e Improved drug bioavailability
e High structural stability
Nanofibers Varied Cell internalization or foreign Medium e Prolonged drug release e Low reproducibility [194,
body reaction e Improved drug stability 195]
Nano-hydrogels Mesh size of Biodegradation High e Good biocompatibility o Irreversibly entrap the drug [196,
5-100 nm e Restore the height of e Potential toxicity 1971

intervertebral space

Not suitable for hydrophilic
drugs
Decreased adhesiveness

nanoliposomes are their high biocompatibility, good flexibility in
regulating biophysical and physicochemical properties, and established
preparation methods, which can be customized according to their
intended use [93,94]. They can deliver drugs directly into target cells or
tissues, avoiding the use of high concentrations of free drugs and thereby
reducing toxicity and adverse effects [95].

Owing to these advantages, liposomes are widely used as drug car-
riers [96]. For example, liposomal bupivacaine is often used clinically to
relieve postoperative pain [97,98]. In 2011, Yang et al. employed a
thin-film hydration method to encapsulate hydroxycamptothecin in li-
posomes and successfully transplanted them into the laminectomy area
of rabbits [95].

Caspase 3 plays a central role in apoptosis, and ADAMTS5 plays a
critical role in ECM degradation. Banala et al. injected liposomal small
interfering RNA (siRNA) designed against caspase 3 and ADAMTS5
genes into a rabbit model of IVDD. They found that liposomal siRNA
could significantly downregulate the expression levels of pro-apoptotic
markers, indicating that direct delivery of siRNA to the IVD has the
potential to achieve non-surgical treatment of IVDD [99]. Therefore,
developing an induction system using this strategy to regulate transgene
expression is possible. siRNA developed against the target produced
gene downregulation and contributed to the production of amplified
ECM components. In another study, Wang et al. encapsulated oxy-
matrine (OMT) in liposomes using a pH gradient and conducted a series
of experiments. They found that compared with OMT in neutral saline,
OMT-liposomes showed excellent stability and a significantly longer
sustained release time and had more drug accumulation in the IVD.
OMT-liposomes play an anti-IVDD role by attenuating the apoptosis of
NP cells, decreasing the expression of matrix metalloproteinase-3/9 and
IL-6, and reducing the degradation of collagen-II [100].

To date, minimal investigations have been conducted on the use of
liposomes in the treatment of IVDD. More studies are needed to explain
the effectiveness of liposome-mediated drug delivery for treating IVDD.
In addition, there are several points to note: (1) The overall encapsula-
tion volume of liposomes is low, which can be greatly improved by using
reverse evaporation and freeze-thaw cycles [101,102]. (2) After
entering the body, phospholipids are easily degraded, which can be
addressed by adding different components to lipid bilayers or
surface-modifying liposomes to achieve longer circulation times and
controlled release [103,104]. (3) Low liposomal reproducibility is a
major obstacle. (4) The current scale of liposome production is small,
and there is an urgent need to develop large-scale methods suitable for
clinical applications. (5) The pathological changes following IVDD are
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even more unfavorable for the absorption and release of drugs, making
delivery of drugs to the IVD by liposomes more difficult.

5.2. Polymeric nanoparticles (PNPs)

PNPs are usually nanoscale homogeneous spherical structures
composed of biocompatible and biodegradable polymers that encapsu-
late drugs inside or attached to the surface of the particles [105]. PNPs
can be synthesized chemically, such as poly (lactic acid) (PLA), poly
(1-lactide-co-glycolide) (PLGA), polycaprolactone, and polyethylene
glycol (PEG), or obtained from natural polymers, such as alginate, chi-
tosan, fibrin, gelatin, collagen, and albumin [106,107]. Synthetic
polymers are preferred because of their inertness, low toxicity, and de-
gradability [108]. PNPs are generally used as drug carriers and are
biodegradable. Drugs can be released via desorption, diffusion, or
nanoparticle erosion at the target tissue site. To reduce immune and
intermolecular interactions between chemical groups on the surface of
PNPs, they are usually coated with non-ionic active agents. Moreover, to
target drugs to specific tissues or cells, PNPs are usually combined with
ECM or cell-binding ligands [18].

In 2012, Liang et al. constructed nanostructured 3D PLGA micro-
spheres loaded with dexamethasone and growth factor nanoparticles, in
which stem cells could generate more NP matrix than in the control
group in vitro [109]. This system is non-cytotoxic, biocompatible, and
compatible with bioactive factors, which provides a new opportunity for
simple and effective stable IVD drug delivery [110]. Later, TGF-p3 and
dexamethasone (DEX) were combined on PLGA microspheres loaded
with adipose-derived stem cells (ADSCs) (Fig. 4), and found that 24
weeks after implanting the system into the IVD of rats, the PM (with a
needle puncture, PLGA microspheres-only injection) and PMA (with a
needle puncture, PLGA microspheres loaded with ADSC injection)
groups regained disc height values of 63% and 76% and MRI signal
intensities of 47% and 76%, respectively, compared to the NC group
[111]. A major concern with using PLGA is that its degradation products
(i.e., lactic and glycolic acids) decrease local pH, which may cause an
inflammatory reaction. However, Lim et al. dispelled this concern [112].
They loaded ABT263 (a senolytic drug) into PLGA nanoparticles
(PLGA-ABT) with an encapsulation efficiency of 57.3% + 13.4% and
then intradiscally administered PLGA-ABT into the needle punch
injury-induced IVDD rat model. They found that PLGA-ABT released
80.8% of loaded ABT263 in vitro for the first two days and 14.6% of the
encapsulated drug for the next 19 days. Importantly, inflammation or
apoptosis at the injection site was not observed. They demonstrated that
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Table 2
Recent research of nano-drug delivery systems for IVDD treatment.

Study Year Formulation Therapeutic Encapsulation Particle Release rate In vivo Timing of first Administration Comparedto  Experiment Outcome

agents efficiency size (nm) model administration methods free agents duration
tested after induction

Banala 2019  Liposome siRNA NA NA NA Rabbits 7d In situ injection No 8w Reduced the extent of
et al. 15) apoptosis in the discs
[99]

Wang 2020  Liposome oxymatrine 73.4 + 4.1% 178.1 + 67.2 +3.0%  Mice 2h I Yes 4w Attenuated NP cell apoptosis,
et al. 2.9 in48h reduced the expression of
[100] MMP 3/9 and IL-6, and

decreased degradation of
collagen-II

Liang 2013  PNPs ADSCs, NA 140 NA Rats 2w 1S Yes 24w Regenerated the degenerated
et al. dexamethasone disc
[111] and TGF-p3

Lim et al. 2022  PNPs ABT263 57.%+13.4% 494.3 + 80.8% in 48 Rats 2w IS Yes 6w Eliminated senescent cells,
[112] 64.4 h reduced pro-inflammatory

cytokines and matrix
proteases

Nguyen 2019  Carbon-based Simvastatin NA 300-500 NA Rabbit NA IS Yes 2w NA
et al. nanoparticles (in ex
[120] Vivo)

