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The application prospect of metal/metal oxide
nanoparticles in the treatment of intervertebral
disc degeneration
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With advancements in molecular biology and tissue engineering, significant progress has been made in
the treatment of intervertebral disc degeneration (IVDD). In recent years, biomaterials have broadened
therapeutic options for IVDD, particularly through the incorporation of metals, which impart antioxidant,
anti-inflammatory, and cellular repair properties. The combination of metal ions, nanomaterials, and bio-
active molecules further enhances the capacity of these materials to scavenge free radicals, regulate cell
activity, and improve the microenvironment, thereby increasing their therapeutic efficacy and providing
new opportunities for [VDD treatment. This review aims to provide a comprehensive analysis of the roles
of metal-based and metal oxide nanoparticles in the treatment of IVDD, while addressing current chal-
lenges and future prospects related to their therapeutic applications.
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1. Introduction

Low back pain (LBP) is a widespread global public health
concern, with its economic burden increasing significantly
due to an aging population. Epidemiological studies indicate
that over 80% of adults will experience LBP at some point in
their lives." Approximately 10% of these cases progress to
chronic disability,> making LBP one of the leading causes of
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disability and imposing a substantial burden on public health
and quality of life. The etiology of LBP is multifactorial,
encompassing genetic predisposition, lifestyle factors such as
occupational exposure, physical inactivity, alcohol consump-
tion, and smoking, as well as aging.® Although the etiology of
LBP is multifaceted, intervertebral disc (IVD) degeneration
(IVDD) is its most common cause, characterized by distinct
morphological changes resulting from aging or mechanical
stress.”®> The IVD consists of three main components: The
central nucleus pulposus, the surrounding annulus fibrosus
(AF), and the cartilaginous endplates (CEP), which separate
the disc from the vertebrae. Each region contains specific cell
types, including nucleus pulposus, AF, and chondrocytes.
Growing evidence indicates that three types of structural
changes or cell injuries in the IVD contribute to the develop-
ment of IVDD.® IVDD involves nucleus pulposus dehydration,’
ECM degradation,® AF damage,’ inflammation,'® oxidative
stress,'! and cell senescence,'® disrupting biomechanics and
causing chronic pain. Current therapies are palliative, lacking
regenerative efficacy and risking adjacent degeneration. Metal-
based nanoparticles (NPs) offer targeted anti-inflammatory
and regenerative potential for IVDD treatment.

In recent years, incorporating various metal ions into bio-
materials to achieve specific biological functions has emerged
as a promising strategy for enhancing the repair of disc
degeneration. In the orthopedic field, metal ions contribute in
two primary ways. First, they actively participate in the repair
processes of bone'? and cartilage'* by promoting cell prolifer-
ation, differentiation, and extracellular matrix synthesis.
Second, they regulate the synthesis and structural properties of
biomaterials,"™"” enhancing their biological functions and
improving repair efficacy, thereby improving therapeutic out-
comes. Nonetheless, the mechanisms through which metals
influence material synthesis and function in IVDD repair
remain poorly understood and lack systematic investigation.
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This review aims to summarize the therapeutic mechanisms
and functions of metal-based nanomaterials in the treatment of
IVD injuries over the past three years, emphasize their advance-
ments in the field of IVDD, and explore the potential challenges
and future directions associated with the metallic intervention in
spinal regenerative medicine (Scheme 1).

2. Multiple roles of metals in IVDD
2.1. Targeted drugs carrier and hydrogen generator

Magnesium and aluminum. Magnesium (Mg) is an essential
component of biomedical materials supporting tissue regener-
ation, targeted drug delivery, antimicrobial activity, and neural
repair,'® ! Mg improves hydrogel mechanics and injectability
while promoting glycosaminoglycan (GAG) secretion and cell
proliferation, thereby contributing to IVD regeneration
(Fig. 1a—c). Mg plays a role in a mild-alkalization strategy that
regulates aging pathways through sustained Mg>" release, inhi-
bition of Ca** influx, promotion of senescent cell proliferation,
and improvement of the microenvironment favorable for disc
repair®® (Fig. 1d-h). By controlling its degradation to produce
hydrogen (H,), Mg effectively eliminates reactive oxygen
species (ROS), inhibits apoptosis and extracellular matrix
degradation, modulates the microenvironment, and supports
the repair of IVDD** (Fig. 1i and j). Moreover, Mg>" promotes
cell proliferation and exerts anti-inflammatory effects through
coordination with histidine-functionalized hyaluronic acid.
This interaction helps maintain nucleus pulposus cell activity,
enhances the microenvironment of IVDD, and supports tissue
regeneration® (Fig. 1k and 1).

Aluminum (Al) in biomaterials enhances mechanical pro-
perties, modulates the microenvironment, promotes cellular
compatibility, and functions as an antimicrobial agent.?* ¥ In
a previous study, Al is also a key component of MgAI-LDH NPs,
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https://BioRender.com/76ij580).

contributing to the structure and functionality of the hydrogel
system. It forms ionic interactions and hydrogen bonds,
improving the mechanical properties and enabling the con-
trolled release of the anti-inflammatory drug celecoxib, while
maintaining biocompatibility and supporting the proliferation
of nucleus pulposus cells in the IVD.*?

