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Abstract
Nucleus pulposus cells (NPCs) undergo metabolic disorders and matrix pathological remodeling under the 
influence of various adverse factors during intervertebral disc degeneration (IVDD), whereas post-translational 
modifications (PTMs) can confer cells with the capacity to respond quickly and adapt to complex environmental 
changes. Here, SIRT1 protein, a key regulator within PTMs framework, was applied against the hostile degenerative 
microenvironment. Then, it was sequentially assembled with SOX9-expressing plasmid, an essential transcription 
factor to promote extracellular matrix (ECM) biosynthesis, onto a phenylboronic acid-functionalized G5-dendrimer 
to construct a multifunctional nanoplatform for IVDD therapy. In vitro, the nanoplatforms showed antioxidant 
capacity, and the ability to restore mitochondrial homeostasis and normal ECM metabolism, as well as to maintain 
cellular phenotypes. RNA sequencing suggested that inhibition of the Nod-like receptor signaling might be the 
mechanism behind their therapeutic effects. The nanoplatforms were then wrapped in a designed dynamic 
hydrogel, not only prolonging the retention time of the loaded cargoes, but also well maintaining the disc 
structure, height, and water content in vivo. Overall, this study presents a convenient assembled strategy to inhibit 
the multiple adverse factors, and hold promise for the IVDD treatment.
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Introduction
Low back pain (LBP) is a global challenge, and the burden 
of disease insidiously affects years lived with disability [1]. 
IVDD is the main contributor to chronic LBP, accounting 
for approximately 26–42% of cases [2]. Therefore, in clin-
ical settings, intervening in the IVDD process through 
drugs, biological, or physical therapy has become com-
mon ways to relieve LBP symptoms [3].

The intervertebral disc (IVD) exhibits restricted repair 
capacity due to the lack of effective blood supply, render-
ing it vulnerable to adverse factors [4, 5]. The malignant 
transformation of the IVD microenvironment is reflected 
in the pathological changes experienced by NPCs, char-
acterized by metabolic disorders and ECM remodeling 
[6]. These processes are marked by persistent oxidative 
stress, mitochondrial homeostasis imbalance, and matrix 
metabolic dysregulation [7]. When the cellular anti-
oxidant defence system collapses, the accumulation of 
reactive oxygen species (ROS) overwhelms the mito-
chondrial structure and damages key functional mol-
ecules, leading to mitochondrial homeostasis imbalance 
[8]. Under conditions of excessive ROS and inflammatory 
responses, NPCs undergo disruptions in both anabolic 
and catabolic matrix metabolism, exacerbating the loss 
of cellular function [9]. Methods have been developed 
to promote metabolic balance by regulating metabolic 
enzyme expression, controlling substrate concentrations, 
and facilitating PTMs of related proteins [10]. PTMs 
unveil the rich connotation of post-translational events 
and protein interactions, elucidating the precise interac-
tion between proteins and multi-modular biological pro-
cesses [11, 12]. Compared to the conventional promotion 
of de novo protein synthesis, PTMs offer the advantage 
of rapid dynamic regulation when cells face adverse con-
ditions [13]. Additionally, most PTMs possess reversible 
equilibrium mechanisms, which allow cells to respond 
flexibly to changes in the internal and external environ-
ment, thereby maintaining physiological homeostasis 
[14]. Hence, PTM-based strategies are expected to show 
promising potential in the treatment of IVDD by antago-
nizing the multiple adverse factors faced by IVD cells.

Sirtuin 1 (SIRT1), a highly conserved NAD-dependent 
deacetylase, has emerged as a critical regulator within 
the framework of PTMs [15]. By regulating the acetyla-
tion status of a diverse array of proteins, SIRT1 influences 
key physiological and pathological pathways. SIRT1 and 
FOXO3 form a complex in cells and deacetylate FOXO3 
to increase the activity levels of several antioxidant 
enzymes [16, 17]. SIRT1 enhances antioxidant responses, 
reconstructs the damaged mitochondrial homeostasis, 
and promotes cellular resistance to adverse factors [18]. 
The inhibition of ECM catabolism is driven by SIRT1, 
and the inactivation thereof decreases the stability of the 

ECM by activating matrix metalloproteinases (MMPs) 
[19].

However, the gradual loss of the ECM is caused by 
the variable adverse microenvironment in IVDD [20]. 
Although SIRT1 has demonstrated its powerful func-
tion as a therapeutic factor, it remains challenging for 
fighting against complex pathogenic factors by relying 
on a single therapeutic intervention [21]. Sex Determin-
ing Region Y Box Protein 9 (SOX9) is widely applied in 
the biosynthesis and maintenance of ECM [22]. By pro-
moting the expression of COL II (Collagen type II) and 
ACAN (Aggrecan), SOX9 safeguards the integrity and 
functionality of the ECM [23]. However, SOX9 is sensi-
tive to the inflammatory microenvironment, where vari-
ous cytokines can induce the loss of SOX9 by inhibiting 
the TGF-β/Smad signaling pathways; if left unchecked, 
this process can lead to sustained damage of the ECM 
[24]. The therapeutic effect of SIRT1 may be limited by 
the absence of SOX9, and the upregulation of SOX9 can 
enhance the positive production of endogenous ECM 
as a compensatory mechanism. Synergistic cooperation 
between SIRT1 and SOX9 may improve IVD cell func-
tion, and upregulation of the protein levels of SIRT and 
SOX9 via tissue engineering shows great potential for 
IVDD therapy.