Zhou 2022  Carbon-based NA NA ~80 NA Rats 2w IS NA 4w Alleviated oxidative stress
et al. nanoparticles and increased the activities of
[121] SOD1

Zhu et al. 2022  Magnetic TGF-p3 NA ~50 ~80%in5d Rats at the day of IS Yes 8w Prevented the degeneration
[129] nanoparticles (h- surgery and promoted self-

MnO,) regeneration

Feng 2018 Micelles miRNA-29 NA ~72 ~90% in 14 Rabbits 2w 1S No 4w Inhibited the fibrosis process,
et al. d and reverse IVDD
[132]

Yu et al. 2021 Micelles KGN, APO KGN: 3.7°%; 49.8 KGN: 90% in  Rats at the day of 1S Yes 16w Stimulated differentiation of
[133] APO: 38.8% 4h surgery human ADSCs and protected

cells by suppressing oxidative
stress

Chang 2022  Micelles Runx1 NA 86.85 + NA Rats at the day of 1S No 4w Increased hydration content,
etal. 17 surgery disc space height and ECM
[135] production.

Feng 2017  Nanofibers NR4A1 NA 100 80% in 2 Rats 2w IS No 4w Repressed fibrosis and
et al. months supported IVDS regeneration
[142]

Yu et al. 2022  Nanofibers Fucoidan NA 770 + 40% in 10 h Rats at the day of In situ No 4w Reduced the expression of
[145] 0.240 surgery implantation COX-2 and deposited more

ECM between the scaffold
layers

Wang 2021  Nanohydrogels MSCs NA 286 NA Rabbits 4w IS No 16w Supported the differentiation
et al. of MSCs into NP-like cells and
[151] regenerated degenerated NPs

Chen 2020  Nanohydrogels agomir-874 NA NA 90% in 10 d Rats at the day of IS Yes 8w Modulated ECM balance
et al. surgery thereby lowing the process of
[153] IVDD

Chang 2022  Nanohydrogels circSTC2 95.60 + 103.5 + 18.32 + Rats at the day of I No 8 W Promoted ECM synthesis and
etal. 0.002% 1.06 3.03% in 3 surgery repaired NP tissue
[154] d and over

80% in 27 d
2021  Nanohydrogels Lactate oxidase 93% 100 NA Rabbits 3d IS Yes 8w

(continued on next page)
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Table 2 (continued)

Experiment Outcome

duration

Compared to
free agents

Administration
methods

Timing of first

In vivo
model
tested

Release rate

Particle

Encapsulation
efficiency

Therapeutic
agents

Year Formulation

Study

administration
after induction

size (nm)

Downregulated the local

Shen

lactate level in degenerative

IVDs

etal

[162]
Zheng

Attenuated IVDD by

12w

Yes

IS

Rats

MR409 NA 150 >80% in 3 d

Nanohydrogels

2021

inhibiting autophagy

etal

[165]
Liu et al.

Inhibited the inflammatory

response

Yes

IS

(85.43 + Rabbits at the day of
surgery
4w

2.30%

NA 141.8

Aspirin

Nanohydrogels

2021

[167]
Bai et al.

Reduced the level of ROS and

16w

Yes

I

Rats

Rapamycin NA NA 80% in 3 d

Nanohydrogels

2020

regulated the polarization of

macrophages

[169]
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both senescent AF and NP cells from degenerative discs could be
removed by a single intradiscal injection of PLGA-ABT 6 weeks
post-treatment. This strategy also reduced the expression of
pro-inflammatory cytokines (IL-6) and MMP-13 in the IVD, inhibited the
progress of IVDD, and even restored the structure of the IVD, which
demonstrates for the first time that local delivery of senolytic drugs can
effectively treat senescence-related IVDD (Fig. 5) [112].

In 2017, Antunes et al. combined poly(y-glutamic acid) (y-PGA) and
chitosan (Ch) to form a nano complex, which was used to culture
nucleotomized bovine IVDs, and found that y-PGA/Ch could promote
the production of sulfated glycosaminoglycan and synthesis of collagen-
I in a neutral environment, indicating that it promotes the recovery of
the IVD native matrix [113]. Coincidentally, Teixeira et al. used
y-PGA/Ch and diclofenac (Df) to form nanoparticles and evaluated the
effect of injecting Df/y-PGA/Ch into degenerated IVD. Df/y-PGA/Ch can
be internalized by IVD cells and downregulate the expression of
pro-inflammatory factors (IL-6, IL-8, and PGE2). At the same time, it can
also reduce ECM degradation by downregulating MMP1 and MMP3 and
upregulating collagen-II and proteoglycan [114]. Thus, PNPs have great
potential for application in IVDD treatment. We believe that with more
discoveries and inventions of PNPs, more studies on the targeted therapy
of IVDD based on PNPs will emerge.

5.3. Inorganic nanoparticles

Inorganic nanoparticles are derived from inorganic materials,
including metal nanoparticles, carbon-based nanoparticles, silica
nanoparticles, calcium nanoparticles, ceramic nanoparticles, and
quantum dots [115]. Inorganic nanoparticles with various morphologies
and particle sizes ranging from 1 to ~100 nm. Inorganic nanoparticle
surfaces are difficult to modify, and combine with drug molecules in
different ways, such as electrostatic interactions, hydrophobic in-
teractions, and covalent bonds of enzyme-sensitive groups, to achieve
responsive release and enhance therapeutic effects.

5.3.1. Carbon-based nanoparticles

Carbon-based nanoparticles (NPs) are the most widely used inor-
ganic nanoparticles for IVD drug delivery. Some carbon-based nano-
particles have their own biological activities. For example, fullerene
(C60), composed of 60 carbon atoms, forms a hollow sphere approxi-
mately 1 nm in diameter. It is called a "free radical sponge," Its antiox-
idant effect is hundreds of times higher than other conventional
antioxidants. However, their low water solubility and poor biocompat-
ibility limit their application. Subsequently, researchers modified
fullerene with hydrophilic groups (such as carboxyl, hydroxyl, and
epoxy groups) to make it more biocompatible. Among the numerous
fullerene derivatives reported, fullerol has been the most widely studied.
Fullerol is a polyhydroxylated derivative of fullerene. In 2014, Jin et al.
reported that fullerol nanoparticles could increase the water and pro-
teoglycan content and inhibit heterotopic bone formation in degen-
erated IVDs, thus effectively preventing IVDD [116]. Later, they
demonstrated that fullerol nanoparticles effectively alleviated the in-
flammatory cascade caused by IVDD [117]. Moreover, In 2018, Yeh
et al. found that the combined effect of link protein N-terminal peptide
(LN) and fullerol counteracted IL-la-induced increases in
pro-inflammatory mediators (IL-6 and cyclooxygenase-2) and matrix
metalloproteinase (MMP-1, -2, -9, and -13) [118]. The limitation of this
study is that the effects of LN and fullerol in vivo have not been tested.
Xiao et al. reported a functionalized nano-fullerene conjugated with a
peptide that specifically binds to formyl peptide receptor-1 (FPR-1)
expressed on activated macrophages [119]. This research provides a
new idea for targeted IVD delivery. It is possible to develop a drug that
can specifically bind to a certain cell receptor following IVD and then
combine it with carriers to achieve highly targeted IVD drug delivery.