2.2. Scavenging ROS and reducing inflammation in IVD cells

Ceria NPs. Ceria nanoparticles (CeO, NPs) enable efficient
redox cycling between the Ce** and Ce** oxidation states, facili-
tated by oxygen vacancies in their crystal lattice. This cyclic
redox process is crucial to the catalytic antioxidant function of
CeO, NPs, aiding in the effective elimination of ROS. The
activities of CeO, NPs, which mimic catalase (CAT) and super-
oxide dismutase (SOD), are central to their anti-inflammatory
effects, highlighting their promising potential for applications
in tissue repair and regeneration. In addition, CeO, NPs have been

This journal is © The Royal Society of Chemistry 2025

Illustration of the involvement of various metal or metal oxide NPs in the treatment of IVDD (Created in BioRender. Zhang, L. (2025)

investigated as ROS scavengers in the treatment of Alzheimer’s
disease,” spinal cord injury,* atopic dermatitis,** and Parkinson’s
disease.”” A study developed GelMA/HAMA composite hydrogels
loaded with functionalized mesoporous silica NPs, CeO, NPs, and
TGF-f3, demonstrating significant potential to regulate the
annulus fibrosus (AF) defect microenvironment in IVDD. This
regulation occurs through ROS scavenging (Fig. 2a-d), anti-inflam-
matory M2 macrophage polarization induction, and inhibition of
inflammation® (Fig. 2e-g).

2.3. “Proton-sponge effect” of metallopolyphenol NPs

Copper. The metal nano-polyphenol particles exist widely in
many plants in nature, and have antioxidant activity, antibac-
terial activity and pH response, exhibiting excellent biocompat-
ibility.>* Copper (Cu) serves as a catalytic oxidation center,
while Epigallocatechin gallate (EGCG) possesses reducing pro-
perties, which interact and oxidatively polymerize into a
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Fig. 1 (a) SEM images and particle size distribution of MgAl-LDH and LDH-CLX. (b) Ex vivo assessment of the injectability and cavity-filling capabili-
ties of the composite hydrogel. (c) Total glycosaminoglycan (GAG) released by nucleus pulposus cells over 7 days (**p < 0.01; n = 3). The figures
have been reproduced from ref. 22 with permission from Elsevier, copyright 2024. (d) Elemental mapping of MB—ALG hydrogels. (e) Scavenging
activity of MB—ALG hydrogels against ROS, "OH, and H,O, (mean + SD, n = 3). The percentage of Mg?* released from MB-ALG hydrogels and MB
NPs over time under varying conditions. (f) Cumulative Mg?* release percentage of MB—ALG hydrogel and MB NPs over time under different con-
ditions. (g and h) Changes in the levels of P16, P21, Acan, and Col2. The figures have been reproduced from ref. 23 with permission from American
Chemical Society, copyright 2024. (i and j) The fluorescence image of magnesium-containing microsphere (Mg@PLPE MS) labeled with Nile Red and
the schematic illustration of the fabrication of ROS-responsive Mg@PLPE MS. The figures have been reproduced from ref. 24 with permission from
Elsevier, copyright 2023. (k) SEM mapping of GHHM microspheres, scale bar = 50 um. (1) Quantitative analysis of mean fluorescence intensity of P21
(left), TNF-a (middle), ROS (right). The figures have been reproduced from ref. 25 with permission from BioMed Central, copyright 2023.
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Fig. 2 (a) Schematic illustration of the composite hydrogels for AF repair. (b) Energy-dispersive X-ray spectroscopy (EDX) elemental mapping of sili-
cium (purple). (c) Diameter distribution of MSN (n = 50). (d) Pore sizes of various hydrogels. (e) Antioxidant and anti-inflammatory properties of the
composite hydrogels: quantitative analysis of cytometry results (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. (f) Cell status in oxidative damage micro-
environment: quantitative analysis of the percentage of positive EdU-labeled cell (n = 5; blue, Hoechst staining; green, EdU staining). (g) Typical
stress—strain curves of the IVD. The figures have been reproduced from ref. 33 with permission from American Chemical Society, copyright 2023.

quinone structure in an alkaline environment. The charged
Cu-based polymer facilitates efficient intra-mitochondrial
uptake and promotes lysosomal escape, overcoming the chal-
lenge of lysosomal phagocytosis and enhancing the intracellu-
lar delivery of functional NPs. A previous study®> demonstrated
that modifying PG@Cu with a mitochondrial targeting peptide
significantly improved its mitochondrial specificity. This tar-
geted approach effectively scavenged mitochondrial ROS,
repaired oxidative stress-induced mitochondrial damage, and
preserved the normal morphology of nucleus pulposus cells
(Fig. 3a-d).

2.4. Modulating the behavior of bone marrow mesenchymal
stem cells

Iron oxide NPs and ferrous NPs. Magnetic fields to guide
iron-bound composites toward target seed cells have been
commercialized under the term magnetic induction.**® Iron

This journal is © The Royal Society of Chemistry 2025

(Fe) oxide NPs (IONPs) were synthesized by co-precipitating
ferrous and ferric ions in an alkaline medium, resulting in
magnetofection gene complexes that deliver therapeutic
miRNAs for osteogenesis and angiogenesis. Subsequent
results demonstrated that IONPs enhanced transfection
efficiency by activating the p38 MAPK pathway®’ (Fig. 3e and
f). In another study, Fe facilitated sustained H, production
under the pathological microenvironment, neutralizing
local acidity, alleviating oxidative stress, and regulating
the mitochondrial “Birth-Death” balance, thereby promoting
the repair of IVDD*° (Fig. 3g and h). The greigite nanozyme
(FesS,4) emerges as a promising agent for attenuating disc
degeneration by simultaneously scavenging ROS and
releasing polysulfides, thereby mitigating oxidative stress and
synergistically  inhibiting ROS-induced senescence in
nucleus pulposus cells** (Fig. 3i). GSH-CDs nanozyme contain-
ing FeCl;-6H,0O mitigates ROS-induced mitochondrial damage

