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A B S T R A C T   

Intervertebral disc degeneration (IVDD) can be caused by aging, injury, and genetic factors. The pathological 
changes associated with IVDD include the excessive accumulation of reactive oxygen species (ROS), cellular 
pyroptosis, and extracellular matrix (ECM) degradation. There are currently no approved specific molecular 
therapies for IVDD. In this study, we developed a multifunctional and microenvironment-responsive metal- 
phenolic network release platform, termed TMP@Alg-PBA/PVA, which could treat (IL-1β)-induced IVDD. The 
metal-phenolic network (TA-Mn-PVP, TMP) released from this platform targeted mitochondria to efficiently 
scavenge ROS and reduce ECM degradation. Pyroptosis was suppressed through the inhibition of the IL-17/ERK 
signaling pathway. These findings demonstrate the versatility of the platform. And in a rat model of IVDD, 
TMP@Alg-PBA/PVA exhibited excellent therapeutic effects by reducing the progression of the disease. 
TMP@Alg-PBA/PVA, therefore, presents clinical potential for the treatment of IVDD.   

1. Introduction 

Over two-thirds of the global population suffers from neck, shoulder, 
or lower back pains, which can negatively affect quality of life and 
health and impose socioeconomic burdens [1]. Intervertebral disc 
degeneration (IVDD) is a leading cause of these pains. Although con
servative therapies can effectively alleviate pain, they do not slow the 
progression of IVDD [2]. Surgical interventions may increase the pres
sure on adjacent discs and exacerbate the risk of adjacent segment 

disease [3]. Hundreds of clinical trials have been conducted to test drug 
candidates for the treatment of IVDD, but few have resulted in marked 
improvements in the disease. IVDD is a complex disease characterized 
by an array of pathological changes; therefore, single-target treatments 
are insufficient. Thus, for the effective treatment of IVDD, multi-target 
drug therapies need be urgently developed. 

A growing body of evidence has suggested that IVDD is strongly 
associated with oxidative stress production, cellular pyroptosis, and 
extracellular matrix (ECM) degradation. Excess reactive oxygen species 
(ROS), mainly produced by mitochondria, may cause tissue damage 
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through oxidation reactions and initiation of inflammatory cascades. 
The imbalance between ROS production and clearance has been asso
ciated with poor prognoses in patients with IVDD [4]. The removal of 
excess ROS reduces the risk of IVDD [5,6]. Pyroptosis, a 
pro-inflammatory programmed cell death process, which can be induced 
by the inflammatory factor IL-1β and lipopolysaccharide. The contin
uous accumulation of inflammatory factors at the onset of IVDD has 
been found to induce pyroptosis in nucleus pulposus cells (NPCs) [7]. 
Upon the activation of cellular pyroptosis, caspase-1 cleaves the GSDMD 
protein into two structural domains: the N-terminus and C-terminus. The 
N-terminal domain of GSDMD (GSDMD-NT) binds to and perforates the 
plasma membrane, leading to cell membrane cleavage and cell death 
and ultimately causing the release of more pro-inflammatory cytokines 
[8]. In addition, ECM degradation in the inflammatory environment 
greatly contributes to IVDD progression [9]. In degenerating nucleus 
pulposus tissues with IVDD, type II collagen (Col-II) gradually trans
forms into type I collagen, and ECM-degrading enzymes are continu
ously secreted to promote tissue degeneration [10]. Given the critical 
roles of ROS, cellular pyroptosis, and the ECM in the pathogenesis of 
IVDD, the development of drugs that can simultaneously act on these 
targets is urgently needed to improve treatments for IVDD. 

Several antioxidants have been developed to treat ROS-related dis
eases [11–13], including IVDD [14]; however, nanomaterials are more 
practical because of their better stability under physiological conditions, 
improved drug utilization, and longer-lasting effects than that of 
small-molecule compounds [15]. In addition, the use of nanoparticles 
(NPs) as drug delivery platforms is conducive to the use of 
multi-targeted and multifunctional therapies. However, most of the NPs 
that are currently used to treat diseases are metal based and can 
potentially introduce metal toxicity [16]. In addition, the mobility of 
nanosolutions limits their biomedical applications, particularly in disc 
injection therapy. 

Tannic acid (TA), a phenolic hydroxyl-rich bioorganic compound, 
has gained attention owing to its anti-ROS and anti-inflammatory 
properties [17]. Kunzelmann et al. discovered the anti-pyroptotic ef
fects of TA [18]. Recently, Mao et al. attributed this to the ability of TA 
to precisely target the mitochondria to scavenge ROS [19]. Sodium 
alginate (Alg) is a type of polysaccharide with good biocompatibility 
and adhesion, which has been commonly used as medical materials. 
Polyvinyl alcohol (PVA) is a kind of biodegradable polymer with high 

hydrophilicity and good biocompatibility. Phenylboric acid (PBA) is a 
class of Lewis acids, which can react with cis-diol molecules to form 
dynamic borate ester bonds after ionization. Then, the borate ester 
bonds can break in response to ROS [20]. The objectives of the present 
study were to (1) develop a TA-derived metal-phenolic network 
(TA-Mn-PVP, TMP) with efficient ROS-scavenging activity that could 
target mitochondria through a simple self-assembly process using TA, 
manganese, and polyvinylpyrrolidone (PVP) as raw materials, and 
evaluate its efficacy against IL-1β-induced IVDD (Scheme 1); (2) load the 
TMP onto an ROS-responsive release platform (TMP@Alg-PBA/PVA) to 
reduce the possibility of damage to critical sites, such as the spinal cord, 
while efficiently utilizing NPs; and (3) assess the anti-pyroptotic effects 
of the platform and its multifunctional properties to achieve the syner
gistic treatment of IVDD. The study provides evidence of the clinical 
potential of TMP@Alg-PBA/PVA in the synergistic treatment of IVDD 
via on-demand NPs release, scavenging ROS, inhibiting cellular pyrop
tosis and reducing ECM degradation. 

2. Materials and methods 

2.1. Clinical tissue samples 

The experimental protocol was approved by the Ethics Committee of 
the Affiliated Nanhua Hospital, University of South China (2023-KY-61). 
Degenerated nucleus pulposus tissues from patients who had undergone 
IVDD surgery. Nine patients (5 males and 4 females) aged between 36 
and 64 years were included in the study. The selected patients were 
independently diagnosed by two or more experienced associate physi
cians, and the diagnoses were confirmed by a highly qualified chief 
physician. The inclusion criteria included: 1) medical histories and im
aging findings that met the diagnostic criteria and had Pfirrmann ratings 
of III or higher; 2) symptoms that remained unrelieved after more than 3 
months of conservative treatment; 3) informed consent obtained for 
both surgical treatments and participation in the study. The exclusion 
criteria were: 1) infections in the vertebral body or adjacent areas and 2) 
ineligibility for surgery due to other underlying diseases. Preoperative 
information, including magnetic resonance imaging (MRI) examination 
results, was collected from all patients. Nucleus pulposus tissues ob
tained during surgery were promptly fixed with 4% paraformaldehyde. 
Subsequently, the tissues were sectioned, stained, and subjected to semi- 
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quantitative analysis using ImageJ software. 

2.2. Nanoparticle preparation 

Two solutions of TA (Aladdin, Shanghai, China) and MnCl2•4H2O 
(Macklin, Shanghai, China) were initially prepared. MnCl2•4H2O (40 
mg) was dissolved in 8 mL of water, and TA (10 mg) was dissolved in 1 
mL of water. The TA solution was gradually added to the MnCl2•4H2O 
solution at 25 ◦C at a 1:8 vol ratio with vigorous stirring. After 1 h, the 
pH was adjusted to approximately 6.5 using sodium hydroxide to ach
ieve the desired color change. Subsequently, an aqueous solution of PVP 
(Aladdin, Shanghai, China), with a concentration of 66 mg/mL and an 
average molecular weight of 30 kDa, was introduced into the solution 

and subjected to sonication for 10 min. Upon the completion of the re
action, TMP NPs were obtained after centrifugation for 15 min, followed 
by three washes with ultrapure water. 