In 2019, Nguyen et al. developed stable nanoscale phase-transition
liquid perfluorocarbon droplets that could be activated multiple times
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by high-intensity focused ultrasound (HIFU). Ultrasound-generated
pressure waves can transform droplets into bubbles, a process called
acoustic droplet vaporization (ADV), and the phase-change bubbles can
release drugs when the droplets undergo ADV. They encapsulated hy-
drophobic simvastatin in perfluorocarbon droplets and found that the
droplets exhibited high stability, low cytotoxicity, and controllably
triggered release under ex vivo conditions for at least 14 days [120]. This
new system can be applied to IVDD in the future.

In 2022, Zhou et al. locally injected Prussian blue nanoparticles
(PBNPs) into IVDD rat models and found that PBNPs could alleviate
intracellular oxidative stress by inhibiting the ubiquitination of super-
oxide dismutase 1 (SOD1) and alleviating IVDD induced by reactive
oxygen species (ROS) (Fig. 6). Moreover, PBNPs can be used as a po-
tential antioxidation-protective discography contrast agent to avoid the
anoxic environment in IVDs caused by conventional discography that
can accelerate disc degeneration [121].

5.3.2. Magnetic nanoparticles

In 1956, Gilchrist applied magnetic nanoparticles to biomedical
research for the first time [122]. Magnetic NDDSs can be used to modify
the surfaces of individual particles, hollow structures, and hybrid
structures of magnetic nanoparticles. Magnetic nanoparticles can be
coated with silica, aurum, or polymer into magnetic nanoparticles with a
core-shell structure, which is more conducive to their surface modifi-
cation and drug loading. Manganese dioxide (MnO,) nanoparticles are
the main magnetic nanoparticles for IVD drug delivery.

MnO; is a common mineral with several unique chemical and
physical properties. Owing to their low toxicity, strong adsorption, and
good biocompatibility, MnO2 nanoparticles can carry a variety of drugs
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and cytokines and then degrade into manganese ions under weakly
acidic conditions to slowly release the encapsulated cargo and achieve a
therapeutic effect. Zhang et al. proposed that direct injection of proteins
encapsulated in hollow MnO» (h-MnO5) microspheres can achieve slow
drug release, relieve the oxidative stress reaction in organisms, provide
an oxygen (O3) equivalent for cells, improve the low Oy concentration
and low pH state in the microenvironment, and thus restore tissue
strength and the process of cell metabolism [90]. At the same time,
MnO;, particles can also regulate the production of cytokines at the level
of regulatory genes and reduce the degree of inflammation. In this
process, MnO, gradually decomposes into Mn?* and is discharged with
excreted body fluids, thus restoring the internal environment to the
optimal state [123]. MnO; can change the living environment of
anaerobic nucleus pulposus cells in terms of gene expression and achieve
IVD repair. Most importantly, MnOy microspheres can achieve a sus-
tained release of encapsulated drugs and cooperate with drug mecha-
nisms to resist the negative effects caused by various pro-inflammatory
factors. Moreover, MnO» and protein may act synergistically, which is
important for degrading pro-inflammatory factors in the IVDD micro-
environment [90].

TGF-f3, an important member of the TGF-p superfamily, regulates
biological processes such as cell proliferation, survival, and differenti-
ation [124,125]. TGF-B3 upregulates the expression of genes related to
cartilage formation, promotes cartilage repair, and accelerates cartilage
differentiation [126]. Importantly, TGF-p3 stimulation promoted IVD
cell survival and ECM deposition [127,128]. Therefore, targeting
TGF-p3 could ameliorate the metabolic imbalance of the ECM in IVDD
and possibly delay its progression. However, delivering TGF-p3 alone to
diseased tissues creates a localized excess, and the protein is rapidly
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Fig. 5. PLGA-ABT injected intradiscally inhibits IVDD and restores intervertebral disc structure. (A) SEM image of PLGA-ABT. Scale bars, 500 nm. (B) The diameter
range of PLGA-ABT. (C) Biodegradation of PLGA-nanoparticles as evaluated by the molecular weight change of PLGA nanoparticles over the incubation time in buffer
at 37 °C. (D) The cumulative release of ABT263 from PLGA-ABT in vitro. (E-F) Immunostaining for MMP13 in AF and NP tissues of normal IVD (Nor) and injured IVD
lesions treated with either vehicle (Veh), PLGA-blank, or PLGA-ABT for six weeks. Scale bars, 500 pm. (G-H) Representative coronal (left) and axial (right) MRI,
sagittal area, and T2 ROL Reproduced with permission [112]. Copyright 2021, Wiley-VCH GmbH.

degraded or flushed by excreted body fluids. Methods for delivering
sustained doses of TGF-f3 to target tissues can facilitate IVD repair. Zhu
et al. loaded TGF-p3 onto h-MnO, nanoparticles to form intelligent
biodegradable NDDSs, which can dissociate at low pH or in the presence
of hydrogen peroxide (H03) environments to release loaded TGF-p3
[129]. The release curve showed that TGF-p3 was continuously released
from MnOs in a time-dependent manner. Compared to the slow drug
release observed at pH 7.4, the rate of TGF-f3 release was higher at pH
6.5. Furthermore, incubation with HyO9 at pH 6.5 further accelerated
drug release by triggering the decomposition of MnO; nanocarriers into
Mn2" ions. When injected into IVDD rats, TGF-p3/MnO, effectively
slowed Col-II degradation and decreased iNOS expression for up to eight
weeks after treatment. This was not observed in the TGF-p3 and MnO,
groups (Fig. 7) [129]. However, further research is needed to improve
the efficacy and extend the treatment time, as well as to confirm the
long-term efficacy of this nanoplatform. In brief, targeting oxidative
stress or acidity and designing multifunctionally responsive-DDS can
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improve the harsh microenvironment of intervertebral disc degenera-
tion and may provide a new strategy for IVDD treatment.

5.4. Polymer micelles

Polymeric micelles are core-shell structures formed by the self-
assembly of amphiphilic block copolymers during hydration, and
contain a hydrophobic core with a hydrophilic shell facing the hydro-
philic medium, allowing insoluble drugs to be wrapped in hydrophobic
cores. Their size is usually determined by the ratio of hydrophilic to
hydrophobic parts of amphiphilic molecules and can vary depending on
the nature of the encapsulated drug. Polymer micelles were first pro-
posed as drug delivery carriers by Yokoyama et al. [130] in 1992. In
recent years, polymer micelles as a "nanoreactor" with unique proper-
ties, have played an increasingly important role in the in vivo delivery of
insoluble drugs [131].

In 2018, Feng et al. used overexpressed MMPs after IVDD to develop



W. Liu et al.

Bioactive Materials 23 (2023) 274-299

PBNPs . o.'