Strategies to promoting target protein expression 
include recombinant plasmids construction, intracellular 
delivery of proteins, and RNA interference (RNAi) [25, 
26]. Protein-based therapeutics are attracting increasing 
attention for their potential in the treatment of IVDD. 
However, current therapies focus on extracellular targets, 
such as TGF-β1, SDF-1α, and IL-1ra [27, 28]. Due to their 
poor cell membrane permeability, intracellular proteins 
have not been widely applied [29], and choosing suitable 
carriers is necessary and poses a considerable challenge. 
Gene therapy has also been well received. Plasmids, char-
acterized by their circular DNA structures, offer excep-
tional stability [30]. However, effective plasmid delivery 
also depends on the availability of carriers. Combination 
therapy via the nanocarrier-based co-delivery strategy 
has attracted increased attention because this strategy 
enables different agents to be delivered to the same tar-
get cells, thus achieving more exciting effects [31, 32]. For 
example, a lipid/GNs-based vehicle successfully deliv-
ered Cas9 protein and sgRNA plasmid simultaneously 
to tumor cells and tissues, inhibiting tumor progression 
with high efficiency [33]. However, to maximize combi-
national effects, a sequential delivery system is required 
to realize unique targets of different loaded cargoes. 
Chen et al. developed a liposome-based nanoassembly 
that could progressively load with a plasmid DNA encod-
ing tumor-suppressing p53 protein (p53 DNA) and with 
an apoptotic protein cytochrome c (CytoC), enabling 
their sequential delivery to specific intracellular sites, 
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thereby significantly enhancing apoptosis and inhibiting 
tumor growth [34]. The delivery of protein and plasmid 
into cells exhibits time-sequential characteristics in ther-
apeutic effects. Generally, the delivered protein into cyto-
plasm targets direct action points, while the delivered 
plasmid goes a series of processes into nucleus to con-
tinuously express functional proteins [35, 36]. This time-
sequential action offers us a promising programmable 
therapeutic co-delivery strategy to meet the procedural 
needs of IVDD repair, with SIRT1 protein delivered into 
the cytoplasm to improve the hostile microenvironment 
first, and SOX9-overexpressing plasmid delivered to the 
nucleus of the same cell to promote ECM secretion.

Recently, a phenylboronic acid-functionalized G5-den-
drimer (G5-PBA-dendrimer) was developed [37]. Com-
pared to other nanodelivery platforms, the G5-dendrimer 
with a monodisperse hyperbranched structure possesses 
significantly enhanced drug-loading capacity due to its 
dendritic termini containing abundant active sites [38]. 
Thus, It has been extensively explored for its applica-
tions, particularly in the field of bioactive factor delivery 
for therapeutic purposes. Furthermore, due to its abun-
dant density of boronic acid groups, benzene rings, and 
cationic units, it can load proteins through the form of 
nitrogen-boronate coordination between phenylbo-
ronic acid groups and proteins, and encapsulate genes 
through ionic interactions. The G5-PBA-dendrimers can 
deliver saporin or p65 siRNA into osteosarcoma cells or 
NPCs, respectively, and performs the biological function 
thereof [39, 40]. Here, we aimed to engineer a nanoas-
sembly strategy to sequentially co-deliver SIRT1 protein 
and SOX9-expressing plasmid for the therapy of IVDD. 
SOX9-expressing plasmid was first compressed by cat-
ionic G5-PBA-dendrimers nanoplatforms (GPNPs) via 
ionic interactions (SOX9@GPNPs) and, subsequently, 
SIRT1 protein was further loaded via nitrogen-boronate 
coordination (SIRT1/SOX9@GPNPs) (Scheme 1). All the 
nanocomplexes showed high delivery efficiency. To vali-
date the biological functions of SIRT1/SOX9@GPNPs, 
this study conducted a series of in vitro experiments to 
investigate their effects on oxidative stress, mitochon-
drial function, apoptosis, cellular phenotypes, and the 
balance between ECM anabolism and catabolism. Based 
on RNA-seq analysis, we further explored the underly-
ing molecular mechanisms by which SIRT1/SOX9@
GPNPs regulate multiple biological functions of NPCs. 
Furthermore, to enhance the in vivo therapeutic efficacy 
of SIRT1/SOX9@GPNPs, we developed a composite 
hydrogel to achieve sustained release of SIRT1/SOX9@
GPNPs and maintain prolonged therapeutic effects in 
a cultured model. Finally, the efficacy of the composite 
hydrogel was evaluated in a rat model of intervertebral 
disc degeneration.

Results
Preparation and characterization of nanoplatforms for 
co-delivery of SIRT1 protein and SOX9-expressing plasmid
First, according to methods previously reported, the 
boronic acid-rich dendrimer were prepared through the 
modification of amino termini of a generation 5 poly-
amidoamine (G5-PAMAM) with phenylboronic acid 
(PBA). 1H NMR analysis is used to analyse the struc-
ture of organic compounds, and results indicated that 
approximately 65 amino groups per G5-dendrimer were 
converted to PBA, and this substituted dendrimer was 
previously reported to have the highest protein and gene 
delivery efficiency, labeled as G5-PBA-dendrimer nano-
platforms (GPNPs) (Additional file 1: Figure S1). Then, 
to verify the potent delivery capability of GPNPs for the 
SOX9-expressing plasmid and complex stability, agarose 
gel electrophoresis at various n/p ratios were tested and 
showed that GPNPs could form stable complexes with 
plasmid, even at an n/p ratio of 1/1 (Additional file 1: Fig-
ure S2). The zeta potential revealed that GPNPs changed 
the plasmid charge state from negative to positive at N/P 
ratios of greater than 2:1 (Additional file 1: Figure S3). 
Subsequently, the formed complexes of the pcDNA3.1-
Sox9-ZsGreen1, which has gene fragments for fluores-
cent protein expression with GPNPs at different n/p 
ratios, were found to result in ZFgreen1-positive cells 
after transfection. Furthermore, with the increase of the 
n/p ratio, the number of ZFgreen1-positive cells gradu-
ally increased; however, this led to an increase in cyto-
toxicity (Additional file 1: Figure S4, S5). Thus, to balance 
optimal transfection efficiency and minimal cytotoxicity, 
an n/p ratio of 8:1 was selected as the ideal proportion 
for subsequent experiments. The obtained complex of 
SOX9-expressing plasmid with GPNPs (SOX9@GPNPs) 
had a diameter at approximately 270  nm (Fig.  1A), and 
the intracellular ZsGreen1 expression level was high at 
this point after delivery (Fig. 1B). Further, the biological 
function of SOX9 on NPCs after SOX9@GPNPs trans-
fection was verified by qRT-PCR, and the results showed 
that the expression levels of ECM-related character-
istic genes (Sox9, Col2a1 and Acan) were significantly 
increased compared with the control (Fig. 1C).