2.3. Characterization of TMP NPs 

The morphology and elemental composition of the TMP NPs were 
characterized using transmission electron microscopy (TEM; FEI Tecnai 
F20, USA) and scanning electron microscopy (SEM; Zeiss Sigma 300, 
Germany). Fourier transform infrared spectroscopy (FTIR; Thermo 
Fisher Nicolet iN10, USA) was used to observe the coordination between 
TA and Mn2+. The zeta potential and average hydrodynamic particle 
diameter were determined using a Malvern Zetasizer Nano Series 

Scheme 1. Schematic representation of the multifunctional and microenvironment-responsive metal-phenolic network release platform for IVDD treatment. A) 
Preparation process of the nanoparticle-laden ROS-responsive hydrogel platform. B) Application of the TMP@Alg-PBA/PVA release platform to inflamed areas within 
the IVDD. C) Therapeutic mechanisms of the TMP@Alg-PBA/PVA release platform. 
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instrument (Nano ZS90, UK). The chemical composition and ionic 
valence states of TMP were analyzed using X-ray photoelectron spec
troscopy (XPS; ESCALAB250Xi, Thermo Scientific, USA) with an Al Kα 
source (1486.6 eV). The drug content of the TMP NPs was quantified 
using a thermogravimetric analysis (TGA5500). To quantify the man
ganese content in the NPs, TMP was pre-treated with aqua regia, and the 
manganese content was determined using inductively coupled plasma 
mass spectrometry (Agilent 7500C, USA). To observe the stability of the 
NPs, the TA and TMP NPs powders were dissolved in dimethyl sulfoxide 
(DMSO) and simulated body fluid, then placed in sunlight (25 ◦C). Two 
hundred microliters of the solution was collected every 24 h, and the 
remaining TA content was measured using a UV–Vis spectrophotometer. 

2.4. Depletion of ROS by TMP NPs 

The overall antioxidant capacity of the TMP NPs was determined 
using a Total Antioxidant Capacity Assay Kit (ABTS method; Beyotime, 
Shanghai, China). This assay used 2,2′-azino-bis-3-ethylbenzothiazoline- 
6-sulfonic acid (ABTS) as the chromogenic reagent. In the ABTS assay, 
ABTS+• is formed upon oxidation, thus maintaining the stability of 
water or acidic ethanol. The addition of an antioxidant prompts ABTS+•

to react, leading to discoloration [21]. The absorbance of ABTS+• was 
measured at the maximum absorption wavelength (734 nm) using a 
UV–Vis spectrophotometer. In addition, a 2,2-diphenylpicrylhydrazyl 
(DPPH) free radical test solution was prepared by dissolving DPPH in 
ethanol [22]. Varying concentrations of the TMP solution were added to 
the DPPH free radical test solution, followed by a 30 min incubation 
period in the dark. The absorbance at 517 nm was measured to deter
mine the scavenging efficiency. An Fe2+/H2O2 system was used to 
generate •OH. The ability of TMP NPs (50 μg/mL) to quench •OH was 
investigated via electron paramagnetic resonance (EPR), with 5,5-dime
thyl-1-pyrroline N-oxide (DMPO) as the spin probe. The xanthine/x
anthine oxidase (XO) system was used to generate O2•− . The ability of 
the TMP NPs (50 μg/mL) to quench O2•− was then assessed using EPR, 
with DMPO as the O2•− trapping agent. 

2.5. Preparation of the hydrogel 

Two grams of Alg (Macklin, Shanghai, China) and 0.78 g of PBA 
(Aladdin, Shanghai, China) were dissolved in 200 mL of deionized 
water. 1.96 g of EDC-HCl (Aladdin, Shanghai, China) was then added, 
after which the mixture was stirred overnight at 25 ◦C. After the reaction 
had taken place, the mixture underwent a 3 day dialysis period in 
deionized water using dialysis bags, with a molecular weight cut-off of 
8–14 kDa (Biosharp, Beijing, China). The resulting mixture was freeze 
dried to produce Alg-PBA. A specific concentration of the TMP NPs was 
mixed with PVA (Macklin, Shanghai, China) in an aqueous solution and 
sonicated for 10 min. This mixture was added directly to the Alg-PBA 
solution. The hydrogel was formed within a few seconds. Notably, the 
reticulated hydrogel platform exhibited ROS responsiveness through the 
borate bond formed between the PBA and PVA [20]. 

2.6. Characterization of the TMP@Alg-PBA/PVA release platform 

To validate the successful synthesis of the hydrogel and assess its 
rheological properties, FTIR spectroscopy and a rheometer (TA In
struments DHR-2, USA) were used. The hydrogel was freeze-dried for 24 
h, sputter-coated with gold, and examined using SEM (ZEISS Sigma 300, 
Germany) to analyze the microstructure of the material surface. Energy- 
dispersive X-ray spectroscopy (EDS) mapping of the TMP@Alg-PBA/ 
PVA hydrogel was then conducted. The hydrogel system was sequen
tially tested for self-healing, moldability, injectability, and rheology. To 
test the ROS-responsive degradability of the hydrogel system, two 
identical volumes of rhodamine-B pre-stained hydrogels were placed 
into separate containers: one containing phosphate-buffered saline 
(PBS) and the other containing a PBS solution with an H2O2 

concentration of 50 μM, 100 μM, 200 μM and 400 μM. Degradation was 
observed after 0, 12, 24, and 48 h. To study the release kinetics of the 
NPs from this platform, we collected solutions after 0, 10, 20, 40, 60 min 
and 3, 6, 12, 24 h and quantified the samples by measuring the absor
bance with a UV–Vis spectrophotometer (PE lambda 750, USA). 

2.7. Cell preparation and characterization in vitro 

NPCs were obtained from 6-week-old male Sprague-Dawley (SD) rats 
(SJA, Hunan, China). Following isolation, primary cells were cultured in 
complete DMEM/F12 medium (Gibco, USA) and characterized using 
Alcian Blue staining and immunofluorescence with a Col-II antibody 
(Immunoway, Jiangsu, China), as shown in Fig. S1. Subsequent exper
iments used these cells after they had been passaged for three 
generations. 

2.8. Co-culture system and cell viability assessment 

Following the TMP@Alg-PBA/PVA hydrogel treatment, cell viability 
was assessed using a Cell Counting Kit-8 (CCK-8) assay (Beyotime, 
Shanghai, China). Cells were seeded at a density of 5 × 103 cells/well in 
96-well plates (NEST, Jiangsu, China) and cultured with the TMP@Alg- 
PBA/PVA hydrogel extract, which was immersed in DMEM/F12 media 
containing 10% fetal bovine serum (Bioind, Israel) and 1% penicillin/ 
streptomycin (Procell, Wuhan, China) for 24 h. Subsequently, 100 μL of 
fresh complete culture medium, containing 10 μL of the CCK-8 reagent 
was added, and the solution was incubated at 37 ◦C for 2 h. The Blank 
groups contained no cells with the medium and CCK-8 reagents, and the 
Control groups included untreated cells. Cell viability was determined 
by measuring the absorbance at 450 nm using a Thermo Varioskan Flash 
microplate reader. Co-culture experiments were performed using 
Transwell-Permeable Support (Corning Incorporated, USA), with poly
ester membranes consisting of 0.4-μm pore sizes. NPCs at a concentra
tion of 1.5 × 104/mL were placed in the lower chamber, while the 
hydrogel was positioned in the upper chamber. On days 1 and 3, the cells 
were incubated with 250 μL of Calcein-AM/propidium iodide (PI) 
detection working solution (Beyotime, Shanghai, China) for 30 min. 
Subsequently, the cells were examined under a fluorescence microscope. 
Live, intact cells displayed green fluorescence, and cells with damaged 
membranes appeared red. 

2.9. Antioxidant properties, cellular uptake, lysosome escape, and 
mitochondrial targeting 

Intracellular ROS levels were evaluated by staining with 5 μM 
dichloro-dihydro-fluorescein diacetate (DCFH-DA; MCE, USA) for 10 
min, followed by fluorescence microscopy and flow cytometry for 
quantification. Alterations in the mitochondrial membrane potential 
were evaluated using a JC-1 fluorescent probe kit (AbMole, Shanghai, 
China). Observations were made using a Leica N2-Dmi8 fluorescence 
microscope, and a semi-quantitative analysis was performed using 
ImageJ software. To assess the uptake efficiency of TMP by the NPCs, the 
TMP NPs were labeled with CY5 fluorescence (Coolaber, Beijing, China). 
The NPCs were then co-cultured with TMP@Alg-PBA/PVA for different 
time periods and at different TMP concentrations. Subsequently, the 
cells were fixed with 4% paraformaldehyde, rinsed three times with PBS 
and stained with 4′,6-diamidino-2-phenylindole (DAPI; Solarbio, Bei
jing, China) to observe the nuclei. The stained cells were examined using 
a laser confocal microscope with the DAPI excitation wavelength at 350 
nm and the CY5 excitation wavelength at 650 nm. A flow cytometry 
analysis was performed after harvesting cells from six-well plates within 
a designated time frame and with ethylenediaminetetraacetic acid-free 
trypsin digestion. Subsequently, the cells were filtered through a 200- 
mesh sieve into Eppendorf tubes, washed three times with flow buffer, 
and stored at 4 ◦C. Flow cytometry was performed to quantify the 
fluorescence intensity of CY5 in each group. To confirm the location of 
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the TMP NPs in the lysosomes and mitochondrial regions, 2 × 104 cells/ 
well were seeded in 24-well plates. When cellular confluence reached 
70%, co-cultivation was initiated using TMP@Alg-PBA/PVA loaded. 
Lysosomes were stained with a lysosome staining kit (Beyotime, 
Shanghai, China), and the nuclei were stained with Hoechst (Solarbio, 
Beijing, China). The stained samples were subjected to confocal laser 
microscopy (ZEISS LSM 900, Germany), and a co-localization analysis 
was performed using ImageJ. 