Degenerated IVD PBNPs @‘f Rescued IVD
Toxic = -o‘- = = $ Non-toxic \’ *
l ’ GSH! GSHT
NPc 1 ) o NPc
- — /GPX ! GSH+H,0, GPX-like activity GSSG+H,0 GPXT —
) ) CAT-like activity & ’
; GRY /@ H.0:/R-00H BoD-Tike activity” H2O/ROH+0z = ™%, (o0 |
soD! « : . )
e J Sorp. SOD1T
@ﬁ«\ 0,+HO, SOD-like activity, H,0,+0, q»%’/b
Py ‘e >
.». )
ECM Cell Death Extracellular Cell Survive ECM
Collapse ° Reprogram

© 0O
Damage 0
0 ! ". £y
D PI3K-Akt
; Proteasome AMPK
Cytoplasm Degradation Rag
Anti-oxidant ECM Cell
Stress Reprogram Proliferation
Sod1/2/31 Mmp3/131 Aggrecan? Pcna?
Gpx1/31 Adamts51 Col1/2a11 p53L
Nucleus >
| it . Signal
MROROVNOR  Protein pipiay  MRNA
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a continuous and bioresponsive two-stage miRNA-29 delivery system,
which consists of polyplex micelles as miRNA-29 carriers and injectable
hydrogel capsules (Fig. 8). In the first stage, the increased MMP levels in
degenerated IVD led to the MMP-responsive degradation of hydrogels,
resulting in the continuous release of micelles. In the second stage, the
released micelles separated the PEG shell under the action of MMPs.
Then, enhanced cell uptake and endosomal escape could be achieved in
NP cells. Inhibition of fibrosis by miRNA-29a was demonstrated to
silence MMP-2 expression and block the -catenin translocation pathway
from the cytoplasm to the nucleus [132]. This strategy effectively de-
livers miRNA-29 to NP cells in IDD tissue, thus achieving continuous
MMP inhibition and delaying the progression of IVDD. In addition, Yu
et al. designed a novel amphiphilic copolymer, PEG-PAPO, which can be
self-assembled into injectable esterase-reactive nano micelles that can
load lipophilic kartogenin (KGN) and apolipoprotein (APO). When the
micelles were co-injected with human ADSCs into IVDD rats, oxidative
stress promoted esterase activity in human ADSCs, thus accelerating
micelle degradation. The results proved the biosafety of the micelles and
their ability to stimulate human ADSCs differentiation and inhibit
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oxidative stress. Therefore, these micelles may be used as a potential
adjuvant for cell transplantation in IVDD treatment [133]. In another
study, Lin et al. designed a highly secure, polyamine-based PEG-poly-
plex nano micelle nucleic acid delivery system, which carries Runx1 (a
cartilage anabolic factor directly involved in KGN-mediated chondro-
genesis) mRNA. The results showed that Runxl] mRNA delivered by
nano micelles increased IVD height and prevented fibrosis at the
degeneration site [134]. Later, they confirmed that this system also
increased the water content of the punctured IVD by approximately 43%
at 4 weeks after injection. In addition, the IVD space and ECM produc-
tion were also significantly improved [135].

5.5. Nanofibers

As an important biomaterial, nanofibers have the characteristics of a
high surface-area-to-volume ratio, high porosity, and low density.
Currently, most nanofibers are composed of biodegradable synthetic
polymers and natural polymers. In the field of biomedicine, nanofibers
are mainly used as a scaffold for tissue engineering. In recent years, drug
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Medical Press Limited.

delivery has become an important new application. Nanofibers have
structural characteristics similar to the ECM, which can improve the
interactions between cells and drugs.

As early as 2011, nanofibers were used as tissue-engineering scaf-
folds in vitro to support AF cell growth [136]. Nerurkar et al. used
electrospinning to produce nano-poly (e-caprolactone) scaffolds that
mimic the layered structure of natural AF and have the same function as
natural tissue. These scaffolds were combined with a cell seed hydrogel
(as a substitute for NP) to form a disc-like angle-ply structure (DAPS)
[137,138]. Martin et al. implanted DAPS into the caudal vertebrae of
rats and found that the scaffold did not allow endogenous cell infiltra-
tion [139]. In 2014, Turner et al. found that different tensions in the
scaffold matrix can cause differences in the function of AF cells in vitro.
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This shows that appropriate tension is required to produce correctly
formed fibrous annulus tissue [140]. In 2015, Tao et al. demonstrated a
scaffold with a nanofiber structure formed by the self-assembly of
functional peptides under physiological conditions. The scaffold can
promote the proliferation, migration, and secretion of the extracellular
matrix (collagen-II, aggrecan, and Sox-9) of human degenerated NP cells
in vitro, and is biocompatible in vivo. However, this study did not explore
the effects of scaffolds on IVDD [141].

Moreover, Feng et al. developed a hyperbranched polymer (HP) with
high plasmid DNA (pDNA) binding affinity and negligible cytotoxicity,
which can be self-assembled into nano-polyplexes with a "double shell"
structure, and can be encapsulated in PLGA nanospheres or loaded onto
spongy nanofibrous microspheres (NF-SMS), thus forming an injectable
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Fig. 8. Sustained and bioresponsive two-stage delivery of therapeutic miRNA-29 via polyplex micelle-loaded injectable hydrogels to inhibit intervertebral disc
fibrosis. (A) Schematic illustration for the formation of miRNA/PGPC polyplex micelles. (B) Encapsulation of miRNA/PGPC polyplexes in PEG hydrogels and mo-
lecular mechanism of MMP-2 silence in NP cells for fibrosis inhibition. (C) Injection sites in the IVDs of rabbits. Reproduced with permission [132]. Copyright 2018,

WILEY-VCH Verlag GmbH & Co. KGaA, Weinhei.

two-stage gene delivery system for continuous delivery of high plasmid
PDNA to IVD cells. This novel delivery system is biodegradable and
biocompatible, can release polyplexes in a time-controlled manner, and
can efficiently transfer anti-fibrosis genes (NR4A1l) into IVD cells,
significantly reverse fibrosis, and promote IVD regeneration in rat
models [142]. In addition, Uysal et al. designed a collagen
peptide-presenting nanofiber, assembled into nanofibers to form a
scaffold. The scaffold provides a biocompatible environment for MSCs in
vitro to differentiate into chondrocytes and maintain the morphology
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and function of MSCs in vivo. These scaffolds were injected into degen-
erated rabbit IVDs, which showed that the scaffolds could promote
functional recovery and prevent IVDD progression [143]. Liu et al.
fabricated a decellularized AF matrix (DAFM)/poly (ether carbonate
urethane) urea (DAFM/PECUU)-composite electrospun scaffolds with
high hydrophilicity and porosity using coaxial electrospinning tech-
nology. AF-derived stem cells proliferated well on the DAFM/PECUU
scaffolds and showed increased expression of collagen I and II and
aggrecan. When the scaffolds were transplanted into rabbits,
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inflammation around the DAFM/PECUU scaffolds was significantly
lower than that around the PECUU scaffolds [144]. Therefore, nano-
fibrous scaffolds with special characteristics can repair AF and have
good therapeutic potential for IVDD.