SIRT1 protein was then loaded onto GPNPs, and it was 
found that nanoparticles could be formed at various mass 
ratios and that all exhibited good biocompatibility (Addi-
tional file 1: Figure S6). Nanoparticle diameter usually 
affects cellular uptake rates; hence, a mass ratio of 2:1 was 
used for follow-up experiments to form the nanoplat-
form (SIRT1@GNPNs) with a diameter at approximately 
150 nm (Fig. 1D). Additionally, to verify the protein deliv-
ery capability of GPNPs, BSA-FITC was used as a model 
protein. The results showed that BSA-FITC were effec-
tively delivered into NPCs, and the green fluorescence 
of BSA-FITC was mainly localized in the cytoplasm, as 
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Scheme 1  Schematic illustration of the sequentially assembled nanoplatform for IVDD repair
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indicated by red fluorescence stained with phalloidin. A 
few BSA-FITC was also found to distribute in nucleus, 
indicating that GPNPs possess nuclear delivery capa-
bilities (Fig.  1E). Then, the biological function of SIRT1 
protein delivered by the nanoplatform SIRT1@GNPNs 

on NPCs was evaluated. LPS (Lipopolysaccharides) 
has been demonstrated to promote redox homeostasis 
imbalance, mitochondrial dysfunction, and apoptosis by 
inducing an oxidative stress microenvironment [41]. In 
several studies, the LPS-induced oxidative stress model 

Fig. 1  Preparation and characterization of SOX9@GPNPs, SIRT1@GPNPs and SOX9/SIRT1@GPNPs. (A) Particle size of SOX9@GPNPs. (B) Transfection ef-
ficiency of pcDNA3.1-Sox9-ZsGreen1 at an n/p ratio of 8:1. (C) By qRT-PCR quantifications of gene expression (Sox9, Col2a1 and Acan) at an n/p ratio of 
8:1 (n = 3). (D) Particle size of SIRT1@GPNPs. (E) Fluorescent images of NPCs treated with BSA-FITC@GPNPs for 6 h, and the cellular cytoskeletons were 
stained by phalloidin-rhodamine. (F) Representative images of ROS staining (green) for NPCs, as co-cultured with PBS, PBS/LPS+, FREE SIRT1/LPS+, and 
SIRT1@GPNPs/LPS+. (G) Particle size of SIRT1/SOX9@GPNPs via DLS and TEM. (H) Fluorescence imaging of pcDNA3.1-Sox9-DsRed and BSA-FITC at differ-
ent time points after the nanoplatform-mediated delivery. (I) The particle sizes of GPNPs, SOX9@GPNPs, and SIRT1/SOX9@GPNPs measured at 0, 12, 24, 
and 36 h after preparation (n = 3). Data are presented as mean ± SD. *p < 0.05; ns, no significant difference. Statistical significance was determined by one-
way ANOVA with a post-hocTukey test for (C). ZsGreen1, green fluorescent protein encoded by pcDNA3.1-Sox9-ZsGreen1 for the assessment of plasmid 
transfection efficiency; NC group, with no Sox9 expression; SOX9@GPNPs, with Sox9 expression; BSA-FITC, FITC-labeled BSA with green fluorescence; 
Phalloidin, rhodamine-labeled phalloidin staining solution; DCFH-DA, green fluorescent probe for ROS detection; DsRed, red fluorescent protein encoded 
by pcDNA3.1-Sox9-DsRed for the assessment of plasmid transfection efficiency; GPNPs, PBA-modified G5-dendrimers; SOX9@GPNPs, GPNPs loaded with 
SOX9-expressing plasmid; SIRT1@GPNPs, GPNPs loaded with SIRT1 proteins; SIRT1/SOX9@GPNPs, GPNPs assembled sequentially with SOX9- expressing 
plasmid and SIRT1 protein
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has been utilized as nucleus pulposus cells degeneration 
model and applied in the evaluation of therapeutic strate-
gies [7, 21]. Due to these effects, LPS is widely employed 
in research to replicate the inflammatory and oxidative 
stress environment characteristic of IVDD in vitro. And 
during this process, a surge of ROS is produced, leading 
to cellular and mitochondrial damage. Given this, ROS 
detection serves as a critical indicator of SIRT1 biologi-
cal function. Through the test of a DCFH-DA fluores-
cent probe, which reflects intracellular ROS levels in 
NPCs, it was found that the intervention of free SIRT1 
did not significantly change the level of ROS induced by 
LPS; however, SIRT1@GNPNs group could effectively 
control the level of ROS (Fig. 1F). This clearly suggested 
that free SIRT1 has difficulty penetrating cell membranes 
and exerting biological functions, whereas the dendrimer 
nanoplatform is appropriate for SIRT1 protein delivery.

Based on the timing requirements of repair in IVDD, 
it is hoped that SIRT1 can rapidly improve the adverse 
cell microenvironment and then maximize the func-
tion of SOX9 to promote ECM expression. We tried to 
load SOX9-expressing plasmid on GNPNs first, and then 
SIRT1 protein into the same nanoparticle to achieve 
their co-delivery in the same cell. As shown in Fig.  1G, 
it was found that an engineered nanoplatform labeled 
SIRT1/SOX9@GPNPs was successfully assembled with a 
diameter of approximately 315  nm, although its dimen-
sion was slightly larger than that of nanoparticles loaded 
with SIRT1 protein or SOX9-expressing plasmid alone. 
Zeta potential shows that the surface potential of the 
nanocomplex formed after sequential assembly of SOX9 
expression plasmid and SIRT1 protein remains posi-
tively charged (Additional file 1: Figure S7). Fluorescence 
imaging indicated that in the initial 6 h, only green fluo-
rescence of protein was observed in the cells, while red 
fluorescence expressed by plasmid was absent. In 12  h 
post-transfection, green fluorescence of protein was pre-
dominantly observed in the cells, with minimal expres-
sion of SOX9 as indicated by red fluorescence, whereas 
after 24 h post-transfection, both red and green fluores-
cence were prominently expressed, suggesting that dur-
ing the early stages, the protein may perform the primary 
function, and then the protein and plasmid play a role 
at the same time, which is exactly the same as the pre-
dicted effect (Fig.  1H). Thereafter, the stability of nano-
complexes including GPNPs, SOX9@GPNPs, SIRT1@
GPNPs, and SIRT1/SOX9@GPNPs were monitored 
through DLS measurements, and the results showed 
that all the particles were stable and their sizes remained 
unchanged for over 36 h (Fig. 1I). The above results indi-
cated that the SIRT1 protein and SOX9-expressing plas-
mid were successfully co-loaded onto the GPNPs, and 
could be effectively transferred into NPCs to perform 
biological functions.