2.10. In vitro NPCs pyroptosis model and evaluation of anti-pyroptotic 
effects 

Unlike the conventional use of lipopolysaccharide (LPS) or perox
ides, such as H2O2, as inducers in pyroptosis models, we selected IL-1β as 
the inducer, given the significant role of IL-1β in triggering interverte
bral disc (IVD) pyroptosis [23] and the documented modeling of 
pyroptosis in NPCs by IL-1β [24]. Furthermore, LPS, which originates 
from bacterial cell walls, has been found to induce non-classical 
pyroptosis models [25]. Given that IVDD primarily occurs under 
aseptic conditions and is associated with classical pathway-related 
pyroptosis [26], we excluded LPS. As potent oxidizing agents, perox
ides can directly react with our TMP NPs, which have robust reducing 
properties [27], thereby potentially affecting the modeling process, 
which may obscure the direct effects of the NPs on pyroptosis. There
fore, NPCs were co-cultured with the TMP@Alg-PBA/PVA hydrogel for 
24 h, followed by a 24-h intervention with IL-1β (Novoprotein, 
Shanghai, China). 

The cell status was assessed using a CCK-8 assay, lactate dehydro
genase (LDH) cytotoxicity assay (Beyotime, Shanghai, China), and 
Calcein-AM/PI staining. Immunofluorescence staining was performed to 
evaluate the expression of NLRP3, caspase-1, and GSDMD-NT. Cell slides 
were fixed with 4% paraformaldehyde, permeabilized using 0.5% Triton 
X-100, and blocked with 5% bovine serum albumin. The slides were then 
incubated with primary antibodies targeting NLRP3 (CST, USA), 
caspase-1 (Sigma, USA), and GSDMD-NT (Immunoway, Jiangsu) for 24 
h at 4 ◦C. The following day, the cells were washed with PBS, treated 
with a fluorescent secondary antibody (Immunoway, Jiangsu, China), 
and stained with DAPI. Visualization was performed using confocal laser 
microscopy. Expression analyses of the NLRP3, caspase-1, GSDMD, and 
GSDMD-NT proteins were performed using western blotting with 
GAPDH (Immunoway, Jiangsu) as the reference protein, and the protein 
marker was purchased from Vazyme, MP102-02. Real-time quantitative 
PCR (RT-qPCR) with fluorescence detection was used to measure the 
expression of IL-1β and TNF-α. Relative gene expression was calculated 
using the 2− ΔΔCt method. Gene-specific primers were synthesized by 
Sango Biotech, Shanghai, Chian, as detailed in Table S1. 

2.11. Observation of cell membrane morphology by SEM 

Following fixation with 2.5% glutaraldehyde, the cells underwent a 
series of processing steps. The fixative was discarded, and the samples 
were thoroughly rinsed thrice with PBS, with each wash lasting 15 min. 
Subsequently, the samples were fixed using a 1% osmium solution for 1- 
2 h. After the careful removal of the osmium waste solution, the samples 
underwent three additional rinses with PBS, each lasting 15 min. 
Dehydration was achieved through sequential immersion in graded 
ethanol solutions, including 30%, 50%, 70%, 80%, 90%, and 95%, with 
each concentration applied for 15 min. This was followed by two im
mersions in 100% ethanol, each lasting 20 min. The samples were 
treated with a mixture of ethanol and isoamyl acetate (V/V = 1/1) for 
30 min, followed by treatment with pure isoamyl acetate for 1 h. Critical 
point drying was then performed. Subsequently, the cells were coated 
and visualized using SEM. 

2.12. Transcriptomic analysis 

To assess the gene-level changes in the NPCs, we divided the NPCs 
into two groups: one group received a 40 μg/mL IL-1β treatment (N = 3), 
and the other was co-cultivated with 200 μg/mL TMP@Alg-PBA/PVA 
(N = 3) before the IL-1β treatment. Total RNA was extracted using 
TRIzol Reagent (Invitrogen Life Technologies, USA), and its concentra
tion, quality, and integrity were assessed using a NanoDrop spectro
photometer (Thermo Scientific, USA). High-throughput sequencing was 
performed by Shanghai Personal Biotechnology Co., Ltd. The 
sequencing library was processed using the Illumina NovaSeq 6000 
platform. A differential expression analysis between two comparison 
combinations was performed using DESeq (v1.38.3) software. A Gene 
Ontology (GO) enrichment analysis was conducted using Top GO 
(v2.50.0), and P-values were calculated using the hypergeometric dis
tribution method. Significantly enriched GO terms for the differentially 
expressed genes (DEGs; upregulated or downregulated) were identified 
based on a P-value <0.05. The hypergeometric distribution test was 
applied to the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis. To verify the role of the screened pathways in the 
process of pyroptosis in NPCs， we intervened the NPCs with an IL-17 
inhibitor (MedChemExpress, USA), and subsequently detected the 
expression of the IL-17 signaling pathway-related proteins IL-17A 
(Bioss, Beijing), MEK1/2, pMEK1/2, ERK1/2, and pERK1/2 (Zen-bio, 
Chengdu). 

2.13. Evaluation of ECM degradation 

Immunofluorescence staining was used to assess the expression of 
Col-II and aggrecan (Zen-bio, Sichuan, China) in the NPCs. Western 
blotting was used to evaluate the expression of Col-II, aggrecan, MMP-3 
(Proteintech, Wuhan), MMP-13 (Proteintech, Wuhan), and GAPDH 
(Immunoway, Jiangsu). Subsequently, RT-qPCR with fluorescence 
detection was performed to assess the expression of ECM-related genes. 
Expression was analyzed using the 2− ΔΔCt method. 

2.14. Establishment of IVDD rat models 

Six-week-old male SD rats were used to establish a caudal IVDD 
model. The Ethics Committee of the Department of Animal Experi
mentation at Central South University (CSU-2023-0436) approved the 
animal experimental protocol. The rats were obtained from Hunan Slake 
Jingda Experimental Animal Co., Ltd. Surgical instruments were steril
ized at high temperatures and pressures. After anesthesia, a 5 μL solution 
of IL-1β (40 μg/mL) was injected into the IVD located between the Co7-8 
intervertebral spaces in the tails of the rats, using a 21G needle and 
microsyringe, except sham-operated group. Three days later, the Control 
group received a 10 μL PBS injection, and the Gel group received an 
injection of 10 μL of Alg-PBA/PVA. The Low group was injected with 10 
μL of TMP@Alg-PBA/PVA containing 100 μg/mL of TMP, and the High 
group received an injection of 10 μL of TMP@Alg-PBA/PVA containing 
200 μg/mL of TMP. The rats were euthanized after 4 and 8 weeks, and 
IVD specimens were collected for analysis. 

2.15. Imaging evaluation 

After euthanizing the rats, radiographic and MRI examinations were 
performed on the rat tails. X-ray imaging was used to calculate the 
changes in the disc-height index (DHI) for the treated discs, expressed as 
DHI%, which were then compared to those of the initial undegenerated 
normal discs. MRI assessment-graded disc degeneration was performed 
using the Pfirrmann grading system, which relies on T2-weighted slice 
imaging. 
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2.16. Histological evaluation 

Tissue samples were collected after 4 and 8 weeks, decalcified for 1 
month, and embedded in paraffin. The specimens were sectioned into 3- 
μm slices with a sectioning machine. Internal histological changes in the 
discs were assessed using hematoxylin-eosin (HE) and Safranin O-Fast 
Green staining. Immunohistochemistry was used for the quantitative 
assessment of the ECM, and immunofluorescence was used to measure 
pyroptosis-related protein expression. 

2.17. Statistical analyses 

All quantitative data (N ≥ 3) are expressed as the mean ± standard 
deviation. Data were analyzed using SPSS25, GraphPad Prism, and 
Origin software. Statistical analyses included one-way analysis of vari
ance with Tukey’s multiple comparisons tests to assess intergroup dif
ferences. Statistical significance was defined as P < 0.05. 