When nanofibrous scaffolds were integrated with other drugs, they
achieved an impressive synergistic anti-IVDD effect. In 2022, Yu et al.
loaded fucoidan, a natural bioactive polysaccharide with good anti-
inflammatory and antioxidant properties, onto PECUU scaffolds using
the electrospinning technique (Fig. 9). Compared with the pure PECUU
scaffold, the fucoidan-loaded PECUU nanofibrous scaffold (F-PECUU)
significantly decreased the gene and protein expression related to
inflammation (IL-1, IL-6, and TNF) and oxidative stress in lipopolysac-
charide (LPS)-induced annulus fibrosus cells (AFCs). F-PECUU
decreased the expression of COX-2 in vivo and deposited more ECM
between scaffold layers than pure PECUU. The disc height and nucleus
pulposus hydration of repaired IVD reached 75% and 85% of those in the
sham group. In addition, F-PECUU helped maintain an integrated tissue
structure with a compression modulus similar to the sham group [145].
Taken together, the nanofibrous F-PECUU scaffold developed in this
study may provide a new method for promoting AF repair in I[VDD
treatment by ameliorating the harsh degenerative microenvironment.

5.6. Nanohydrogels

Nanohydrogels are hydrophilic three-dimensional polymer networks
formed by chemical or physical cross-linking hydrogels and nano-
materials. Nanohydrogels have the unique properties of hydrogels and
nanoparticles. Conventional hydrogels (such as microgels) usually
involve intermolecular cross-linking, whereas, in nanohydrogels, intra-
molecular cross-linking is mainly determined [146]. Nanohydrogels
have several advantages (Table 1): (1) They can swell in water and have
a certain adhesion, and (2) the drug can be encapsulated in their internal
three-dimensional network structures to protect it from destruction by
the external environment, (3) high drug loading and sustained release,
(4) small size and high permeability, (5) large specific surface area for
modification, and (6) high biocompatibility and biodegradability.
Nanohydrogels are being widely studied for IVD delivery because of
their longer plasma half-life, better loading capacity, and excellent tis-
sue absorption capacity. In IVDD treatment, nanohydrogels have a
gel-like structure similar to that of the NP; they are often used as scaf-
folds to deliver cells, genes, bioactive factors, and drugs (Table 2).

5.6.1. Nanohydrogel-based cell therapy

As mentioned earlier, the biological activity and number of NP cells
decreased significantly following IVDD, resulting in decreased secretion
of ECM-related proteins. Therefore, increasing NP cell numbers may
slow IVDD progression. Due to the poor self-regeneration of cells iso-
lated from degenerated IVD, transplanting exogenous cells may be a
promising strategy for IVDD treatment [147]. However, acidic, hypoxic,
inflammatory, and nutrient-deficient environments in degenerated IVDs
are unsuitable for cell survival [148]. Hydrogels are considered suitable
carriers because of their similar rheological properties and good cyto-
compatibility with NP tissue. However, ordinary hydrogels are generally
unsuitable for the early IVDD treatment because local administration
also destroys AF, thus accelerating IVDD progression. Therefore, the
current trend is to use injectable nanohydrogel carriers; that is, the
nanohydrogels are in a liquid state before injection, and phase hard-
ening occurs after reaching the degenerated IVD, which ensures mini-
mum damage to AF and enables the carrier to adapt to irregular shapes
in the IVD.

In 2016, Gan et al. prepared TGF-p3-loaded PLGA nanoparticles,
seeded onto dextran/gelatin nanohydrogels to form a delivery system.
This system exhibited good biocompatibility, stably released TGF-f3,
and successfully induced MSCs into NP-like cells [149]. In 2019, Ligorio
et al. designed a hydrogel using graphene oxide (GO) as a nanofiller. The
mechanical properties of the hydrogels were similar to those of NP
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tissue. NP cells cultured on the hydrogel showed a high survival rate and
metabolic activity, indicating that the system has great potential to
transport NP cells [150]. However, neither of the above studies vali-
dated this effect in vivo. Later, Wang et al. used colloidal nanohydrogels
as injectable scaffolds, which were tested for their injectability,
biocompatibility, biodegradability, and ability to support the differen-
tiation of MSCs into NP-like cells (Fig. 10). After they were delivered to
rabbit IVDD models through minimally invasive surgery, they showed
excellent anti-leakage performance, improved cell survival rates, and
robustly regenerated degenerating NPs [151].

The above studies have demonstrated the potential of cell-loaded
nanohydrogels in IVDD; however, although injectable nanohydrogels
can minimize the leakage of transplanted cells, they may lead to un-
wanted osteophyte formation once they leak or flow back into the
structures around the IVDs. One possible solution is to use markers to
label transplanted MSCs or other cells to achieve real-time observation
with imaging equipment (such as 3T MRI) in vitro [152]. In addition,
ensuring the directional differentiation of transplanted cells is a major
problem. The current general method uses inducers or gene-editing
techniques to induce differentiation. However, in a complex in vivo
environment, directional differentiation is difficult to guarantee and
may even cause unnecessary differentiation results. Future studies
should focus on developing highly specific inducers and finding ways to
achieve real-time monitoring of cell differentiation. Therefore, emerging
studies have used nanohydrogels as delivery systems to enhance drug
efficacy.

5.6.2. Nanohydrogel-based gene therapy

The continuous development of gene sequencing technology has
provided a basis for gene therapy. Through differential gene expression
analysis of degenerative NP tissue, genes related to IVDD and regener-
ation and repair have been continuously discovered. Currently, research
on gene therapy is mostly focused on miRNAs. In 2020, Chen et al.
prepared a PEG nanohydrogel with excellent agomir loading (agomir is
a modified miRNA fragment that mimics the role of miRNA in regulating
target gene expression) (Fig. 11). The nanohydrogel system has me-
chanical properties similar to those of a normal IVD and can match and
compensate for the elasticity of the degenerated IVD. This system can be
directly injected into the intervertebral space in a minimally invasive
manner, thereby reducing the risk of leakage and rupture. The results
showed that the system could deliver agomir-874 locally to IVDs, which
regulates the catabolism of ECM and improves the microenvironment of
nucleus pulposa tissue [153]. Besides miRNAs, more attention has been
paid to the role of some circular RNA (circRNA) in IVDD in recent years.
Chang et al. constructed an injectable nanohydrogel microsphere loaded
with liposomes containing a circRNA (circSTC2) silencing gene. As a
safe and controllable targeted gene delivery system, it can silence
pro-IVDD genes in NP cells and regulate ECM metabolic homeostasis. In
rat models, it promoted ECM synthesis and repair of NP tissue after 2
months [154].