Enhancing antioxidative capability and restoring 
mitochondrial homeostasis via the intervention of 
functional nanoplatform
Oxidative stress induced by factors such as LPS is one 
of critical factors in the initiation and progression of 
IVDD [42]. The antioxidant defence system is primar-
ily composed of various antioxidant enzymes, including 
SOD, CAT, and GPX, which protect cells from oxidative 
damage by reducing superoxide levels, thereby restoring 
mitochondrial homeostasis [43]. Moreover, it has been 
shown that SIRT1-mediated deacetylation enhances 
FOXO3 transcriptional activity and regulates its subcel-
lular localization, thus inhibiting oxidative stress in rats 
[44]. To test the therapeutic effects of the functional 
nanoplatform, five experimental groups co-cultured 
with NPCs were established under the treatment of LPS. 
Results of qRT-PCR showed that LPS treatment signifi-
cantly downregulated the expression levels of antioxidant 
genes FOXO3, CAT, SOD2, and GPX in NPCs, indicat-
ing an impaired antioxidant defence system. SOX9@
GPNPs had a limited effect on the rescue of antioxidant 
function in NPCs, while SIRT1@GPNPs and SIRT1/
SOX9@GPNPs significantly upregulated the expression 
levels of FOXO3 and antioxidant genes (Fig. 2A), indicat-
ing that SIRT1 was responsible for the improvement of 
antioxidant capacity. Correspondingly, compared to the 
PBS group, SOX9@GPNPs treatment did not mitigate 
the high level of ROS induced by LPS. In contrast, other 
groups showed different results. The interventions of 
SIRT1@GPNPs and SIRT1/SOX9@GPNPs significantly 
reduced the green fluorescence intensity of DCFH-DA 
(Fig. 2B).

Restoration of mitochondrial homeostasis has emerged 
as a key strategy to defend against multiple adverse fac-
tors, including ROS [45]. To estimate the regulation 
of GPNPs on mitochondrial homeostasis, a MitoSOX 
assay was conducted to measure the superoxide produc-
tion in mitochondria. As expected, the intensity of LPS-
induced red fluorescence was also significantly inhibited 
by SIRT1@GPNPs and SIRT1/SOX9@GPNPs, but not 
SOX9@GPNPs (Fig.  2C). Furthermore, JC-1 staining 
is used to assess mitochondrial membrane potential. 
Mitochondrial membrane potential was largely restored 
in both the SIRT1@GPNPs and SIRT1/SOX9@GPNPs 
groups, which was indicated by an increased red/green 
ratio (Fig.  2D). These fluorescence staining and quanti-
tative analysis results were consistent, and no significant 
difference between the SIRT1@GPNPs group and SIRT1/
SOX9@GPNPs group was found, which suggests that 
SIRT1 played a principal role in recovering mitochondrial 
stability. Mitochondrial morphology serves as a more 
direct and crucial assessment of mitochondrial homeo-
stasis and function. Thus, we observed the mitochondrial 
morphology in different groups by using transmission 
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Fig. 2  Multifunctional nanodelivery platforms resist oxidative stress and restored mitochondrial homeostasis in NPCs. (A) Relative mRNA expression 
levels of FOXO3, Sod2, Cat, and Gpx genes (n = 3). Representative images and quantification of ROS staining (green, B), MitoSOX staining (red, C), and JC-1 
staining (red/green fluorescent area, D) for NPCs, as co-cultured with PBS, SOX9@GPNPs, SIRT1@GPNPs, and SIRT1/SOX9@GPNPs (n = 3). (E) Representative 
TEM images of the mitochondria of NPCs. Data are presented as mean ± SD. *p < 0.05; ns, no significant difference. Statistical significance was determined 
by one-way ANOVA with a post-hocTukey test for (A), (B), (C) and (D). GPNPs, PBA-modified G5-dendrimers; SOX9@GPNPs, GPNPs loaded with SOX9-
expressing plasmid; SIRT1@GPNPs, GPNPs loaded with SIRT1 proteins; SIRT1/SOX9@GPNPs, GPNPs assembled sequentially with SOX9- expressing plasmid 
and SIRT1 protein; DCFH-DA, green fluorescent probe for ROS detection; Mito SOX, live-cell fluorescent probes targeting mitochondrial superoxide; JC-1, 
in normal mitochondria, JC-1 aggregates in the mitochondrial matrix, emitting strong red fluorescence. When the mitochondrial membrane potential is 
low, and JC-1 monomers emit green fluorescence
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electron microscopy. Compared to the control group, 
LPS treatment led to the disappearance of vacuolization, 
mitochondrial cristae, and fewer mitochondrial numbers. 
In contrast, mitochondrial cristae and vacuolization were 
partly reversed in the SIRT1@GPNPs and SIRT1/SOX9@
GPNPs groups, and mitochondrial numbers significantly 
increased (Fig. 2E).