3. Results and discussion 

3.1. Observation of the pathological changes in human IVDD tissue 
samples 

To better understand the pathological changes that occur in tissues at 
the onset of IVDD, we collected nucleus pulposus tissues specimens from 
patients with IVDD (Fig. 1A); patient information is shown in Table S2. 
Fig. 1B shows MRI images of the three levels of IVDD, labeled with ar
rows pointing to the degenerate location. As degeneration progresses, 
IVD dehydration worsens, and the T2-weighted signal decreases, even
tually leading to the narrowing or loss of the intervertebral space. 
Safranin O-Fast Green staining revealed decreasing cell numbers in the 
nucleus pulposus tissues and increasing disorganization and fibrosis of 
the ECM as degeneration advanced (Fig. 1C); this result was also 
confirmed using HE staining (Fig. S2). The immunohistochemical and 
semi-quantitative results in Fig. 1D and F shows a significant reduction 
in Col-II and aggrecan protein expression in degenerative IVD tissues 
with high Pfirrmann grades, suggesting tissue water loss and develop
ment of fibrotic lesions. 

As an inflammatory mechanism of cell death, pyroptosis contributes 
to the development of several diseases. To explore the key role of 
pyroptosis in IVDD, the expression of crucial pyroptosis-related proteins, 
including the NLRP3 inflammasome, caspase-1, and IL-1β, was assessed 
in IVD tissues. In tissues categorized according to the Pfirrmann classi
fication, these three proteins were highly expressed in grade V, followed 
by grade IV; the proteins in grade III exhibited the lowest expression 
(Fig. 1E). Additionally, a semi-quantitative analysis of the histological 
findings demonstrated that the increased expression of pyroptotic pro
teins was associated with higher grades (Fig. 1G). These results suggest 
that pyroptosis promotes IVDD progression. ROS, which are closely 
associated with pyroptosis and ECM degradation, have been found to 
play an equally important role in the development of IVDD [28]. The 
presence of ROS promotes cellular pyroptosis and ECM degradation. 
Thus, ROS removal is equally crucial in treating IVDD. 

3.2. Characterization of TMP NPs 

A stable solution of TMP NPs was obtained through the construction 
of a TA-Mn (TM)-coordinated metal-polyphenolic network through the 
self-assembly of Mn2+ with TA, followed by TM surface modification 
with PVP (Fig. 2A). The synthesis step is straightforward, cost-effective, 
and easily executed without the need for a complex environment, such 
as high temperatures or high pressure; hence, it is well-suited for the 
large-scale synthesis [29]. The synthesis was verified by FTIR, and the 
vibrational and substitution bands of the benzene ring appeared near 
1550 cm− 1 and 790 cm− 1, respectively. In addition, the vibrational 
peaks at 1300–1600 cm− 1, 1700 cm− 1, and 3600 cm− 1 corresponded to 

the O–C–O, –C––O, and –O–H functional groups, respectively, confirm
ing the successful synthesis of TMP (Fig. 2B). The shapes and sizes of the 
TMP were determined through SEM and TEM images. The average hy
drodynamic particle diameter was mainly concentrated at approxi
mately 180 nm (Fig. 2C and D). As shown in the elemental mapping 
diagram, the NPs were mainly composed of carbon and oxygen (Fig. 2E). 
The TMP loading content was determined using a thermogravimetric 
analysis, which revealed that the content of organic components in the 
TMP NPs exceeded 73.2% (Fig. 2F). This illustrated the high drug 
loading of the NPs. To study the stabilities of TA and TMP, each was 
dissolved in DMSO and simulated body fluid at 25 ◦C for 23 days, after 
which TA degradation was quantified using a UV–Vis spectrophotom
eter. The degradation of TA in TMP was significantly attenuated, 
thereby effectively preserving the stability of the drug over an extended 
duration. Conversely, TA degraded rapidly in DMSO and simulated body 
fluids (Fig. 2G–S3 and S4). This may have been because the presence of 
manganese and PVP greatly improved the stability of TA, acting as a 
coordinator and increasing bioavailability [30]. 

Zeta potential measurements demonstrated the negatively charged 
nature of the TMP NPs in different solvents. Notably, no significant 
difference in stability was observed between TMP in water and PBS (1x), 
as reflected by zeta values of − 19.1 mV and − 18.5 mV, respectively. 
Although the zeta value slightly increased to − 12 mV in the DMEM/F12 
solution, it still indicated the favorable stability of TMP (Fig. 2H). Full 
scanning spectroscopy confirmed that the TMP NPs were mainly 
composed of carbon (68.88%), oxygen (24.62%), nitrogen (5.88%), and 
manganese (0.6%) (Fig. 2I). Generally, transition metals combined with 
polyphenols to form metal-polyphenolic networks often exhibit un
wanted toxicity owing to the high concentration of toxic metals [31]. 
However, in this study, the synthesized TMP metal-polyphenolic net
works had a low Mn2+ concentration, which minimized the potential 
metal toxicity of the NPs for in vivo application [32–34]. A further 
analysis of the indicated compositions, using XPS, revealed that C––O, 
C–O, and Mn–O species were present in the NPs. The manganese on the 
surface of TMP was predominantly divalent, trivalent, or tetravalent 
(Fig. 2J and K). Notably, studies have shown that the release of Mn2+ can 
accelerate collagen recycling and efficient ECM remodeling [35], and 
the presence of Mn3+ and Mn4+ facilitates efficient ROS elimination 
[36]. In conclusion, the synthesis of TMP is hypotoxic, and its products 
are stable in various solution environments, with high drug loading and 
slow drug degradation rates. 

3.3. ROS-scavenging activity of TMP NPs 

After characterizing the TMP NPs, their ROS-scavenging abilities 
were explored. Radical-scavenging activity was assayed using ABTS and 
DPPH probes. ABTS was oxidized in the presence of (NH4)2S2O8 to 
produce stable ABTS+•, which appeared blue and exhibited a charac
teristic UV–Vis absorbance peak at ~734 nm. The addition of the TMP 
NPs was effective in reducing the UV–Vis absorbance, and the dark blue 
color was further diminished (Fig. 3A). The free radical-scavenging rate 
was assessed, which revealed that more than 70% of free radicals were 
scavenged, following the use of 100 μg/mL TMP NPs (Fig. 3B). DPPH•

had a strong UV–Vis absorbance peak at ~525 nm. Similarly, after in
cubation with the TMP NPs, the UV–Vis absorbance decreased in a 
concentration-dependent manner, and the color of the solution changed 
from purple to orange (Fig. 3C), indicating the gradual scavenging of 
free radicals. Statistical analyses corroborated this observation, 
revealing that TMP at a concentration of 100 μg/mL exhibited DPPH 
removal rates more than four times faster than that at 12.5 μg/mL 
(Fig. 3D). These results suggest that the TMP NPs exhibit a 
concentration-dependent free radical-scavenging rate and ability. 

•OH and O2•− are reactive oxygen radicals that can lead to DNA 
damage and protein breakage, thereby causing tissue damage and 
degeneration [37–39]. Therefore, the scavenging activities of the TMP 
NPs for •OH and O2•− were investigated. An O2•− -generating 
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Fig. 1. Pathological changes in clinical degenerate IVD samples. A) Scheme of the clinical sample collection. B) MRI images categorized as Pfirrmann grades III, IV, 
and V. C) IVD tissue samples stained with Safranin O-Fast Green. D) Histological staining of IVD tissues for an analysis of Col-II and aggrecan expression. E) His
tological staining of IVD specimens for pyroptosis-related proteins NLRP3, caspase-1, and IL-1β. F) Semi-quantitative analysis of Col-II and aggrecan expression. G) 
Semi-quantitative analysis of NLRP3, caspase-1, and IL-1β. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. Pfirrmann grades III. NS vs. Pfirrmann grades III, 
not significant. N = 3. 
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Fig. 2. Synthesis and characterization of TMP NPs. A) Schematic of the synthesis of TMP NPs. B) FTIR spectra displaying TA and TMP patterns. C) SEM image of the 
TMP NPs. D) TEM images of the TMP NPs. Inset: Average hydrodynamic particle diameter of the TMP NPs. E) Elemental mapping microscopy images of the TMP NPs. 
F) Thermogravimetric analysis of the TMP NPs. G）TA and TMP degradation curves. H) Zeta potential values for the TMP NPs in various solvents. I–K) Full scan XPS 
survey spectrum (I) and the high-resolution spectra for the O1s (J) and Mn2p(K) of TMP. N = 3. 
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xanthine/XO system with DMPO was used as the spin probe and the EPR 
method was used to investigate the O2•− scavenging capacity. The 
DMPO/O2•− showed a strong characteristic signal peak of the xanthi
ne/XO system (Fig. 3E); following the addition of the TMP NPs (50 
μg/mL), the signal intensity decreased significantly, indicating that the 
TMP NPs have good O2•− scavenging activity. The •OH depletion ability 
of the TMP NPs was investigated using EPR with DMPO as the probe. 
•OH was initially produced by the Fe2+/H2O2 reaction system, which 

exhibited a clear •OH EPR signal (Fig. 3F). The addition of the TMP NPs 
(50 μg/mL) caused a sharp decrease in the •OH signal intensity, indi
cating that the treatment with low-dose TMP NPs reduced •OH. 