These studies demonstrate the surprising versatility of gene-loaded
nanohydrogel systems in IVDD treatment. However, the delivery of
genes to the IVD remains challenging. The poor performance of carriers
may lead to gene inactivation, low transfection efficiency, and a short
half-life. Therefore, developing a reliable delivery system is a primary
prerequisite for IVDD gene therapy.

5.6.3. Bioactive factor-loaded nanohydrogels for IVDD treatment

The bioactive factors commonly used in the treatment of IVDD are
growth and differentiation factor (GDF), TGF-f, osteogenic protein-1
(OP-1), and IGF. However, it has been proven that direct injection of
bioactive factors into the IVD has a very short half-life. Continuous local
administration is needed to maintain therapeutic effects, which can
accelerate degeneration [155]. Additionally, improper injections may
lead to heterotopic ossification. Therefore, there is an urgent need to
develop a continuous drug delivery system (DDS) to reduce side effects
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and improve therapeutic effects. Ligorio et al. developed an injectable
graphene oxide (GO)-self-assembled peptide FeFKFeFK (F: phenylala-
nine; K: lysine; E: glutamate) hybrid hydrogel as a potential delivery
platform for cells and drugs in NP. GO in the hydrogel was used as a
carrier to deliver TGF-$3, resulting in the high expression of aggrecan
and collagen-II in NP cells [156]. This study highlights the potential of
using GO as a nanocarrier for designing functional hydrogels.
Anaerobic glycolysis is the main energy metabolism pathway in NP
cells and is the largest avascular tissue in vivo [157]. During IVDD,
especially due to the decreased diffusion of metabolites and nutrients
through nearby capillaries, lactic acid gradually accumulates in local
NPs, with a concentration of eight to ten times that of the surrounding
plasma [158]. Lactate accumulation within the IVD downregulates
matrix synthesis and promotes NP cell apoptosis, destroying tissue
structure and discogenic pain [159]. Lactate oxidase enzyme (LOX), a
member of the flavonoid enzyme family, is an a-hydroxyl acid oxidase
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that catalyzes the oxidation of lactic acid to pyruvate and H»O5 [160].
However, HyO»-induced oxidative stress has been shown to induce IVDD
pathogenesis, which greatly limits the application of LOX in IVDD
treatment [161]. In recent years, MnOy-based nanoplatforms have
attracted increasing attention because they catalyze H+/H,0, to
generate O, and Mn?" [123], providing a large amount of Oy locally,
promoting the oxidation catalysis of LOX, and alleviating the oxidative
stress damage caused by H30,. Shen et al. produced an injectable
microsphere (MS@MCL) for local lactate exhaustion by grafting a
MnO,-LOX composite nanozyme onto microfluidic hyaluronic acid
methacrylate (HAMA) microspheres via chemical bonding (Fig. 12),
which can effectively achieve O,-promoted lactate exhaustion through a
cyclic reaction to alleviate the lactate-accumulative microenvironment
and promote the regeneration of degenerative NP cells. After injection
for 8 weeks, MS@MCL showed a long-term therapeutic reduction of
intervertebral height narrowing and prevented ECM degradation and
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inflammatory damage [162].

The synthetic growth hormone-releasing hormone, analog MR409,
regulates immune cell infiltration and IL-1p synthesis and plays a sig-
nificant anti-inflammatory role [163,164]. In addition, MR409 is an
antioxidant that can downregulate ROS accumulation or block ROS
signaling. As a polypeptide, MR409 is easily degraded in vivo, particu-
larly in the harsh environment of intervertebral disc degeneration.
Therefore, there may be a need for a specially designed carrier to protect
against the controlled, targeted release of MR409 for therapeutic ap-
plications. Zheng et al. designed a thermosensitive ROS-responsive
nanohydrogel loaded with MR409 to prevent puncture-induced IVDD
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in rats [165]. In their study, water-soluble MR409 was loaded into
ROS-responsive vesicles composed of an mPEGyy-b-PPS3y (PPS-PEG)
amphiphilic polymer. These loaded vesicles were then embedded in a
thermosensitive poly(lactic-co-glycolic acid)-b-poly(ethylene
glycol)-b-poly(lactic-co-glycolic acid) copolymer (PLGA-PEGPLGA)
hydrogel for protection and controlled release. According to the in vitro
results, the injectable hydrogel containing ROS-responsive vesicles is a
reliable delivery system for the controlled release of MR409. In vivo
administration of MR409 suppressed secretory autophagy, thereby
slowing mouse age-related disc degeneration. The intradiscal applica-
tion of an ROS-responsive MR409-encapsulated hydrogel achieved
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locally controlled release and attenuated needle puncture-induced disc nanohydrogels also show great potential as a carrier for traditional drugs

degeneration in rats by inhibiting the secretory autophagy pathway and for treating IVDD. As mentioned earlier, the inflammatory microenvi-
associated IL-1f secretion [165] (Fig. 13). ronment plays a vital role in IVDD pathogenesis. Many matrix metal-
loproteinases, nitric oxide, prostaglandins, IL-1, IL-6, and TNF-a are

5.6.4. Drug-loaded nanohydrogels for IVDD treatment overexpressed in IVDD. Therefore, anti-inflammatory therapy is a
In addition to delivering a variety of bioactive molecules and genes, promising therapeutic strategy. Traditional anti-inflammatory drugs can
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effectively relieve pain and other symptoms; at the same time, they can
cause gastrointestinal ulcers and other side effects [166]. Furthermore,
because the IVD is avascular, it is often difficult for drugs to reach the
treatment site. Nanohydrogels have been widely used to deliver
anti-inflammatory drugs because of their well-controlled release prop-
erties. Liu et al. used a blending method to composite aspirin
(ASP)-loaded liposomes and photo-crosslinkable gelatin-methacryloyl
(GelMA) into a hydrogel with properties similar to those of the ECM,
which effectively inhibited the inflammatory response of local tissue
after lumbar disc surgery and filled the local tissue defect. This also
permitted a slow drug release [167]. Many studies have shown that
multiple factors, such as macrophage M1/M2 phenotype transition,
elevated ROS levels, and mitochondria-associated autophagy,
contribute to chronic inflammation and progressive regression in [IVDD
[168]. Nanohydrogel-mediated drug delivery might improve this situ-
ation. Bai et al. designed an ROS-scavenging nanohydrogel scaffold
loaded with rapamycin, which had good biocompatibility and could
release rapamycin programmatically. In vivo studies have shown that it
can reduce ROS levels and promote M2-type macrophage polarization,
thus delaying the progression of IVDD (Fig. 14) [169]. This represents a
new strategy to modulate the local inflammatory microenvironment to
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promote IVD regeneration.