Changes in mitochondrial permeability promote the 
activation of apoptosis-related proteins and the release 
of apoptosis-inducing factors, thereby driving mito-
chondria dependent apoptosis [46]. Flow cytometry was 
conducted to evaluate the effect of GPNPs on NPC activ-
ity and apoptosis. The control group showed 96.7% liv-
ing cells and 1.7% apoptotic cells, after LPS induction; 
these numbers changed to 79.1% and 11.2%, respectively. 
Both SOX9@GPNPs and SIRT1@GPNPs groups showed 
improvement, with living and apoptotic cells at 85.2% 
and 6.2% for the former, and 87.8% and 5.8% for the lat-
ter (Additional file 1: Figure S8). ECM forms a support-
ive microenvironment for the function and growth of 
nucleus pulposus cells, which plays a critical role in regu-
lating cellular behaviors, including proliferation, differ-
entiation, and apoptosis. It has been demonstrated that 
correcting unfavorable growth microenvironments can 
enhance the viability of nucleus pulposus cells, thereby 
inhibiting apoptosis [6]. The improvement of cell apopto-
sis in the SOX9@GPNPs group may be attributed to the 
function of SOX9. At the same time, the protective effect 
of SIRT1 on mitochondria likely inhibited apoptosis in 
the SIRT1@GPNPs group. Notably, the SIRT1/SOX9@
GPNPs group showed the best results, which indicated a 
strong synergistic anti-apoptotic capability.

Restoring the balance of ECM anabolism/catabolism via 
the intervention of functional nanoplatform
Disorders between the anabolism and catabolism of the 
ECM are also central to IVDD [47]. The aberrant expres-
sion of COL II, ACAN, and MMP13 usually disrupts 
ECM homeostasis. Additionally, abnormal expression of 
Cytokeratin 19 (KRT-19, a marker of NPCs) reveals phe-
notypic changes in NPCs [48]. Therefore, our subsequent 
experiments examined the influence on ECM metabolism 
and cell phenotype under different conditions. Western 
blot and quantification confirmed that SOX9@GPNPs 
and SIRT1@GPNPs reversed the decline in COL II and 
ACAN expression and the increase in MMP13 expres-
sion, which indicated improvement in the disordered 
metabolism of ECM synthesis and breakdown (Fig. 3A). 
Although the SIRT1@GPNPs group demonstrated a pos-
itive regulatory effect on ECM metabolism, the extent 
of this regulation was not as robust as that observed in 
the SOX9@GPNPs group, which suggested that SOX9@
GPNPs play a more direct role in promoting ECM meta-
bolic balance. Furthermore, the expression levels of COL 

II, ACAN, and MMP13 in the SIRT1/SOX9@GPNPs 
group were not statistically different from the control 
group, which indicated the synergistic effect of SIRT1 
and SOX9 on ECM homeostasis of NPCs (Fig. 3A).

Consistent with the western blot results, immunofluo-
rescence demonstrated that, compared to the control 
group, LPS treatment reduced the expression levels of 
COL II in NPCs. After treatment with SOX9@GPNPs 
and SIRT1/SOX9@GPNPs, the expression levels of 
COL II increased (Fig.  3B). Furthermore, the treatment 
of SIRT1/SOX9@GPNPs upregulated the expression 
of KRT-19, indicating the restoration of NPCs pheno-
type (Fig.  3C). Alcian Blue staining also confirmed that 
proteoglycan expression was significantly higher in the 
SIRT1/SOX9@GPNPs groups compared to the PBS 
group (Additional file 1: Figure S9). In summary, these 
results suggest that the SIRT1/SOX9@GPNPs can main-
tain ECM stability and the NPCs phenotype, and indicate 
that SIRT1 and SOX9 repair IVDD via synergistic coop-
eration. Hence, we further explored the molecular mech-
anism of the SIRT1/SOX9@GPNPs nanocomplex in the 
repair functions.

Signaling pathways underlying the therapeutic effect of 
the functional platform
To further explore the potential molecular mechanism 
in the functional platform therapy, we treated NPCs 
with LPS to induce inflammation and list information 
on the differential expression of genes upon addition 
of SIRT1/SOX9@GPNPs compared to treated NPCs 
with LPS alone. As shown in the volcano plot (|log2FC| 
≥ 1 & p < 0.05), compared to PBS treatment, the treat-
ment of SIRT1/SOX9@GPNPs resulted in the upregula-
tion of 500 genes and the downregulation of 453 genes 
in NPCs (Fig.  4A). A heatmap analysis revealed signifi-
cant differences in gene expression between the groups 
(Fig.  4B). Compared to LPS treatment, SIRT1/SOX9@
GPNPs upregulated genes related to mitochondrial func-
tion maintenance, such as PCK2, GATM, and UCHL1. It 
also potentially inhibited the activation of cGAS through 
mitigating mitochondrial damage-induced mtDNA 
release. The metabolic balance of ECM is crucial for the 
maintenance of IVD functions. SIRT1/SOX9@GPNPs 
downregulated ECM degradation-related matrix metal-
loproteinases (MMP13, MMP3, ADAMTS7) and upreg-
ulated ECM synthesis-related genes (COL2A1, ACAN, 
TGFBR3, COL19A1, COL11A1, COL5A3, NPNT). Gene 
ontology (GO) analysis between the two groups sug-
gested a strong correlation of DEGs with positive regu-
lation of developmental process, positive regulation of 
defence response, and cell proliferation (Fig. 4C).