After characterizing the ROS-scavenging performance of the NPs for 
ROS at the chemical level, we observed the ROS-scavenging perfor
mance in cells. The excellent biocompatibility of NPs is a prerequisite 
basis for biological or clinical applications. Previous studies have shown 
that TMP NPs up to 200 μg/mL have little effect on cell viability 

Fig. 3. ROS-scavenging activity of the TMP NPs. A, C) UV–Vis absorbance spectra of (A) ABTS+• and (C) DPPH• exposure with different concentrations of TMP NPs. 
Inset: Photographs of the color of each reaction solution. B, D) Histograms of the scavenging ratios of (B) ABTS+• and (D) DPPH• with different concentrations of 
TMP. E) O2•– and F)⋅OH depletion capacities of the TMP NPs, determined using EPR. G) Flow cytometry results showing the ability of TMP to scavenge ROS after IL- 
1β treatment. H) Alleviation of oxidative stress in NPCs after different treatments monitored by DCFH-DA. I) JC-1 fluorescence was used to monitor mitochondrial 
membrane potential changes in NPCs. Green fluorescence indicates that mitochondrial membrane potential is low, and JC-1 is in a monomer state, while red 
fluorescence indicates that the mitochondrial membrane potential is high, and JC-1 forms aggregates. J) Semi-quantitative analysis of ROS fluorescence performed 
using ImageJ. K) Semi-quantitative analysis of JC-1 mitochondrial membrane potential. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. Blank group. NS vs. 
Blank group, not significant. 
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(Fig. S5). Therefore, we used 200 μg/mL of TMP NPs for the remaining 
experiments. In an inflammatory environment, inflammatory factors 
such as IL-1β can lead to mitochondrial dysfunction, oxidative stress, 
and cellular pyroptosis, which severely impede disc repair [40]. In the 
present study, IL-1β stimulation caused cells to produce excessive ROS, 
which was confirmed using an oxidative stress probe (DCFH-DA) 
(Fig. 3H). In contrast, the fluorescence was significantly attenuated after 
incubation with the TMP NPs, and ROS fluorescence was further 
reduced as the TMP NPs concentrations increased. Semi-quantitative 
analysis confirmed the strong ROS-scavenging property of the NPs 
(Fig. 3J). We then quantified fluorescence using flow cytometry 
(Fig. 3G) and found that TMP NP concentrations greater than 100 μg/mL 
exhibited drastically reduced fluorescence to almost background levels, 
indicating that TMP is highly effective for scavenging ROS. To verify the 
improvement in the active state of the organelle, based on the decrease 
in ROS, we observed changes in the mitochondrial membrane potential 
(Fig. 3I). The JC-1 assay revealed a noteworthy augmentation in green 
fluorescence following IL-1β intervention, which was likely linked to the 
reduction in mitochondrial membrane potential owing to the existence 
of JC-1 in its monomeric form. With the intake of NPs, the mitochondrial 
membrane potential fluorescence gradually changed from green to red, 
and JC-1 aggregated in the mitochondrial matrix to form a polymer 
[41], thus confirming that the NPs improved mitochondrial activity 
(Fig. 3K). 

3.4. Characterization of the TMP@Alg-PBA/PVA hydrogel release 
platform 

The high fluidity of nanosolutions used for disc injection therapy 
often poses a significant safety hazard [42]. Solutions injected into IVDs 
can flow to critical surrounding areas, such as the spinal cord, thereby 
posing a serious threat to life [43]. To avoid such risks, the preparation 
of effective NPs carriers is essential. That’s why there is no need to 
validate the efficacy of nanosolutions without hydrogel against IVDD 
separately in subsequent experiments. In the clinical specimen results, 
nucleus pulposus tissue degeneration was disorganized and unevenly 
distributed. Therefore, the design of a microenvironmentally-responsive 
release platform that releases NPs locally in degenerated areas while 
remaining stable in healthy tissues, ultimately enables on-demand and 
efficient drug delivery, is paramount. Alg, PBA, and PVA were chosen to 
prepare the platform. Alg was conjugated to PBA through an amide 
bond, after which a borate bond with PVA was established, which was 
susceptible to disruption in the presence of ROS. To identify the most 
suitable Alg-PBA:PVA ratio, concentration gradients of 3%, 6%, and 9% 
for both components were used and combined in different proportions to 
monitor gel formation. The combination of 9% Alg-PBA and 6% PVA led 
to optimal hydrogel formation, whereas the other combinations led to 
the material remaining in liquid or viscous states (Fig. S6). We mixed 
TMP into PVA to form TMP@PVA, after which Alg-PBA was added and 
the rapid formation of a gel was achieved (Fig. 4A). The resulting gel was 
placed obliquely; it remained stable for a while, indicating successful gel 
formation. 

An FTIR analysis revealed notable peaks at 1417 cm− 1 and 1304 
cm− 1, representing the O–C–O symmetry vibrations of the pyranose ring 
and C–C–H and O–C–H deformations, respectively. Additionally, peaks 
at 1350 cm− 1 and 1300 cm− 1 corresponded to B–O stretching vibrations. 
The inclusion of PBA led to a slight broadening of the pyranose ring 
peaks in the spectra, and a new peak at 711 cm− 1 signified the presence 
of C–H vibrations from aromatic hydrocarbons. These findings collec
tively confirmed the successful coupling of Alg with PBA via an amide 
bond. Furthermore, the absence of a peak at approximately 1340 cm− 1 

in Alg-PBA/PVA, compared to that of Alg-PBA, suggested the successful 
preparation of Alg-PBA/PVA via the formation of borate bonds between 
the two components (Fig. 4B). Subsequent SEM analysis of the freeze- 
dried hydrogel revealed its loose porous structure and confirmed the 
successful loading of the TMP NPs (Fig. 4C). Furthermore, the EDS 

analysis confirmed the uniform presence of carbon, oxygen, nitrogen, 
and manganese on the hydrogel surface, providing evidence of an even 
distribution of the TMP NPs across the platform (Fig. 4D). 

The hydrogel exemplified in Fig. 4E exhibited excellent moldability, 
enabling the creation of an “IVDD" pattern. Fig. 4F offers evidence of the 
injectability of the hydrogel, thereby supporting the rationale for IVD 
injection therapy. Notably, rheological characterization revealed a 
distinctive shear-thinning behavior of the material, accompanied by a 
robust storage modulus (G′) exceeding 103 Pa. Importantly, throughout 
the testing range, G′ consistently eclipsed G″, further affirming the sta
bility of the hydrogel (Fig. 4G). Fig. 4H shows that, at lower frequencies, 
the hydrogel experienced stress, which caused the extensive movement 
and deformation of the entangled molecular chains within the network 
structure and, consequently, a higher G″ value was obtained. In contrast, 
the molecular chains lacked sufficient relaxation at higher frequencies, 
culminating in an elevated G’. IVD-injected hydrogel systems should 
have good self-healing properties to counteract long-term mechanical 
damage to the disc [44]. To evaluate the self-healing properties of the 
release platform, we physically separated it and observed that it healed 
within 15 min and reconnected seamlessly at the contact interface, 
emphasizing the capacity of the hydrogel to endure tensile stress 
(Fig. 4I). 

Finally, in the hydrogel degradation test, rhodamine-B was released 
as the hydrogel degraded in 400 μM H2O2, diffused to approximately 
50% of the solution after 12 h, and then to approximately 75% after 24 
h. After 48 h, the hydrogel was almost completely degraded, and 
rhodamine-B was dispersed into the solution. In contrast, the appear
ance of the hydrogel in PBS changed only slightly, which highlighted the 
effective response of the hydrogel to ROS stimulation (Fig. 4J) In addi
tion, we set up different gradients of hydrogen peroxide such as 0, 50, 
100, and 200 μM were used to observe the responsiveness of the plat
form (Fig. S7). The results showed that as the increase of hydrogen 
peroxide concentration, the degradation of the platform was acceler
ated, demonstrating a concentration-dependent relationship with 
hydrogen peroxide. Therefore, TMP NPs is more easily released to the 
site of degeneration through this platform. Fig. 4K shows the in vitro 
drug release from the TMP@Alg-PBA/PVA microenvironment-respon
sive release platform in different release media. The platform possessed 
a low cumulative NPs release rate in the absence of H2O2 in the release 
medium, and the cumulative NPs release from the hydrogel was signif
icantly increased following the addition of H2O2. The ROS responsive
ness of the hydrogel occurred when the B–C bond was oxidized to phenol 
after the coordination of H2O2 and boron atoms in the microenviron
ment. The borate bond was broken, disrupting the network structure of 
the hydrogel and enhancing the release of NPs (Fig. 4L). Overall, the 
characteristics of the release platform are promising for using in IVD 
injections. 