5.7. Exosomes

Exosomes are nanoscale extracellular vesicles secreted by cells,
consistent with the cell membrane, and composed of phospholipid bi-
layers. Exosomes mainly affect the biological activities of receptor cells
through their contents. In recent years, because of its low immunoge-
nicity and good internal stability, exosome-based acellular therapy has
been used to treat various diseases [170]. Recently, it has been used as a
carrier for genes and drugs to treat various diseases [171]. The role of
exosomes in the treatment of IVDD has also been widely studied [172].
Still, most current studies focus on the exosome itself, and few studies
have used exosomes as drug carriers to deliver various drugs to the IVD.
This may be due to the complexity of the internal components of exo-
somes; various small molecular substances in exosomes have different
effects on IVDD, and beneficial and harmful genetic materials coexist. In
addition, the role of exosomes in IVDD is closely related to that of their
parent cells. Exosomes from different sources have different effects on
IVDD, which can not only adversely affect IVD by promoting vascular-
ization [173] but also protect IVD by promoting ECM synthesis and NP
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Fig. 14. Reactive oxygen species (ROS)-scavenging responsive hydrogel with rapamycin (Rapa) for treatment of IVDD. (A) Schematic of Rapa-loaded ROS-responsive
hydrogel regulating IVD immune microenvironment and ameliorating tissue repair. (B) Cumulative release characterization of Rapa from hydrogels in PBS with or
without HyO, (1 x 1073 m). (C) Gel formation and degradation were detected in healthy mice. Most gels were degraded at the injection site four weeks after in-
jection, and H&E staining results showed biodegradability and biocompatibility. Scale bars, 200 pm. (D) Collagen-II immunohistochemistry of the experimental and
control group. (E) Matrix metalloproteinase 13 (MMP13) immunohistochemistry. (F) CD206 immunohistochemistry. (G) The CD206,/CD80 immunofluorescence
assay. The blue color represents the DAPI staining of nuclei. Scale bars, 500 pm. Reproduced with permission [169]. Copyright 2019, WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim.

cell proliferation [174]. Because the IVD is a non-vascular structure, an
exosome preparation injected intravenously poorly reaches the IVD, so
most IVDD treatment studies based on exosomes utilize local injection.
However, pure exosome injection does not seem advantageous
compared with other delivery systems. Therefore, we speculated that
exosomes alone might not be good drug carriers for IVDD, at least at this
stage. One possible solution is to combine exosomes with other nano-
systems to enhance their delivery efficiency. In 2021, Xing et al. com-
bined ADSC-derived exosomes with a thermosensitive acellular ECM
hydrogel (AECM@exo0). The dECM@exo system provided in situ gelation
to replenish ECM leakage and an environment for the growth of NP cells
[175].

6. Conclusions and future perspectives

IVDD is a common degenerative joint disease and is the leading cause
of lower back pain. It seriously affects patients’ quality of life and places
a heavy financial burden on their families and society [176]. The current
main treatment for IVDD is aimed at controlling clinical symptoms
rather than treating the etiology of degeneration. It is accompanied by
high invasiveness, high risk of recurrence, and degeneration of adjacent
IVDs, and cannot prevent progression or reverse the degeneration of
IVDD [177-179]. Over the past few decades, emerging therapies,
including growth factors, platelet-rich plasma, and gene-editing tech-
niques, have been tested in preclinical and clinical studies [180-184].
However, the reality is that the efficacy is not surprising. The main
obstacles to IVDD repair include avascular architecture, inadequate
endogenous cell repair, and the presence of an unfavorable microenvi-
ronment at the site of degeneration. Thus, overcoming these obstacles is
an ideal approach for treating IVDD. However, this is difficult to achieve
in clinical practice. Importantly, the anatomical peculiarities of IVDs
make it difficult for oral or intravenous drugs to reach the degeneration
site. The activity of endogenous enzymes in IVD degrades the injected
therapeutic biomolecules, indicating that the bioavailability and
persistence of injected biomolecules may be transient, suggesting that
high doses and frequent repetitions may be required [81,185], which in
turn may exacerbate degeneration and make it difficult to maintain drug
activity within IVDs. Therefore, pharmacological treatment of IVDD has
become a dilemma, and effective treatment has become a major clinical
problem to be solved.

In recent years, the rapid development of NDDSs has brought dawn
to the treatment of IVDD. Ideally, IVD-targeted DDS should be low or
even non-toxic, minimally invasive, have good drug entrapment effi-
ciency, enable controlled release, be delivered continuously, and be easy
to perform clinically. Unfortunately, current technologies cannot meet
all these requirements simultaneously. In turn, existing NDDSs should
also be thoroughly evaluated in large-scale studies to determine their
controlled release properties and repeatability. It is also challenging to
ensure that the nanodrug exhibits high biological stability and activity
without being degraded by enzymes in degenerated IVDs. Therefore, it
can be argued that the problem of obtaining an effective drug delivery
method for targeting IVD is currently unresolved, largely due to the
complex structure of IVDs. Hence, a more efficient DDS is urgently
needed to treat IVDD. In the past two decades, rapid developments in
nanotechnology have provided new ideas for IVD-targeted drug de-
livery. Compared with larger biomaterials, nanoparticles exhibit unique
structural, chemical, mechanical, magnetic, and electrical properties
and well-controlled release characteristics. Using various types of
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nanoparticles, drugs can be precisely and controllably released into IVDs
and even specific cells without disturbing the normal anatomical
structure. We believe that NDDSs will undoubtedly be a major trend in
the future of drug therapies for IVDD.

The advantage of liposomes is that they can be loaded with both
hydrophilic and lipophilic drugs and customized as needed. However,
liposomes are prone to degradation in vivo, and improving the stability
of drugs in liposomes is a major challenge. Currently, the role of lipo-
somes in IVDD is mainly in the laboratory stage, and more studies are
needed to evaluate the drug-loading characteristics of liposomes. In
addition, the drug entrapment efficiency of liposomes is relatively low,
which may limit their use in IVDD treatment.

Similar to liposomes, some PNPs are degradable but have a higher
encapsulation efficiency. Of the many PNPs available, we speculate that
natural polymers, such as chitosan, may be good drug delivery carriers.
Chitosan is a renewable, naturally occurring, cationic polysaccharide. As
a drug delivery carrier, chitosan has the advantages of simple synthesis
and characterization, good biocompatibility, excellent biodegradability,
good bioadhesion, nonimmunogenicity, nontoxicity, and water solubi-
lity. Remarkable progress has been made as a drug delivery carrier in
other diseases. Both in vitro and in vivo studies have confirmed that it has
good drug encapsulation efficiency for effective drug release.

Moreover, the electrostatic interaction between the positively
charged chitosan and negatively charged IVD cartilage matrix enabled
targeted drug delivery to a certain extent. However, the synthetic pro-
cess of PNPs is relatively cumbersome and unstable; therefore, devel-
oping a simple carrier to replace PNPs is also an idea. In 2018, Zhang
et al. developed an injectable nanodelivery system based on albumin/
heparin nanoparticles (BHNPs). The system is simple to prepare, has a
high entrapment efficiency, is biocompatible, and is suitable for large-
scale production. They utilized this system as the carrier for stromal
cell-derived factor-1 o (SDF-1a). BHNPs gradually released SDF-1a in a
first-order manner. Compared with SDF-1a and BHNPs alone, BHNPs/
SDF can induce better regeneration of AF and NP cells [186].