Nanoscale, 2025, 17, 15605-15616 | 15609
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Fig. 3 (a) Schematic illustration of NPs catalyzed by Cu?* and addition of peptides. (b) TEM (n = 3, scale bar: 25 nm) and elemental mapping
microscopy. (c) Heat map of apoptosis-related genes. (d) The effect of multifunctional NPs in scavenging reactive oxygen species. The figures have
been reproduced from ref. 35 with permission from Wiley, copyright 2024. (e) Schematic illustration of the synthesis process for magnetofection
complexes (MiR-PEI@IONPs) using polyethyleneimine (PEI)-coated IONPs for miRNA delivery. (f) Quantitative analysis of bone volume relative to
total volume. The figures have been reproduced from ref. 39 with permission from BioMed Central, copyright 2023. (g) Schematic illustrating the
fabrication and molecular mechanisms of the intelligent hydrogen nanogenerator (Fe@HP-OD). (h) Quantitative analysis of ROS across different
groups. The figures have been reproduced from ref. 40 with permission from Elsevier, copyright 2023. (i) Element mappings of S (green) and Fe
(blue) elements in greigite nanozyme. This figure has been reproduced from ref. 41 with permission from Wiley, copyright 2023. (j) XPS spectrum of
GSH-CDs. (k) SA-B-gal analysis of the percentage of SA-p-Gal-positive cells in different groups. The figures have been reproduced from ref. 42 with
permission from BioMed Central, copyright 2024.
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Fig. 4 (a) Schematic illustration of PGA-Mn-TP04. (b) Analysis of mitochondrial length. The figures have been reproduced from ref. 44 with per-
mission from American Chemical Society, copyright 2024. (c) Schematic illustrating the synthesis of TMP. (d) Co-localization of the NPs (red) with
lysosomes (green). (e) Confocal microscopy images of the co-localization of mitochondria (green) and NPs (red). Red: CY5-labeled TMP, green: lyso-
some or mitochondria, blue: nucleus. The figures have been reproduced from ref. 45 with permission from Elsevier, copyright 2024. (f) Atomic
structures of CDs and MCDs. The purple, gray, red, and white balls denote the Mn, C, O, and H atoms, respectively. (g) Planar-averaged electron
density difference and charge density difference plots for Mn interacting with monolayer CDs. The yellow and cyan colors indicate charge accumu-
lation and depletion, respectively. The figures have been reproduced from ref. 46 with permission from Wiley, copyright 2024. (h) TEM images of fab-
ricated PdH and PdH-Apt. This figure has been reproduced from ref. 50 with permission from Wiley, copyright 2024. (i) Preparation of ZOGA. This
figure has been reproduced from ref. 52 with permission from Elsevier, copyright 2024.
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and senescence in NP cells, thus attenuating IVDD pro-
gression®” (Fig. 3j and k).

2.5. The catalyst for superoxide dismutase within
mitochondria

Manganese. Manganese (Mn) is a vital trace element essen-
tial for human health, primarily acting as an activator for
various enzymes."** Through coordination with tannic acid, Mn
enhances its antioxidant activity, acts as a catalyst for super-
oxide dismutase (Mn-SOD), efficiently scavenges mitochon-
drial ROS, restores mitochondrial function, reduces oxidative
stress, and supports IVD cell viability and tissue regeneration**
(Fig. 4a and b). Moreover, Mn targets mitochondria via a
metal-phenolic network (tannic acid-Mn-polyvinylpyrrolidone,
TMP) to scavenge ROS, inhibit pyroptosis, and reduce extra-
cellular matrix (ECM) degradation in IVDD* (Fig. 4c-e).
Carbonized manganese nanodots (MCDs) function as ROS-
scavenging nanozymes to inhibit pyroptosis in nucleus pulpo-
sus cells, offering an effective strategy for IVDD attenuation®®
(Fig. 4f and g).

2.6. The ability to overcome the hostile inflammatory
environment during IVDD

Palladium NPs. Palladium (Pd) primarily serves as an anti-
inflammatory and antioxidant in biomaterials research. It
modulates the inflammatory microenvironment, reduces oxi-
dative stress, enhances cell survival, and promotes tissue
repair.*’*° Furthermore, Pd supports the proliferation and
differentiation of endogenous stem cells, improves the
mechanical properties of biomaterials, and stimulates tissue
regeneration. By modifying Pd hydride (PdH) nanostructures,
Pd exerts significant anti-inflammatory and antioxidant
effects, improving the inflammatory microenvironment in
IVDD, promoting the survival of endogenous stem cells, and
facilitating disc regeneration® (Fig. 4h).

2.7. Promoting crosslinking of the oxidized sodium alginate
molecular chain

Zinc. Zinc (Zn), an essential trace element, exhibits potent
antimicrobial properties and enhances the mechanical
strength and biocompatibility of Zn-based biohydrogels.®" A
previous study®®> found that Zn could facilitate the cross-
linking of oxidized sodium alginate (OSA) molecular chains,
thereby improving the hydrogel’s mechanical properties and
promoting its affinity with nucleus pulposus tissues.
Additionally, Zn provides stable antimicrobial effects within
the Zn-containing platform, supporting the maintenance of
extracellular matrix metabolic balance, thus aiding in the
repair of IVDD (Fig. 4i).

3. Conclusions and outlook

In recent years, biomaterials have garnered considerable atten-
tion in the treatment of IVDD, a prevalent age-related degen-
erative condition characterized by nucleus pulposus degener-
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ation, annulus fibrosus rupture, and cartilage endplate calcifi-
cation, resulting in severe LBP.>® Given the complex structure
of the IVD and its limited self-repair capacity, the application
of biomaterials offers a promising therapeutic strategy.
Previous research has shown that biodegradable hydrogels,
nanomaterials, and composites can facilitate the growth and
repair of IVD cells and enhance the disc microenvironment.
For instance, hyaluronic acid,’* gelatin,>® and polymer-based
hydrogels demonstrate excellent cellular compatibility,
mechanical properties, and the ability to release growth
factors, anti-inflammatory molecules, and other bioactive com-
pounds, thereby supporting disc repair in preclinical studies.
Moreover, integrating metal ions, nanozymes, and bioactive
molecules has significantly enhanced these hydrogels’ anti-
oxidant, anti-inflammatory, and cellular activity regulation
properties.