3.5. Cellular uptake, lysosomal escape, and mitochondrial accumulation 
of TMP NPs 

The efficiency of cellular uptake of NPs is crucial for efficiency of 
treatment. To monitor NPs uptake and distribution, the TMP NPs were 
attached to CY5 fluorescence and loaded into the hydrogels [45]. The 
uptake of the NPs gradually increased as the loading concentration 
increased (Fig. 5A). When the concentration of the NPs loaded into the 
hydrogel exceeded 200 μg/mL, no significant increase in cellular uptake 
was observed. Before performing subsequent experiments, we needed to 
ensure that the release platform would not be toxic or negatively affect 
the cells. Therefore, the live and dead staining of the cells and the he
molysis experiment were performed. The TMP@Alg-PBA/PVA hydro
gels loaded with 100 μg/mL and 200 μg/mL NPs exhibited great 
biocompatibility (Figs. S8 and 9); thus, these hydrogels were selected for 
the subsequent experiments. When the NPs concentration was constant, 
the fluorescence intensity of the NPs in the cells gradually increased as 
the co-culture duration increased (Fig. 5C). Semi-quantitative analysis 
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Fig. 4. Characterization of the TMP@Alg-PBA/PVA hydrogel release platform. A) Sol-gel transition of the TMP@Alg-PBA/PVA hydrogel. B) FTIR analyses of PBA, 
PVA, Alg, Alg-PBA, and Alg-PBA/PVA. C) SEM images of the hydrogel. D) EDS images of the hydrogel. E, F) Moldability and injectability of the hydrogel. G) Strain- 
dependent rheological behavior of the hydrogel. H) Frequency-dependent rheological behavior of the hydrogel. I) Self-healing property of the hydrogel (stained with 
rhodamine-B and methylene blue). J) ROS-responsive degradability of the hydrogel. K) In vitro release assay of the hydrogels (N = 3). L) Fracture mechanism of the 
Alg-PBA/PVA hydrogel network. 
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revealed that the fluorescence intensity rapidly increased to approxi
mately 70% during the first 8 h, followed by a slow increase to 80% 
(Fig. 5D). The flow cytometry results showed the same trends (Fig. 5B). 
The TMP NPs therefore exhibited rapid uptake and prolonged retention 
in NPCs, making them suitable for immediate cell treatment and 
long-term protection. 

Following cellular uptake, TMP NPs enter lysosomes through re
ceptor interactions [46]. Lysosomes serve as crucial barriers that inhibit 
the intracellular functionality of NPs. We therefore investigated the 

potential of NPs to evade lysosomes and access the cytoplasm. The re
sults revealed successful NPs escape from lysosomes and release into the 
cytoplasm (Fig. 5F and S10). The subcellular location of NPs is also a key 
determinant of their therapeutic efficacy [46]. Mitochondria are the 
main sources of ROS and induce oxidative stress in cells [47]; thus, 
targeting mitochondria is crucial for effective ROS removal. TA is a 
polyphenolic compound that strongly binds to proteins via hydrophobic 
and hydrogen bonds [48]. Many studies have been conducted to utilize 
protein-binding TA for its therapeutic effects [49,50]. Recently, Mao 

Fig. 5. Cellular uptake, lysosomal escape, and mitochondrial accumulation of TMP NPs. A, C) Confocal microscopy images of TMP-CY5 cellular uptake at different 
concentrations and durations. B) Flow cytometry analysis of TMP-CY5 uptake and retention in NPCs. D) Semi-quantification of TMP-CY5 cellular uptake (N = 4). E) 
Schematic of TMP uptake. F) Co-localization of the NPs (red) with lysosomes (green). G) Confocal microscopy images of the co-localization of mitochondria (green) 
and NPs (red). Red: CY5-labeled TMP, green: lysosome or mitochondria, blue: nucleus, BF: bright field. 
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et al. found that TA can bind to the two most abundant proteins, 
voltage-dependent anion selective channel and translocase of the outer 
membrane, on the outer mitochondrial membrane and exert excellent 
mitochondria-targeting properties [19]. Given the substantial loading of 
TA NPs, we posited that TMP NPs similarly exhibit exceptional mito
chondrial targeting capabilities. To evaluate the mitochondria-targeting 
capability of the TMP NPs, we incorporated CY5-labeled TMP into 
hydrogels co-cultured with NPCs. Mito-tracker fluorescent labeling was 
employed to visualize the mitochondria. There was a substantial overlap 
between the green fluorescent mitochondria and red fluorescent NPs, 
which resulted in the emission of yellow light (Fig. 5G and S11). A 
fluorescence co-localization analysis yielded a Pearson’s correlation 
coefficient of approximately 0.65, indicating a significant positive 
relationship between the NPs and mitochondria. In summary, after 
being absorbed by cells, NPs can be released into the cytoplasm via 
lysosomal escape and then target the mitochondrial region to facilitate 
the more effective clearance of ROS by TMP (Fig. 5E). 

3.6. Effects of the TMP@Alg-PBA/PVA hydrogel release platform on 
pyroptosis in vitro 

The accumulation of ROS and mitochondrial toxicity can mediate 
cellular pyroptosis through multiple pathways, such as the ROS- 
mediated promotion of the inflammatory vesicle NLRP3/caspase-1/ 
GSDMD signaling pathway [51–53]. Given the close relationship be
tween ROS and cellular pyroptosis, we hypothesized that 
TMP@Alg-PBA/PVA may also inhibit pyroptosis. We therefore investi
gated the potential of the platform to impede cellular pyroptosis. IL-1β, a 
highly representative pro-inflammatory factor, induces NPCs pyroptosis 
[23]; therefore, we used a CCK-8 assay kit to quantify the impact of IL-1β 
on NPCs death. Cell viability decreased by over 30% at a concentration 
of 40 ng/mL IL-1β (Fig. S12). Therefore, we induced NPCs death using 
IL-1β at a concentration of 40 ng/mL. Fig. 6A presents a visual repre
sentation of the co-culture of the hydrogel with NPCs. To determine the 
ability of the TMP@Alg-PBA/PVA hydrogels to inhibit cell death, we 
first assessed cell viability. We performed a CCK-8 assay for each group, 
which showed that the cell activity of the treatment group was signifi
cantly improved compared to that of the Gel and Control groups in a 
concentration-dependent manner (Fig. 6B). To visualize the cell death 
status, PI staining experiments were performed; the number of dead cells 
was observed to be significantly higher in the Gel and Control groups 
than in the Blank group (Fig. 6C). Apoptosis may also have contributed 
to this phenomenon [54]. Therefore, we performed a western blot 
analysis of apoptosis-related proteins to understand the effects of 
TMP@Alg-PBA/PVA on apoptosis (Fig. S13). The results revealed that 
apoptosis-related protein expression rose after the addition of IL-1β. In 
contrast, protein expression was not significantly changed after incu
bation with TMP@Alg-PBA/PVA, suggesting that this platform played a 
limited role in reducing apoptosis. Therefore, we hypothesized that this 
platform may affect cellular pyroptosis. 

Cell membrane rupture and cleavage represent key characteristics of 
cells undergoing pyroptosis, typically induced by the GSDMD-NT- 
mediated perforation of the cell membrane [55]. Consequently, direct 
observations of cell membrane rupture and the quantification of LDH 
released from the cytoplasm following rupture are crucial for evaluating 
pyroptosis [56]. The LDH detection kit revealed a significant increase in 
LDH levels in the Control and Gel groups. In contrast, the 
TMP@Alg-PBA/PVA group exhibited reduced LDH accumulation, indi
cating diminished cell membrane rupture (Fig. 6D). Additionally, SEM 
revealed a notable increase in the quantity of pores on the cell mem
brane surface in the IL-1β group, accompanied by globular protrusions 
on the fragmented cell membranes. In contrast, the cell morphology in 
the treatment and Blank groups exhibited elongation and robust cell 
membrane integrity (Fig. 6E). This observation implies that the platform 
potentially mitigates the aforementioned phenomena by inhibiting 
cellular pyroptosis. To observe the changes in intracellular 

inflammation, we used RT-qPCR experiments and found that, at the gene 
level, the expression of IL-1β and TNF-α mRNA was significantly reduced 
in the treatment group compared to that in the other groups (Fig. 6F). At 
the protein level, we assessed the expression of classical proteins related 
to pyroptosis, such as NLRP3, caspase-1, and GSDMD, using immuno
fluorescence in each group (Fig. 6G) [56,57]. Compared to that in the 
Blank group, the expression of NLRP3 and caspase-1 significantly 
increased in both the Gel and Control groups, and GSDMD-N signifi
cantly accumulated in the cell membrane. This phenomenon was 
attenuated by TMP@Alg-PBA/PVA, further indicating that IL-1β induces 
cellular pyroptosis and demonstrating the anti-pyroptotic properties of 
the platform. The same conclusion was confirmed by the western blot 
analysis (Fig. 6H). The above results suggest that TMP@Alg-PBA/PVA 
effectively inhibits cell pyroptosis. 