Notably, KEGG pathway enrichment analysis showed 
the downregulation of the NOD-like receptor signal-
ing pathway (Fig.  4D). Moreover, gene set enrichment 
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Fig. 3  The effect of multifunctional nanodelivery platforms to maintain ECM homeostasis balance and NPC phenotype. (A) Western blotting and quan-
titative analysis of MMP13, ACAN, and COL II. Immunofluorescence staining of KRT19 (B) and COL II (C) (n = 3). (D) Quantification of fluorescence intensity 
of COL II and KRT19. Data are presented as mean ± SD (n = 3). *p < 0.05. ns, no significant difference. Statistical significance was determined by one-way 
ANOVA with a post-hocTukey test for (A) and (C). GPNPs, PBA-modified G5-dendrimers; SOX9@GPNPs, GPNPs loaded with SOX9-expressing plasmid; 
SIRT1@GPNPs, GPNPs loaded with SIRT1 proteins; SIRT1/SOX9@GPNPs, GPNPs assembled sequentially with SOX9- expressing plasmid and SIRT1 protein
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Fig. 4  Transcriptome sequencing analysis of regulatory mechanisms of multifunctional nanoplatforms. (A) Volcano plot showing the differential gene 
expression between the SIRT1/SOX9@TGPNPs group and the LPS group. (B) The heatmap shows the different species of DEGs between the SIRT/SOX9@
TGPNPs group and the LPS group. (C) Top 20 of biological process enrichment bar plots. (D) Top 20 of KEGG enrichment analysis. GSEA of FoxO signal-
ing pathway (E) and TGF-β signaling pathway (F). SIRT1/SOX9@GPNPs, GPNPs assembled sequentially with SOX9- expressing plasmid and SIRT1 protein
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analysis (GSEA) revealed the upregulation of both FoxO 
and TGF-β signaling pathways. These findings further 
corroborate the role of the SIRT1-FoxO axis in protecting 
NPCs against oxidative damage, as well as the function 
of the SOX9-TGF-β axis in promoting ECM regenera-
tion (Fig.  4E, F). Additionally, GSEA demonstrated that 
SIRT1/SOX9@GPNPs protect NPCs from various 
adverse factors, including “Mitophagy-animal”, “Glycos-
aminoglycan degradation”, “Apoptosis”, “TNF signaling 
pathway”, “NF-Kappa B signaling pathway”, and “Chemo-
kine signaling pathway” (Additional file 1: Figure S10).

The NOD-like receptor signaling pathway was sig-
nificantly inhibited in the SIRT1/SOX9@GPNPs group 
(Fig.  5A). Mitochondrial dysfunction can activate the 
NOD-like receptor signaling pathway associated with 
the NLRP3 inflammasome, and the NLRP3 inflamma-
some cleaves procaspase-1 (Procasp-1) by combining 
with apoptosis-associated speck-like protein ASC [49]. 
The activated caspase-1 is instrumental in promot-
ing the cleavage of GSDMD to its N-terminal fragment 
(GSDMD-NT), which induces cell membrane perfora-
tion and triggers pyroptosis [50]. Subsequently, we veri-
fied the inhibition of the NOD-like receptor signaling 

Fig. 5  Potential signaling pathways after SIRT1/SOX9@GPNPs treatment. (A) GSEA of NOD-like receptor signaling pathway. (B) Representative Western 
blot images of Pro-casp1, Caspase1, GSDMD, GSDMD-NT, NLRP3 and ASC protein expression in NP cells. (C) Quantitative analysis of the WB images (n = 3). 
(D) Immunofluorescence staining of NLRP3 (n = 3). (E) Quantification of fluorescence intensity of NLRP3. Data are presented as mean ± SD. *p < 0.05. ns, 
no significant difference. Statistical significance was determined by one-way ANOVA with a post-hocTukey test for (C) and (E). GPNPs, PBA-modified G5-
dendrimers; SOX9@GPNPs, GPNPs loaded with SOX9-expressing plasmid; SIRT1@GPNPs, GPNPs loaded with SIRT1 proteins; SIRT1/SOX9@GPNPs, GPNPs 
assembled sequentially with SOX9- expressing plasmid and SIRT1 protein
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pathway as a mechanistic aspect of SIRT1/SOX9@GPNPs 
therapy through western blot experiments. We observed 
the upregulation of pyroptosis-related proteins after LPS 
induction, which did not significantly change after the 
intervention of SOX9@GPNPs; however, the intervention 
of SIRT1 and SIRT1/SOX9@GPNPs partially reversed 
the effect of LPS (Fig.  5B, C). Immunofluorescence fur-
ther confirmed the above experimental results (Fig.  5D, 
E, Additional file 1: Figure S11). The cell membrane per-
foration induced by GSDMD-Nt can lead to a massive 
release of LDH into the supernatant. Compared to the 
control group, the SIRT1/SOX9@GPNPs group inhibited 
the release of LDH in the LPS-treated group, with no sig-
nificant difference from the control outcomes (Additional 
file 1: Figure S12). These findings indicated that the repair 
mechanism of SIRT1/SOX9@GPNPs may involve inhib-
iting the NOD-like receptor signaling pathway, thereby 
restoring mitochondrial homeostasis and ECM balance.

Fabrication and in vitro therapeutic efficacy 
characterization of composite hydrogel to load the 
functional nanoplatform
Direct injection for IVDD often fails to maintain effective 
local drug concentrations for extended periods, and mul-
tiple punctures may exacerbate degeneration. To achieve 
stable drug concentrations in vivo, we developed a com-
posite hydrogel system which can constantly release the 
functional nanoplatform. Aldehyde-functionalized hyal-
uronic acid was combined with gelatin methacryloyl 
(GelMA) and PBA-dendrimers via dynamic Schiff base 
linkages, and covalent bonds were introduced to enhance 
the hydrogel’s stability. The gelation process of the hydro-
gel is depicted in Additional file 1: Figure S13. The micro-
structure of the hydrogels was examined using scanning 
electron microscopy (SEM). The incorporation of SIRT1/
SOX9@GPNPs did not alter the porous structure of the 
hydrogels (Additional file 1: Figure S14). The rate of deg-
radation of hydrogels under in vitro physiological condi-
tions was assessed by placing them in PBS at 37 °C with 
a shaking rate of 100 rpm. The gradual degradation of the 
hydrogels as the number of days increased and the fact 
that hydrogels remained for more than 4 weeks (Addi-
tional file 1: Figure S15) sets the stage for the hydrogels 
to provide a sustained therapeutic effect. This result is 
reflected in the hydrogel drug release assay, where the 
sustained release of SOX9-expressing plasmid and SIRT1 
protein from the hydrogel was maintained for more than 
28 days (Additional file 1: Figure S16).

Initially, the biocompatibility of the hydrogel was tested 
over 1, 3, and 5 days using a CCK-8 assay. The results 
confirmed that NPCs proliferation in all experimental 
groups was unaffected compared to the control group 
(Additional file 1: Figure S17). NPCs were then cultured 
on the surfaces of hydrogels with various compositions, 

and assays for cell viability, adhesion, and cell spreading 
were performed using live/dead staining and cytoskeletal 
staining on days 3 and 7 (Additional file 1: Figure S18). 
These tests showed that SIRT1/SOX9@GPNPs@G-HA 
provided excellent biocompatibility.