Life processes result from intricate interactions among bio-
active substances engaged in chemical reactions, where metal
ions play a pivotal role. These ions are omnipresent and are
indispensable components of all life forms, contributing sig-
nificantly to fundamental biological processes and maintain-
ing human homeostasis.’® As efficient catalysts, metal ions are
central to metabolic reactions, driving essential biochemical
pathways. Metal ions and their oxides find extensive appli-
cation in tissue engineering and regenerative medicine due to
their multifunctional properties, including antibacterial, anti-
oxidant, and cell proliferation-promoting effects. They contrib-
ute to enhancing mechanical properties, regulating biological
signaling pathways, facilitating tissue regeneration, and con-
trolling drug release in biomaterials. Besides, numerous
enzymes depend on metal ions to sustain their catalytic
activity, highlighting their indispensable role in biological and
therapeutic processes. Research has shown that over half of
metabolic pathways rely on metal ions, underscoring their
vital role in cellular function. For example, Mn>" and Zn*" are
essential cofactors for various glycosylases located in the Golgi
apparatus, and their balanced homeostasis is critical for the
proper functioning and stress response of this organelle.””"*
Given their significance in maintaining tissue homeostasis,
exogenous metal ions have the potential to act as therapeutic
agents, promoting tissue healing and regeneration. While the
application of metal ions in bone tissue engineering has
attracted growing interest, their potential in addressing IVDD
remains largely underexplored, warranting further investi-
gation into their therapeutic efficacy and mechanisms.
Mechanistically, metal NPs exert therapeutic effects in IVDD
by modulating multiple intracellular signaling pathways. For
instance, manganese-based NPs attenuate oxidative stress-
induced nucleus pulposus cell degeneration by scavenging
ROS and inhibiting the activation of the ERK pathway, thereby
suppressing downstream pro-inflammatory cytokines such as
IL-17.*° Tron oxide nanozymes have also been shown to inter-
fere with the MAPK cascade, particularly by downregulating
phosphorylated p38, thus reducing ECM degradation and
apoptosis.’® Additionally, certain metal ions (e.g;, Mg>")
released from biodegradable nanocarriers can activate the

This journal is © The Royal Society of Chemistry 2025
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PI3K/Akt/mTOR signaling axis, promoting nucleus pulposus
cell survival and autophagy while mitigating mitochondrial
dysfunction.?® These multifaceted regulatory effects highlight
the potential of metal NPs to restore homeostasis in the degen-
erative disc microenvironment.

Biomaterials, especially those enhanced with metal ions,
hold significant promise for advancing the treatment of IVDD.
These materials, including biodegradable hydrogels, nano-
materials, and composites, have demonstrated considerable
potential in fostering cell proliferation, improving mechanical
properties, and modulating biological processes within the
IVD microenvironment. By addressing the challenges of IVDD
through such innovative strategies, the future of treatment
approaches appears highly promising. Metal ions enhance the
mechanical strength and biocompatibility of biomaterials,
while simultaneously supporting tissue regeneration and
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Minireview

enabling controlled drug release. With continued progress in
tissue engineering and regenerative medicine, future research
is expected to emphasize the creation of hybrid biomaterials
that integrate the distinct advantages of metal ions with soph-
isticated drug delivery systems, potentially transforming thera-
peutic strategies for IVDD. These systems can potentially
provide more effective solutions for overcoming the intricate
challenges of IVDD by promoting tissue regeneration and pre-
venting further degeneration. Furthermore, combining metal
ion-based therapies with stem cell-based approaches offers sig-
nificant promise for restoring IVD function and mitigating the
chronic pain commonly associated with IVDD. Emerging
hypotheses suggest that metal NPs may modulate redox signal-
ing, inhibit ferroptosis, and reprogram nucleus pulposus cell
fate. Future studies should explore their integration with gene
editing or exosomal delivery systems to enable targeted, regen-