Inorganic nanoparticles play a unique role in imaging and photo-
thermal therapy due to their magnetism, radioactivity, or plasticity, and
most of them have good biocompatibility and stability. However, there
are still many challenges in clinical transformation, with the biggest
issue being long-term in vivo toxicity. Although numerous studies have
confirmed that inorganic nanomaterials have low acute toxicity,
whether they can eventually be cleared by the body and cause long-term
toxicity has not yet been verified [187,188]. Another concern was the
low clearance rate. If these problems are solved, they can only be used in
clinical research. Currently, some inorganic nanoparticles have been
used in clinical trials, mostly for in vivo imaging and rarely for drug
delivery. Therefore, the clinical transformation of inorganic nano-
particles as DDS is a key issue that needs to be addressed. The combi-
nation of inorganic and organic nanoparticles, or the development of
new inorganic nanoparticles with lower toxicity may be an effective way
to apply inorganic nanoparticles in the clinic.

As drug delivery carriers, polymer micelles have many good prop-
erties, such as increasing the solubility of hydrophobic drugs, improving
drug efficacy, prolonging drug action time, and improving drug
bioavailability. Through targeted modification, polymer micelles can
also guide drugs to specific action sites and reduce their toxicity and side
effects. In future research, improving efficacy, reducing the dosage, and
reducing side effects will be key to improving clinical drug use. The
polymer micelle shell functions as "navigation" while connecting water-
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soluble drugs. The core encapsulates hydrophobic drugs and achieves
slow release, thus realizing the combination of two or more drugs, which
may become another highlight of polymer micelles in the treatment of
IVDD. However, most polymer micelles are still in the basic research
stage of the laboratory, and their properties as drug carriers cannot fully
meet the requirements of clinical drug delivery. Second, the toxicolog-
ical properties and sustained release mechanism of polymer micelles and
their transformation into clinical practice are also important challenges
to be addressed.

Currently, there is little research on nanofibers as NDDSs for treating
IVDD, and more studies are needed to demonstrate their safety and drug-
release capabilities. More efficient nanofiber drug delivery materials
should be developed to enhance the therapeutic effect. Multiaxial
nanofibers may be the best solution to this challenge, as different drugs
can be encapsulated in different layers, and their release can be
controlled. Given the specificity of the anatomical structure of the IVD, a
low-toxicity or even non-toxic, biodegradable nanofiber is welcome in
the treatment of IVDD. Currently, 3D printing technology is booming in
the field of orthopedics. We speculate that combining 3D printing
technology with nanofibers is possible to achieve drug delivery and IVD
replacement.

Nanohydrogels play an important role in the regeneration, repair,
and replacement of NP. They provide an aqueous environment that re-
hydrates the degraded microenvironment, protects biological agents,
and partially restores the mechanical properties of IVDs. The perme-
ability of hydrogels facilitates the delivery of nutrients to targeted cells.
Furthermore, as biomaterials for NP regeneration and repair, hydrogels
not only have good mechanical properties to the intervertebral height
and bear the body load but also positively affect the proliferation, dif-
ferentiation, and signal transduction of IVD cells. Nanohydrogel has a
good chimeric effect with the surrounding tissue and is non-toxic.
Another significant advantage of nanohydrogels is that they can be
combined with other nano-delivery systems, such as liposomes [135,
167] and exosomes [175], to delay their degradation and enhance de-
livery efficiency.

Moreover, 3D biomimetic hydrogel scaffolds based on bioprinting
have significantly progressed in treating spinal cord injuries. We believe
that future hydrogels can also make great achievements in IVDD treat-
ment, including the ability to withstand physiological pressure, support
the biological activity of mesenchymal stem cells, and have a sufficiently
high porosity to allow the diffusion of growth factors, O, and nutrients,
thereby effectively inducing the regeneration of cartilage and nucleus
pulposus cells [189]. Therefore, developing nanohydrogels with
biocompatibility and mechanical properties similar to those of normal
NPs remains a future development. When the injectable nanohydrogel is
punctured into the IVD tissue, it inevitably damages the tissue integrity
of the AF and may cause IVDD. Moreover, the safe and accurate delivery
of hydrogel biomaterials has become an open question. As mentioned
earlier, IVD tissue has a complex microenvironment, such as hypoxia
and acidic and different stress environments, and
microenvironment-responsive hydrogels also have good prospects in the
future.

Furthermore, although NDDSs have progressed greatly in treating
IVDD, they remain in the cellular and animal experimental stages. They
have a long way to go for clinical application. Most current NDDSs target
only one aspect of the pathological process of IVDD, for example, by
delivering anti-inflammatory cytokines, growth factors, or cells.
Although these strategies have shown promising results, they are not yet
sufficient to achieve complete recovery, mainly because the progression
of IVDD is complex and multifactorial, with multiple processes dis-
rupted, including inflammatory and catabolic cascades, progressive
cellular loss, and decreased cellular anabolic activity [20]. The three
aforementioned events do not occur sequentially but are intertwined
and act in a vicious cycle that creates barriers to treatment. Therefore,
Frapin et al. proposed the concept of a sequential DDS [20]: (1) the
release of anti-inflammatory or anti-catabolic cytokines to target the
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inflammatory, pro-catabolic microenvironment; (2) an increase in cell
density in a less hostile microenvironment by endogenous cell recruit-
ment or exogenous cell injection; and (3) promotion of ECM synthesis
through the release of anabolic factors. Therefore, combining this
strategy with NDDSs may be a more advanced treatment strategy for
IVDD. Furthermore, few current studies on the regeneration and repair
of IVDD are related to pain relief, yet pain relief is a major clinical
concern for patients. Thus, establishing animal models of discogenic
pain and good evaluation criteria are important for future clinical
applications.

In addition, research on NDDSs for the treatment of IVDD is still in
the exploratory stage, with a small number of studies mostly based on
rats and rabbits. However, there are anatomical differences between
IVDs and humans, which may make them unsuitable animal models. We
believe sheep may be a more suitable model for studying human IVDD
than rats and rabbits, as sheep IVDs do not exhibit an abnormally high
spontaneous healing response or the persistence of notochord cells with
age [190]. Sheep have IVD mechanics and NP proteoglycan content
similar to humans, which makes them ideal experimental animals for the
study of IVDD treatment [191]. And, the experimental periods of the
current studies are all relatively short, while the progression of IVDD is a
chronic process; therefore, the long-term efficacy of NDDS needs to be
evaluated. Furthermore, because the NP is more prone to degeneration,
the regeneration of this tissue has received more attention. However,
future treatments should focus on the synergistic recovery of NP and AF.
In addition, the pathogenesis of IVDD is very complex, and treatment
with only one factor or signaling pathway is often ineffective. Thus,
NDDS with multitarget synergistic therapy may be the focus of future
research.

In summary, ongoing research into the pathophysiology of IVDD,
development of therapies aimed at halting disease progression or
inducing a regenerative response, and optimization of drug delivery
strategies has the potential to achieve effective clinical management of
IVDD.
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