3.7. Underlying mechanism through which TMP@Alg-PBA/PVA 
suppresses pyroptosis 

Although the anti-pyroptotic properties of the TMP@Alg-PBA/PVA 
hydrogel were verified, the specific intracellular mechanism remained 
unclear. To assess the changes in the gene expression in NPCs, we con
ducted high-throughput mRNA sequencing to analyze intracellular 
mRNA changes (Fig. 7A). Volcano plots displayed significant differences 
in gene expression, wherein 2967 DEGs were identified between the two 
groups (|log2FC| ≥ 1, P < 0.05). When comparing the treatment group 
to the IL-1β group, 1472 genes were upregulated, and 1495 genes were 
downregulated (Fig. 7B). A GO analysis was also performed, with 
cellular components indicated in red, biological processes in blue, and 
molecular functions in green (Fig. 7C). We took the top-10 results from 
each category for the analysis. The DEGs were mainly associated with 
developmental processes, cellular responses to chemical stimuli, cell 
differentiation, ECM, collagen-containing extracellular space, protein or 
signaling pathway binding, and activation. 

To identify the signaling pathways associated with the DEGs, we 
performed a KEGG pathway enrichment analysis, which revealed the 
downregulation of the TNF signaling pathway, IL-17 signaling pathway, 
cell cycle, and Toll-like receptor signaling pathway in the treatment 
group (Fig. 7D). The IL-17 signaling pathway was markedly inhibited 
(Fig. 7E). Recent studies have shown that the IL-17 signaling pathway 
promotes cellular pyroptosis through the extracellular signal-regulated 
kinase (ERK)1/2 pathway in sinonasal mucosa [58]. Thus, we per
formed a western blot assay to analyze the expression of key proteins in 
the IL-17-induced pyroptosis-related signaling pathway (Fig. 7F). The 
expression of the IL-17/ERK signaling pathway and downstream 
pyroptosis-related proteins was significantly attenuated after the addi
tion of the IL-17 inhibitor. This study is the first to identify the role of the 
IL-17/ERK signaling pathway in promoting the onset of pyroptosis in 
IVDD. Subsequently, we found that the IL-17/ERK signaling pathway 
was significantly downregulated in the treatment group, which suggests 
that the treatment group likely exhibited inhibited cellular pyroptosis 
via the IL-17/ERK signaling pathway. In conclusion, the levels of IL-17A, 
MEK, pMEK, ERK, pERK, NLRP3, caspase-1, and GSDMD-NT proteins 
were elevated in the IL-1β-treated NPCs, and the addition of the inhib
itor and TMP@Alg-PBA/PVA reversed these effects and attenuated the 
onset of cellular pyroptosis. TMP@Alg-PBA/PVA exerted the same effect 
as that of the IL-17A inhibitor. Collectively, these results suggest that 
TMP@Alg-PBA/PVA reduce cellular pyroptosis probably by suppressing 
the IL-17/ERK signaling pathway in NPCs, thus providing a new possible 
target for IVDD therapies. 

3.8. Changes in the ECM after TMP@Alg-PBA/PVA treatment 

The main features of IVDD are water molecule loss, ECM degrada
tion, increased fibrosis, and resulting mechanical damage to the disc [1]. 
Current research suggests that reducing ROS accumulation and cellular 
pyroptosis reduces ECM degradation [59]. Trace amounts of divalent 

H. Zhou et al.                                                                                                                                                                                                                                    



Bioactive Materials 37 (2024) 51–71

64

Fig. 6. Effects of TMP@Alg-PBA/PVA on pyroptosis. A) Schematic of the hydrogel-NPC co-culture system. B) CCK-8 assay to determine cell viability. C) NPCs 
survival detected using PI staining (red fluorescence, induced by propidium iodide, indicates dead cells). D) LDH released by NPCs. E) SEM images of the cell 
membrane. F) RT-qPCR analysis of IL-1β and TNF-α mRNA expression. G) Immunofluorescence images of the expression of NLRP3, caspase-1, and GSDMD in NPCs. 
H) Western blot images of NLRP3, caspase-1, GSDMD, and GSDMD-NT protein levels. High group: TMP@Alg-PBA/PVA hydrogel containing 200 μg/mL TMP NPs; 
Low group: TMP@Alg-PBA/PVA hydrogel containing 100 μg/m TMP NPs; Gel: Alg-PBA/PVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. High group. 
NS vs. High group, not significant. N = 4. 

H. Zhou et al.                                                                                                                                                                                                                                    



Bioactive Materials 37 (2024) 51–71

65

Fig. 7. Transcriptomic analyses. A) RNA sequencing scheme for metal-phenolic network release platform. B) Volcano plot of DEGs. Red dots indicate upregulated 
genes, and blue dots indicate downregulated genes. C) GO analysis showing the cellular components, biological processes and molecular functions of the DEGs. D) 
KEGG enrichment pathway analysis. E) GSEA showing the suppression of the IL-17 signaling pathway in the treatment group. F) Western blot analysis of proteins 
related to the IL-17/ERK pyroptosis signaling pathway. 
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Mn2+ are thought to be essential for the activity of prolylase, an enzyme 
involved in the hydrolysis of proline and hydroxyproline, which are 
important components of collagen. The Mn2+ released from this plat
form may provide a localized Mn2+ environment for NPCs, thereby 
accelerating collagen recycling and promoting effective ECM remodel
ing [35]. Therefore, we inferred that this platform would reduce ECM 
degradation in an inflammatory environment. Aggrecan and Col-II are 
pivotal components of the nucleus pulposus ECM and serve as essential 
biomarkers for assessing ECM function [60]. Inflammatory factors such 
as IL-1β cause the low expression of both components [61]. We utilized 
IL-1β to stimulate NPCs and simulate the impact of an inflammatory 
environment on the ECM. Following the IL-1β treatment, there was a 
significant reduction in the fluorescence intensities of aggrecan and 
Col-II compared to those in the Blank group (Fig. 8A). This reduction 

indicated that IL-1β severely impaired the ability of the NPCs to remodel 
the ECM. The fluorescence intensities of the two proteins remained 
relatively unchanged in the Gel group. However, the fluorescence in
tensities of aggrecan and Col-II increased in the High and Low groups, 
respectively. A similar conclusion was reached at the level of gene 
expression (Fig. 8B). 

The gene expression of crucial biological enzymes that regulate the 
ECM was also explored [60]. The TMP@Alg-PBA/PVA treatment effec
tively reduced the expression of ECM degradation enzymes, namely, 
MMP-3, MMP-13, and ADAMTS-5, which had been elevated following 
the addition of IL-1β, bringing their levels closer to those in the Blank 
group (Fig. 8C). Moreover, the expression of TIMP-1, a tissue inhibitor of 
metalloproteinases preventing ECM degradation [62], exhibited a 
marked increase in the High and Low groups compared to that in the 

Fig. 8. Influence of TMP@Alg-PBA/PVA on ECM in an inflamed environment. A) Immunofluorescence analysis of aggrecan and Col-II expression in NPCs. B) RT- 
qPCR semi-quantitative analysis of aggrecan and Col-II mRNA levels. C) RT-qPCR results of the transcriptional profiles of the ECM-degrading enzymes MMP-3, MMP- 
13, ADAMTS-5, and TIMP-1. D) Western blotting detection of aggrecan, Col-II, MMP-3 and MMP-13 proteins in NPCs. E) Related changes before and after treatment. 
**P < 0.01, ***P < 0.001, ****P < 0.0001.; NS vs. High group, not significant. N = 4. 
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IL-1β group (Fig. 8C). To further confirm these findings, we performed 
western blotting to evaluate the protein expression levels of MMP-3, 
MMP-13, aggrecan and Col-II in NPCs across various intervention 
groups. As depicted in Fig. 8D, the results were consistent with the 
immunofluorescence data, revealing a significant reduction in the 
expression of aggrecan and Col-II in the IL-1β group compared to that in 
the Blank group. In addition, the High and Low group inhibited the 
expression of MMP-3 and MMP-13 proteins in the inflammatory envi
ronment, reducing the negative impact of ECM degradation. Notably, 
the Gel group failed to counteract the negative impact of IL-1β, whereas 
the High and Low groups showed an effective increase in the expression 
of aggrecan and Col-II. These results suggest that the 
TMP@Alg-PBA/PVA platform counteracts the detrimental effects of 
IL-1β on ECM, showing promise for IVD repair and regeneration 
(Fig. 8E). 