Table 1 Some recently reported examples of metals for the treatment of IVDD

Published
Metal Material style Characteristics Application year Ref.
Mg (1) An injectable, self-healable, and (1) The localized celecoxib delivery system for nucleus (1) IVD (1) 2024 (1) 22
shear-thinning hybrid GEL-QCS-LAP  pulpous repair
hydrogel
(2) Magnesium boride-alginate (2) Ameliorating the local aging microenvironment (2) IVvD (2) 2024 (2)23
(MB-ALG) hydrogels and reinstating normal functionality in senescent cells
(3) A ROS-responsive magnesium- (3) Alleviating IVDD through controlled release of (3)IVD (3) 2023 (3)24
containing microsphere (Mg@PLPE  hydrogen gas
MS)
(4) A keep-charging hydrogel (4) An ideal platform for the nucleus pulposus cells to  (4) IVD (4) 2023 (4) 25
microsphere grow on
Ce A composite hydrogel integrating Eliminate ROS and induce anti-inflammatory M2 type =~ AF 2023 33
ceria and TGF-B3 macrophage polarization
Cu A metal polyphenol particles PG@Cu-FP exhibits enhanced escape from lysosomal  IVD 2023 35
(PG@Cu-FP) capture, enabling efficient targeting of mitochondria
to scavenge excess reactive oxygen species
Fe (1) An electromagnetic field and (1) Delivering miR-21 into bone marrow mesenchymal (1) Various (1) 2023 (1) 39
iron oxide NPs stem cells and HUVECs promoted osteogenesis and orthopaedic
angiogenesis diseases
(2) An intelligent hydrogen (2) Releasing H, in response to the unique micro- (2) IVD (2) 2024 (2) 40
nanogenerator (Fe@HP-OD) environment in degenerated IVDs
(3) A dual-functional greigite (3) Scavenging ROS (3)IVD (3) 2023 (3)41
nanozyme
(4) The glutathione doped carbon (4) Scavenging ROS (4) IVD (4) 2024 (4) 42
dots
Al An injectable, self-healable, and The localized celecoxib delivery system for nucleus VD 2024 22
shear-thinning hybrid GEL-QCS-LAP  pulpous repair
hydrogel
Mn (1) Polygallic acid-manganese NPs (1) Scavenging mROS and restore the mitochondrial (1) IVvD (1) 2024 (1) 44
function after targeting the Mitochondria
(2) A metalphenolic network release  (2) Released from the platform targeted mitochondria  (2) IVD (2) 2024 (2) 45
platform to efficiently scavenge ROS and reduce ECM
degradation
(3) Carbonized Mn containing (3) ROS-scavenging and suppressing pyroptosis of NP (3) IVD (3) 2024 (3) 46
nanodots cells to alleviate IVDD
Pd A super paramagnetically- PdH modification provided an anti-inflammatory VD 2023 50
responsive cellular gel microenvironment, optimizing the healing outcome
of IVD
Zn A high-strength biohydrogel based ZOG loaded with AM (ZOGA) exhibits hygroscopicity, IVD 2023 52
on zinc-oxidized sodium alginate— antibacterial activity, biocompatibility, and
gelatin (ZOG) biodegradability, forming a high-strength collagen
network that improves the mechanical properties of
the IVD
Magnesium: Mg, cerium: Ce, copper: Cu, iron: Fe, aluminum: Al, manganese: Mg, palladium: Pd, zinc: Zn
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erative disc therapy. Future research should focus on refining
these strategies to optimize therapeutic outcomes. Despite
notable advancements, further investigation is required to
optimize the clinical application of these materials, particu-
larly concerning their long-term efficacy, biodegradability, and
in vivo safety. Incorporating metal ions into IVDD therapy pre-
sents promising opportunities for developing non-invasive,
regenerative treatments, potentially revolutionizing the clinical
management of this challenging condition. To comprehen-
sively assess long-term biosafety, we recommend implement-
ing chronic in vivo toxicity evaluations, employing advanced
imaging techniques for nanoparticle tracking, and conducting
systematic histological analyses over extended periods. For
delivery system optimization, we propose the development of
stimuli-responsive carriers and the incorporation of disc-tar-
geting modifications (e.g., peptide ligands). These proposed
methodological advancements are designed to bridge existing
translational gaps, improve clinical applicability, and systema-
tically address current technical barriers in the field.
Additionally, to facilitate clinical translation, future studies
should optimize the metabolic clearance and biosafety of
metal NPs. Engineering biodegradable, renally excretable plat-
forms and conducting long-term in vivo safety evaluations will
be critical to ensure the therapeutic feasibility in IVDD.

Although most current studies on metal-based NPs in IVDD
are confined to in vitro or small animal models, emerging
translational efforts indicate growing clinical interest. For
instance, IONPs have shown promise in modulating inflam-
mation and oxidative stress in disc cells, and several early-
phase clinical trials have evaluated their safety in related mus-
culoskeletal applications such as osteoarthritis.>> Gold®® NPs
are also under investigation for their anti-inflammatory and
antimicrobial properties, with ongoing translational studies
aiming to develop injectable formulations for spinal disorders.
While direct clinical trials for metal-based NPs specifically tar-
geting IVDD remain scarce, these efforts highlight the thera-
peutic potential and future directions of nanomedicine in disc
degeneration. Continued optimization of biocompatibility, tar-
geting specificity, and delivery systems will be critical for suc-
cessful clinical translation.

This review offers a detailed overview of research conducted
in the past three years on using metal ions and their oxide NPs
in IVDD treatment. It underscores the multifaceted roles of
metal ions such as Mg, Ce, Cu, Fe, Al, Mn, Pd, and Zn in modu-
lating the pathophysiology of IVDD (Table 1). These ions influ-
ence key cellular processes, including reducing oxidative stress,
anti-inflammatory effects, extracellular matrix remodeling, and
promoting cellular proliferation and differentiation. Importantly,
this review critically evaluates the potential of these metal-based
therapies to enhance tissue repair and regeneration in IVDD.

Author contributions

Long Zhang: writing - original draft, investigation, conceptualiz-
ation, data curation, formal analysis, funding acquisition.

15614 | Nanoscale, 2025, 17, 15605-15616

View Article Online

Nanoscale

Haijiang Ren and Fang Cai: formal analysis, investigation. Bin Ru,
Nannan Zhang, Wenlong Liu, and Wenjun Cai: methodology, vali-
dation. Yun Xu: Resources. Xiang Wu: software. Shibo Wang: visu-
alization. Han Zhang: writing - review & editing, project adminis-
tration. Han Zhang, Shun Li, and Xiangdong Kong: writing —
review & editing, supervision, project administration.

Data availability

Permission has been acquired for the use of all figures’ copy-
right in this review.

This is a review paper. No primary research results, software
or code have been included and no new data were generated or
analysed as part of this review. This review cited some data
from published papers, and matched data can be obtained
from the matched published papers.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the medical and health research
project of Zhejiang province (No. 2024KY1497), Zhejiang
Province Medicine Science and Technology Project (No.
2021KY487) and Zhejiang Provincial Postdoctoral Research
Project Selective Support Program (Z]J2024104).