Prior to the animal experiments, to better simulate the 
native microenvironment of IVDD in vivo, we induced 
the NPCs with LPS NPCs and cultured them in 2D and 
3D, respectively. In 2D culture, cells adhere and grow on 
the hydrogel surface, forming a planar microenviron-
ment. This method is operationally simple and convenient 
for microscope observation. However, its spatial limita-
tions lead to differences from the in vivo environment. In 
3D culture, cells are uniformly encapsulated within the 
hydrogel, creating a three-dimensional environment that 
mimics physiological conditions, making it more suit-
able for tissue engineering applications [32]. EDU stain-
ing is used to assess cell proliferative capacity. Then, the 
cells cultured on the surface of hydrogels were subjected 
to EDU staining and the cells cultured in hydrogels were 
subjected to immunofluorescence images in sections to 
observe whether SIRT1/SOX9@GPNPs@G-HA could 
maintain therapeutic effects. EDU staining showed that 
LPS significantly suppressed NPCs proliferation, and this 
phenomenon was partially reversed in SIRT1@GPNPs 
and SOX9@GPNPs groups; the reverse effect, greatest in 
the SIRT1/SOX9@GPNPs group, showed maximal pro-
motion (Additional file 1: Figure S19). Immunofluores-
cence images revealed that NPCs were evenly distributed 
inside the hydrogel. After LPS treatment, the fluores-
cence intensity of NLRP3 significantly increased and the 
fluorescence intensity of COL II and KRT-19 decreased, 
while all of them were reversed in the SIRT1/SOX9@
GPNPs@G-HA group (Fig.  6A). This suggested that, in 
the SIRT1/SOX9@GPNPs@G-HA group, LPS-induced 
NPCs maintained ECM secretion and phenotypic sta-
bility with the inhibited NLRP3 inflammasome expres-
sion. Then, to select the optimal concentration for animal 
experiments, the concentration of SIRT1/SOX9@GPNPs 
in the hydrogel was increased to two or three times. 
The doubled concentration group notably enhanced the 
therapeutic effects, but the tripled group resulted in sig-
nificant toxicity, as evidenced by a sharp decrease in cell 
numbers in the hydrogel sections. Hence, a twofold con-
centration of SIRT1/SOX9@GPNPs@G-HA was used for 
animal experiments to balance efficacy and in vivo toxic-
ity (Fig. 6A, B).

Finally, to assess in vivo release capabilities, SIRT1/
SOX9@GPNPs-cy3 and SIRT1/SOX9@GPNPs-cy3@G-
HA were injected into IVD for real-time fluorescence 
imaging. The fluorescence intensity of the SIRT1/SOX9@
GPNPs-cy3 group significantly decreased by day 7, while 
the SIRT1/SOX9@GPNPs-cy3@G-HA group maintained 
a clear fluorescence intensity up to day 14. These results 
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Fig. 6  Therapeutic efficacy and sustained release of composite hydrogels. (A) Immunofluorescence staining for NLRP3, COL II, and KRT-19 images of 
frozen sections of hydrogels (n = 3). (B) Quantitative analysis of fluorescence intensity of NLRP3, COL II, and KRT-19. (C) Representative IVIS images of rat 
disc at 0, 7, and 14 days. The color bar (from black to yellow) indicates the change in fluorescence signal intensity from low to high. Data are presented 
as mean ± SD. *p < 0.05. ns, no significant difference. Statistical significance was determined by one-way ANOVA with a post-hocTukey test for (B). G-HA, 
hydrogel formed by crosslinking GelMA and OHA; GPNPs@G-HA, composite hydrogel loaded with GPNPs; SIRT1/SOX9@GPNPs@G-HA, composite hy-
drogel loaded with SIRT1/SOX9@GPNPs; 2×, composite hydrogel with double concentration of SIRT1/SOX9@GPNPs; 3×, composite hydrogel with triple 
concentration of SIRT1/SOX9@GPNPs; SIRT1/SOX9@GPNPs-cy3, cy3-labeled SIRT1/SOX9@GPNPs; SIRT1/SOX9@GPNPs-cy3@G-HA, composite hydrogel 
loaded with cy3-labeled SIRT1/SOX9@GPNPs
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suggest a better retention efficiency of SIRT1/SOX9@
GPNPs@G-HA in vivo (Fig. 6C).

In vivo therapeutic evaluation of the composite hydrogel 
loaded with the functional nanoplatform
To further assess the therapeutic efficacy of SIRT1/
SOX9@GPNPs@G-HA in vivo, we established an IVDD 
model in Sprague Dawley rats using tail IVD puncture. 
Percutaneous needle puncture injury has been demon-
strated as a reliable method for stably inducing an IVDD 
model in Sprague Dawley rat tail vertebrae [51]. The 
acupuncture could decrease T2-weight intensity in MRI 
images and induce significant histological impairment. 
Specifically, following damage to AF integrity, the NP tis-
sue prolapsed during exercise, resulting in histological 
changes in IVD and symptoms of nerve root compres-
sion [19, 48]. We divided the rats into four groups: Sham 
(non-punctured) group, Defect (punctured with PBS 
injection) group, G-HA (punctured with G-HA injection) 
group, and SIRT1/SOX9@GPNPs@G-HA (punctured 
with SIRT1/SOX9@GPNPs@G-HA injection) group. 
Radiographic imaging examinations were conducted at 
postoperative weeks 4 and 8, and tissue samples were col-
lected at the corresponding time points for subsequent 
analysis.