3.9. Effects of TMP@Alg-PBA/PVA on an IL-1β-induced rat IVDD model 

To assess the efficacy of TMP@Alg-PBA/PVA in vivo, we induced 
IVDD in rats by IL-1β and assessed the therapeutic effects of the 
hydrogel. To ensure that IL-1β could adequately induce disc 

degeneration, we chose to intervene 3 days after the IL-1β injection [62]. 
We injected 10 μL of the TMP@Alg-PBA/PVA release platform in situ in 
the IVDD rats (Fig. 9A) [63]. We then conducted imaging and histo
logical analyses of rat tails after 4 and 8 weeks to assess IVD degener
ation or regeneration. Before assessing the therapeutic effects, we 
conducted an in vivo toxicity study. After 4 weeks, HE staining revealed 
no significant organ damage, confirming the safety of the 
TMP@Alg-PBA/PVA platform (Fig. S14). 

Subsequently, we focused on the effects of the IVDD treatment. 
Firstly, we visualized structural changes using radiography and MRI. For 
a quantitative assessment of the therapeutic effects, we calculated the 
changes in the DHI based on the radiographic results. As shown in 
Fig. 9B–D, and E, a significant decrease in DHI and a marked increase in 
the formation of osteophyte was observed in the PBS group compared to 
that in the Sham group. A significant decrease in DHI was also observed 
in the Gel group, suggesting that both the Gel and PBS failed to effec
tively attenuate IVDD. However, the decrease in the DHI slowed with the 
addition of hydrogel containing 200 μg/mL of TMP NPs (High group) 
and hydrogel containing 100 μg/mL of TMP NPs (Low group). The re
sults of the High group were better than those of the Low group and 
similar to those of the Sham group, indicating that the low- and high- 

Fig. 9. Imaging evaluation of the animal experiments. A) Schematic of the in vivo experimental manipulation. B, C) X-ray and MR images of IVDD rat tails. D, E) 
Quantitative analysis of DHI changes after 4 and 8 weeks. F) Quantitative analysis of MRI grading changes after 4 and 8 weeks. High group: Alg-PBA/PVA containing 
200 μg/mL of TMP NPs, Low group: Alg-PBA/PVA containing 100 μg/mL of TMP. *P < 0.05, **P < 0.01, ****P < 0.0001 vs. Sham group. NS vs. Sham group, not 
significant. N = 5. 
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dose treatments were effective against IVDD. The nucleus pulposus tis
sue water content was measured based on T2-weighted MRI [64]. After 
4 and 8 weeks, we noted a significant decrease in the disc signal in the 
PBS and Gel groups, respectively. The addition of TMP@Alg-PBA/PVA 
increased the T2-weighted signal, with the High group showing a 
higher signal than that of the Low group, illustrating the increased water 
content of the nucleus pulposus tissue and emphasizing the critical role 
of TMP@Alg-PBA/PVA in treating IVDD (Fig. 9C). The MRI grading 

changes further confirmed these findings (Fig. 9F). 

3.10. Histological staining and immunohistochemistry 

To observe the histological changes in IVDs, we sectioned and 
stained the degenerate tissues from the IVDD rat tails. HE staining 
revealed that, compared to the Sham group, the PBS and Gel groups 
exhibited a significant loss of typical tissue structure, nucleus pulposus 

Fig. 10. Histological and immunohistochemical analyses of IVDD rat tails. A) HE and B) Safranin O-Fast Green staining show histological changes. C) Immuno
histochemical staining for aggrecan and Col-II. D) Semi-quantitative analysis of immunohistochemical staining for aggrecan and Col-II. *P < 0.05, **P < 0.01, ****P 
< 0.0001 vs. High group. NS vs. High group, not significant. N = 5. 
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tissue atrophy, and significant fibrous tissue infiltration. Conversely, the 
High and Low groups displayed clear tissue boundaries without prom
inent fibrosis and better maintenance of the cartilage endplate 
morphology (Fig. 10A). Similarly, Safranin O-Fast Green staining indi
cated a substantial reduction in the presence of the nucleus pulposus 
(red) within the intervertebral space in both the PBS and Gel groups 
following IL-1β intervention, in contrast to that in the Sham group. This 
reduction was concomitant with pronounced fibrosis (green) and the 
notable destruction of the cartilage endplate. Conversely, the High and 
Low groups mitigated this phenomenon, preserving a distinct boundary 
between the annulus fibrosus and nucleus pulposus (Fig. 10B). These 
preliminary results demonstrate the vital role of the hydrogel platform 
in treating IVDD in vivo. 

To assess the effectiveness of the TMP@Alg-PBA/PVA platform in 
mitigating ECM degradation in vivo, we used immunohistochemistry to 
evaluate the expression of proteins related to the ECM within IVD tis
sues. Following the IL-1β intervention, the expression levels of Col-II and 
aggrecan significantly decreased in the PBS group compared to those in 
the Sham group. The Gel group exhibited no significant impact on the 
expression of these proteins compared to that in the PBS group. In 
contrast, the High and Low groups showed a significant increase in the 
expression of the proteins. Importantly, the expression levels of the 
proteins in the High and Low groups did not differ significantly from 
those in the Sham group (Fig. 10C). These findings were confirmed by 
semi-quantitative analysis, which underscored the effectiveness of the 
hydrogel platform in counteracting ECM degradation and maintaining 
the IVD water content (Fig. 10D). 

3.11. Mechanism of action of TMP@Alg-PBA/PVA in the treatment of 
IVDD in vivo 

To assess the potential of TMP@Alg-PBA/PVA in attenuating IVDD 
through the mitigation of cellular pyroptosis, we conducted immuno
fluorescence staining on IVD nucleus pulposus tissue. Caspase-1 was 
labeled with red fluorescence, and GSDMD was labeled with green 
fluorescence (Fig. 11A). In the Sham and High groups, the caspase-1 and 
GSDMD proteins were essentially unexpressed, revealing only nuclear 
coloration. The Low group exhibited a marginal increase in red and 
green fluorescence, whereas both fluorescence signals were significantly 
augmented in the Gel and PBS groups, indicative of heightened cellular 
pyroptosis in these groups. Fluorescence semi-quantification revealed a 
concentration-dependent feature of the anti-pyroptotic effect, with the 
High group featuring substantial TMP loading and superior therapeutic 
effects (Fig. 11B and C). Additionally, the Gel and PBS groups exhibited 
a time-dependent increase in the expression of pyroptosis-related pro
teins. In summary, these observations elucidate that the TMP@Alg-PBA/ 
PVA release platform can decelerate the progression of IVDD by miti
gating pyroptosis. 

4. Conclusions 

In this study, we developed a multifunctional and 
microenvironment-responsive metal-phenolic network release platform 
(TMP@Alg-PBA/PVA) loaded with TMP NPs that are released on de
mand in response to ROS. The platform is therefore highly suitable for 
IVDD injection therapy. In vitro studies demonstrated that NPs released 
from the platform can target the mitochondria to efficiently scavenge 
ROS, reduce cellular cell pyroptosis, and impede ECM degradation. The 

Fig. 11. Molecular mechanism underlying TMP-rescued IVDD in rats. A) Immunofluorescence staining results of rat IVD nucleus pulposus tissues under different 
intervention conditions and times. Nucleus in blue, GSDMD in green, and caspase-1 in red. B) Semi-quantitative analysis of immunofluorescence staining for caspase- 
1, C) Semi-quantitative analysis of immunofluorescence staining for GSDMD. *P < 0.05, **P < 0.01, ***P < 0. 001, ****P < 0. 0001 vs. High group. NS vs. High 
group, not significant. N = 5. 
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proposed platform was biocompatible in vivo, inhibited the progression 
of IVDD, prevented cellular pyroptosis, and increased the water content 
in the IVD. Fundamentally, this platform provides an excellent approach 
for inhibiting pyroptosis in IVDD therapy, likely through the inhibition 
of the IL-17/ERK signaling pathway. Although several nanohydrogel 
platforms for scavenging ROS, suppressing pyroptosis, and reducing 
ECM degeneration have been reported [59,65], the hydrogel platform 
developed in the present study can be released on demand, efficiently 
utilizes NPs, and acts multilaterally. Overall, TMP@Alg-PBA/PVA has 
therapeutic potential for the treatment of IVDD and warrants further 
systematic preclinical studies. The identification of the IL-17/ERK 
signaling pathway as a molecular factor underlying the effects of the 
platform on IVDD further presents a potential target for treating 
pyroptosis. 
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