References

1 G. B. Andersson, Epidemiological features of chronic low-
back pain, Lancet, 1999, 354(9178), 581-585.

2 A. Wu, W. Dong, S. Liu, J. P. Y. Cheung, K. Y. H. Kwan,
X. Zeng, et al., The prevalence and years lived with disabil-
ity caused by low back pain in China, 1990 to 2016: find-
ings from the global burden of disease study 2016, Pain,
2019, 160(1), 237-245.

3 R. W. Zingg and R. Kendall, Obesity, Vascular disease, and
lumbar disk degeneration: associations of comorbidities in
low back pain, PM&R, 2017, 9(4), 398-402.

4 Y. Song, S. Lu, W. Geng, X. Feng, R. Luo, G. Li, et al.,
Mitochondrial quality control in intervertebral disc
degeneration, Exp. Mol. Med., 2021, 53(7), 1124-1133.

5 G. Li, W. Zhang, H. Liang and C. Yang, Epigenetic regu-
lation in intervertebral disc degeneration, Trends Mol. Med.,
2022, 28(10), 803-805.

6 L. Frapin, J. Clouet, V. Delplace, M. Fusellier, J. Guicheux
and C. Le Visage, Lessons learned from intervertebral disc
pathophysiology to guide rational design of sequential
delivery systems for therapeutic biological factors, Adv.
Drug Delivery Rev., 2019, 149-150, 49-71.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr05504g

Published on 15 Mee 2025. Downloaded on 16.03.26 17:44.43.

Nanoscale

7

10

11

12

13

14

15

16

17

18

19

E. Kague, F. Turci, E. Newman, Y. Yang, K. R. Brown,
M. S. Aglan, et al., 3D assessment of intervertebral disc
degeneration in zebrafish identifies changes in bone
density that prime disc disease, Bone Res., 2021, 9(1), 39.

K. Sun, J. Jiang, Y. Wang, X. Sun, J. Zhu, X. Xu, et al., The
role of nerve fibers and their neurotransmitters in regulat-
ing intervertebral disc degeneration, Ageing Res. Rev., 2022,
81,101733.

Q. Meng, E. Xie, H. Sun, H. Wang, J. Li, Z. Liu, et al., High-
strength smart microneedles with “offensive and defensive”
effects for intervertebral disc repair, Adv. Mater., 2024,
36(2), €2305468.

J. Chen, X. Gan, S. Su, S. Jiao, Z. Gong, Z. Liu, et al,
Conditional sequential delivery of ginkgetin and rapamycin
orchestrates inflammation and autophagy to alleviate inter-
vertebral disc degeneration, J. Controlled Release, 2025, 381,
113556.

X. Yang, Y. Chen, J. Guo, J. Li, P. Zhang,
H. Yang, et al., Polydopamine nanoparticles targeting fer-
roptosis mitigate intervertebral disc degeneration via reac-
tive oxygen species depletion, iron ions chelation, and
GPX4 ubiquitination suppression, Adv. Sci., 2023, 10(13),
€2207216.

R. Kelsey, Targeting NP cell senescence in IVDD, Nat. Rev.
Rheumatol., 2024, 20(4), 197.

L. Sun, X. Chen, R. Chen, Z. Ji, H. Mu, C. Liu, et al,
Balancing the antibacterial and osteogenic effects of
double-layer TiO, nanotubes loaded with silver nano-
particles for the osseointegration of implants, Nanoscale,
2023, 15(6), 2911-2923.

S. Awasthi, S. K. Pandey, H. J. Shwetha and S. S. Nehal,
Tough, durable and strongly bonded self-healing cartilage-
mimicking noncovalently assembled hydrogel nano-
structures: the interplay between experiment and theory,
Nanoscale, 2025, 17(3), 1616-1643.

E. J. Ryan, A. J. Ryan, A. Gonzalez-Vazquez, A. Philippart,
F. E. Ciraldo, C. Hobbs, et al., Collagen scaffolds functiona-
lised with copper-eluting bioactive glass reduce infection
and enhance osteogenesis and angiogenesis both in vitro
and in vivo, Biomaterials, 2019, 197, 405-416.

M. Yin, Z. Liu, Z. Sun, X. Qu, Z. Chen, Y. Diao, et al,
Biomimetic scaffolds regulating the iron homeostasis for
remolding infected osteogenic microenvironment, Adv.
Sci., 2024, 11(44), e2407251.

H. Lin, S. Shi, X. Lan, X. Quan, Q. Xu, G. Yao, et al,
Scaffold 3D-printed from metallic nanoparticles-containing
ink simultaneously eradicates tumor and repairs tumor-
associated bone defects, Small Methods, 2021, 5(9),
€2100536.

Q. Zhao, Y. Ni, H. Wei, Y. Duan, J. Chen, Q. Xiao, et al., Ton
incorporation into bone grafting materials, Periodontology
2000, 2024, 94(1), 213-230.

M. A. Lopez-Ramirez, F. Soto, C. Wang, R. Rueda,
S. Shukla, C. Silva-Lopez, et al., Built-in active microneedle
patch with enhanced autonomous drug delivery, Adv.
Mater., 2020, 32(1), e1905740.

This journal is © The Royal Society of Chemistry 2025

20

21

22

23

24

25

26

27

28

29

30

31

32

33

View Article Online

Minireview

U. Grober, Magnesium and drugs, Int. J. Mol. Sci., 2019,
20(9), 2094.

Y. Xiong, Z. Lin, P. Bu, T. Yu, Y. Endo, W. Zhou, et al, A
whole-course-repair system based on neurogenesis-angio-
genesis crosstalk and macrophage reprogramming pro-
motes diabetic wound healing, Adv. Mater., 2023, 35(19),
€2212300.

M. Nezadi, H. Keshvari, F. Shokrolahi and P. Shokrollahi,
Injectable, self-healing hydrogels based on gelatin, quater-
nized chitosan, and LAPONITE® as localized celecoxib
delivery system for nucleus pulpous repair, Int. J. Biol.
Macromol., 2024, 266, 131337.

Y. Han, D. Zheng, Y. Ji, Y. Feng, Z. Chen, L. Chen, et al,
Active magnesium boride/alginate hydrogels rejuvenate
senescent cells, ACS Nano, 2024, 18(34), 23566-23578.

T. Zhang, Y. Wang, R. Li, ]J. Xin, Z. Zheng, X. Zhang, et al.,
ROS-responsive magnesium-containing microspheres for
antioxidative treatment of intervertebral disc degeneration,
Acta Biomater., 2023, 158, 475-492.

Y. Tang, K. Zhang, H. Zhou, C. Zhang, Z. Liu, H. Chen,
et al., Transplantation of active nucleus pulposus cells with
a keep-charging hydrogel microsphere system to rescue
intervertebral disc degeneration, J. Nanobiotechnol., 2023,
21(1), 453.

C. Lin, J. S. D. Peiaranda, J. Dendooven, C. Detavernier,
D. Schaubroeck, N. Boon, et al., UV photonic integrated cir-
cuits for far-field structured illumination autofluorescence
microscopy, Nat. Commun., 2022, 13(1), 4360.

H. Agbe, D. K. Sarkar and X. G. Chen, Anodized aluminum
surface with topography-mediated antibacterial properties,
ACS Biomater. Sci. Eng., 2022, 8(3), 1087-1095.

B. Cui, J. Li, H. Wang, Y. Lin, Y. Shen, M. Li, et al,
Mechanical properties of polymer-infiltrated-ceramic
(sodium aluminum silicate) composites for dental restor-
ation, J. Dent., 2017, 62, 91-97.

H. ]J. Kwon, M. Y. Cha, D. Kim, D. K. Kim, M. Soh, K. Shin,
et al., Mitochondria-targeting ceria nanoparticles as antiox-
idants for Alzheimer’s disease, ACS Nano, 2016, 10(2),
2860-2870.

J. W. Kim, C. Mahapatra, J. Y. Hong, M. S. Kim,
K. W. Leong, H. W. Kim, et al., Functional recovery of con-
tused spinal cord in rat with the injection of optimal-
dosed cerium oxide nanoparticles, Adv. Sci., 2017, 4(10),
1700034.

Y. E. Kim, S. W. Choi, M. K. Kim, T. L. Nguyen and J. Kim,
Therapeutic hydrogel patch to treat atopic dermatitis by
regulating oxidative stress, Nano Lett., 2022, 22(5), 2038-
2047.

H. J. Kwon, D. Kim, K. Seo, Y. G. Kim, S. I. Han, T. Kang,
et al., Ceria nanoparticle systems for selective scavenging of
mitochondrial, intracellular, and extracellular reactive
oxygen species in Parkinson’s disease, Angew. Chem., Int.
Ed., 2018, 57(30), 9408-9412.

F. Han, Z. Tu, Z. Zhu, D. Liu, Q. Meng, Q. Yu, et al,
Targeting endogenous reactive oxygen species removal and
regulating regenerative microenvironment at annulus fibro-

Nanoscale, 2025, 17,15605-15616 | 15615


https://doi.org/10.1039/d4nr05504g

Published on 15 Mee 2025. Downloaded on 16.03.26 17:44.43.

Minireview

34

35

36

37

38

39

40

41

42

43

44

45

46

sus defects promote tissue repair, ACS Nano, 2023, 17(8),
7645-7661.

B. Zhang, Y. Qin, L. Yang, Y. Wu, N. Chen, M. Li, et al, A
polyphenol-network-mediated coating modulates inflam-
mation and vascular healing on vascular stents, ACS Nano,
2022, 16(4), 6585-6597.

H. Zhou, Q. Qian, Q. Chen, T. Chen, C. Wu, L. Chen, et al,
Enhanced mitochondrial targeting and inhibition of pyropto-
sis with multifunctional metallopolyphenol nanoparticles in
intervertebral disc degeneration, Small, 2024, 20(13), €2308167.
A. S. Wahajuddin, Superparamagnetic iron oxide nano-
particles: magnetic nanoplatforms as drug carriers,
Int. J. Nanomed., 2012, 7, 3445-3471.

T. Saliev, Z. Mustapova, G. Kulsharova, D. Bulanin and
S. Mikhalovsky, Therapeutic potential of electromagnetic
fields for tissue engineering and wound healing, Cell
Proliferation, 2014, 47(6), 485-493.

C. Planck, O. Zelphati and O. Mykhaylyk, Magnetically
enhanced nucleic acid delivery. Ten years of magnetofec-
tion-progress and prospects, Adv. Drug Delivery Rev., 2011,
63(14-15), 1300-1331.

T. Wang, H. Zhao, S. Jing, Y. Fan, G. Sheng, Q. Ding, et al.,
Magnetofection of miR-21 promoted by electromagnetic
field and iron oxide nanoparticles via the p38 MAPK
pathway contributes to osteogenesis and angiogenesis for
intervertebral fusion, J. Nanobiotechnol., 2023, 21(1), 27.

Y. Ji, Y. Hu, Y. Feng, L. Liu, Z. Chen, H. Shen, et al,
Mitochondrial ‘Birth-Death’ coordinator: an intelligent
hydrogen nanogenerator to enhance intervertebral disc
regeneration, Biomaterials, 2025, 313, 122764.

Y. Shi, H. Li, D. Chu, W. Lin, X. Wang, Y. Wu, et al,
Rescuing nucleus pulposus cells from senescence via dual-
functional greigite nanozyme to alleviate intervertebral disc
degeneration, Adv. Sci., 2023, 10(25), e2300988.

W. Bu, Y. Shi, X. Huang, S. Wu, L. Jiang, C. Pan, et al.,
Rescue of nucleus pulposus cells from an oxidative stress
microenvironment via glutathione-derived carbon dots to
alleviate intervertebral disc degeneration,
J. Nanobiotechnol., 2024, 22(1), 412.

K. Jomova, M. Makova, S. Y. Alomar, S. H. Alwasel,
E. Nepovimova, K. Kuca, et al., Essential metals in health
and disease, Chem.-Biol. Interact., 2022, 367, 110173.

Q. Chen, Q. Qian, H. Xu, H. Zhou, L. Chen, N. Shao, et al.,
Mitochondrial-targeted metal-phenolic nanoparticles to
attenuate intervertebral disc degeneration: alleviating oxi-
dative stress and mitochondrial dysfunction, ACS Nano,
2024, 18(12), 8885-8905.

H. Zhou, J. He, R. Liu, J. Cheng, Y. Yuan, W. Mao, et al.,
Microenvironment-responsive ~ metal-phenolic  network
release platform with ROS scavenging, anti-pyroptosis, and
ECM regeneration for intervertebral disc degeneration,
Bioact. Mater., 2024, 37, 51-71.

K. Sun, C. Yan, X. Dai, Y. Shi, F. Li, L. Chen, et al., Catalytic
nanodots-driven pyroptosis suppression in nucleus pulpo-
sus for antioxidant intervention of intervertebral disc
degeneration, Adv. Mater., 2024, 36(19), e2313248.

15616 | Nanoscale, 2025, 17, 15605-15616

47

48

49

50

51

52

53

54

55

56

57

58

59

60

View Article Online

Nanoscale

Y. Jin, Y. Jing, C. Li, M. Li, W. Wu, Z. Ke, et al., Palladium-
catalysed selective oxidative amination of olefins with
Lewis basic amines, Nat. Chem., 2022, 14(10), 1118-1125.

P. Wang, J. Li, S. Li, Y. Liu, J. Gong, S. He, et al., Palladium-
reduced graphene oxide nanocomposites enhance neurite
outgrowth and protect neurons from Ishemic stroke, Mater.
Today Bio, 2024, 28, 101184.

X. Huang, T. Li, X. Zhang, ]J. Deng and X. Yin, Bimetallic
palladium@copper nanoparticles: Lethal effect on the
Gram-negative bacterium Pseudomonas aeruginosa, Mater.
Sci. Eng., C, 2021, 129, 112392.

B. Xue, Y. Peng, Y. Zhang, S. Yang, Y. Zheng, H. Hu, et al, A
novel superparamagnetic-responsive hydrogel facilitates
disc regeneration by orchestrating cell recruitment, pro-
liferation, and differentiation within hostile inflammatory
niche, Adv. Sci., 2024, 11(44), e2408093.

X. Chen, B. Tan, S. Wang, R. Tang, Z. Bao, G. Chen, et al.,
Rationally designed protein cross-linked hydrogel for bone
regeneration via synergistic release of magnesium and zinc
ions, Biomaterials, 2021, 274, 120895.

T. Chen, Q. Qian, P. Makvandi, E. N. Zare, Q. Chen,
L. Chen, et al., Engineered high-strength biohydrogel as a
multifunctional platform to deliver nucleic acid for ameli-
orating intervertebral disc degeneration, Bioact. Mater.,
2023, 25, 107-121.

J. C. Iatridis, S. B. Nicoll, A. J. Michalek, B. A. Walter and
M. S. Gupta, Role of biomechanics in intervertebral disc
degeneration and regenerative therapies: what needs
repairing in the disc and what are promising biomaterials
for its repair?, Spine, 2013, 13(3), 243-262.

J. Chen, H. Zhu, Y. Zhu, C. Zhao, S. Wang, Y. Zheng, et al.,
Injectable self-healing hydrogel with siRNA delivery property
for sustained STING silencing and enhanced therapy of inter-
vertebral disc degeneration, Bioact. Mater., 2021, 9, 29-43.

Z. Chen, Z. Lv, Y. Zhuang, Q. Saiding, W. Yang, W. Xiong,
et al., Mechanical signal-tailored hydrogel mcrospheres
recruit and train stem cells for precise differentiation, Adv.
Mater., 2023, 35(40), €2300180.

Y. Y. Zhang, X. S. Li, K. D. Ren, J. Peng and X. J. Luo,
Restoration of metal homeostasis: a potential strategy against
neurodegenerative diseases, Ageing Res. Rev., 2023, 87, 101931.
T. Kosuth, A. Leskova, L. Castaings and C. Curie, Golgi in
and out: multifaceted role and journey of manganese, New
Phytol., 2023, 238(5), 1795-1800.

H. B. Bui, S. Watanabe, N. Nomura, K. Liu, T. Uemura,
M. Inoue, et al., Cryo-EM structures of human zinc trans-
porter ZnT7 reveal the mechanism of Zn** uptake into the
Golgi apparatus, Nat. Commun., 2023, 14(1), 4770.

J. Wu, C. Wu, Z. Cai, H. Gu, L. Liu, C. Xia, et al., Ultra-
small superparamagnetic iron oxide nanoparticles for
intra-articular targeting of cartilage in early osteoarthritis,
Regener. Biomater., 2023, 10, rbad052.

J. Bradley, S. A. Grant, D. Grant, F. M. Pfeiffer and
J. Brockman, Development and characterization of a AuNP-
genipin-viscoelastic collagen material, J. Biomater. Appl.,
2023, 38(1), 85-96.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr05504g

	Button 1: 