The DHI, quantified to measure disc height, serves as 
an indicator to monitor degenerative changes and thera-
peutic effects in IVDD (Additional file 1: Figure S20). 
Post-puncture, a significant decline in DHI was observed 
in the defect group at both postoperative weeks 4 and 
8, indicating disc collapse. This decline was not allevi-
ated in the G-HA group; however, in the SIRT1/SOX9@
GPNPs@G-HA group, DHI changes were minimal, 
indicating a slower rate of disc collapse (Fig.  7A, C). 
The matrix components of NP tissue composed of col-
lagen and glycosaminoglycans are rich in water, which 
is reflected in the T2-weighted signal in MRI images. 
Healthy NP tissue contains more matrix components 
to retain water, thereby maintaining normal disc func-
tion and structure, which appears as high signal inten-
sity (white signal) on T2-weighted images. In contrast, 
as discs degenerate, the matrix and water content in NP 
tissue decrease, leading to reduced signal intensity in 
T2-weighted images, presenting as gray or black signals. 
Thus, the T2-weighted signal intensity has been widely 
used in the diagnosis and grading of IVDD. According to 
MRI images, the defect group displayed the lowest sig-
nal intensity at postoperative weeks 4 and 8, consistent 
with the DHI results. Among the treatment groups, the 
SIRT1/SOX9@GPNPs@G-HA group showed the greatest 
retention of water content in the nucleus pulposus, with 
no significant difference from the sham group (Fig.  7A, 
D).

We collected samples at postoperative weeks 4 and 
8 for histological evaluation of disc tissue and structure 
integrity. As shown by H&E and SO/FG staining, non-
punctured discs exhibited normal tissue and structure, 
with a well-preserved and well-formed nucleus pulpo-
sus. At postoperative weeks 4 and 8, puncture-induced 
extensive loss of nucleus pulposus tissue, severe fibro-
sis, and disorganized disc structures were observed. The 
therapeutic effect in the G-HA group was significantly 
limited. Notably, in the SIRT1/SOX9@GPNPs@G-HA 
group, most of the nucleus pulposus was preserved 
with the structure similar to the sham group, and the 
boundary between the nucleus pulposus and annulus 
fibrosus was clearly defined (Fig.  7B, E). Immunofluo-
rescence staining results showed that puncture treat-
ment significantly reduced the expression levels of COL 
II and ACAN, while significantly increasing MMP13 and 
NLRP3 expression (Fig.  8A, B). These changes indicate 
that puncture-induced imbalance between ECM synthe-
sis and catabolism, and enhanced pyroptosis. Compared 
to the defect group, the SIRT1/SOX9@GPNPs@G-HA 
treatment reversed these abnormalities. SIRT1/SOX9@
GPNPs@G-HA treatment not only restored the expres-
sion levels of COL II and ACAN and inhibited the over-
expression of MMP13, but also significantly reduced 
NLRP3 expression. This suggests that the treatment 
restored the balance between ECM synthesis and degra-
dation and suppressed pyroptosis, which was consistent 
with our in vitro results.

Lastly, in vivo application necessitates ensuring the bio-
safety of biomaterials to avoid adverse reactions. There-
fore, we assessed the in vivo toxicity reactions across 
different groups during the treatment period. Four weeks 
after locally injecting various hydrogel components into 
the rat tail IVDs, we evaluated the functions of the heart, 
liver, spleen, lungs, and kidneys from different groups. 
Histological examination of major organs through H&E 
staining revealed no pathological changes, confirming 
the excellent in vivo biocompatibility of SIRT1/SOX9@
GPNPs@G-HA (Additional file 1: Figure S21).

Discussion
Current research trends indicate a growing inclination 
toward the synergistic interventions of multiple adverse 
factors for IVDD. This strategy stems from a deepened 
understanding of the pathological mechanism of IVDD—
it is not dominated by a single factor, but results from 
complex interactions of multiple adverse factors [52]. 
Therefore, it is particularly important to develop thera-
peutic strategies that counteract multiple unfavorable 
factors.

It has become clear that ROS levels play a dual role in 
IVDD, acting both as detrimental and beneficial agents 
[7]. The dynamic balance of ROS is involved in various 
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Fig. 7 (See legend on next page.)
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cellular defence regulatory mechanisms [53]. However, 
when this balance is disrupted by adverse factors such 
as aging, inflammation, or mechanical stress, the apop-
tosis of NPCs is triggered by the excessive accumulation 
of ROS [42]. If the negative impact of excessive ROS is 
not cleared in time, the self-repair mechanisms of NPCs 
or the exogenous positive repair forces may be blocked, 
leading to the failure of some therapeutic systems to 
achieve their expected outcomes. In our study, we under-
scored the importance of prioritizing the removal of 
adverse factors; directly delivered proteins can rapidly 
enter cells and exert immediate effects, typically reach-
ing the intracellular environment and exhibiting biologi-
cal function within 6  h. This rapid-onset characteristic 
makes protein delivery particularly suitable for priority 
interventions, such as quick clearance of harmful fac-
tors or activation of immediate protective mechanisms 
[54]. We reveal that a portion of SIRT1 can enter the cell 
nucleus, potentially regulating multiple transcription fac-
tors through deacetylation, thereby achieving enhanced 
therapeutic effects. This regulatory mechanism may be 
comprehensive and involve multiple interconnected sig-
naling pathways, which effectively improve the micro-
environment of IVD. This is consistent with the goals we 
aimed to achieve. SIRT1 is a protein that shuttles between 
the cytoplasm and nucleus [55]. Although SIRT1 is rec-
ognized for its nuclear localization sequence, the direct 
nuclear delivery capability of GPNPs might accelerate the 
nuclear entry process of SIRT1.

Existing studies achieve multidimensional interven-
tions through the delivery of drugs or bioactive factors, 
but such systems lack effective correlation. In vivo bio-
logical processes are an interacting network, and systems 
with synergistic effects have the advantage of enhanc-
ing therapeutic outcomes [56, 57]. SOX9, as an essential 
transcription factor, can assist SIRT1 in enhancing the 
biosynthesis and maintenance of ECM [58]. Therefore, 
considering the complex challenges of disc degeneration, 
SIRT1 acts as a potent regulator capable of mitigating 
the negative cellular effects of the disordered microen-
vironment. Simultaneously, SOX9 activates the inherent 
regenerative capacity of the tissue, resulting in a positive 
reparative effect. The synergistic therapeutic approach of 
SIRT1 and SOX9 is essential for disc degeneration. In our 
study, we successfully loaded SIRT1 protein and SOX9 
plasmid onto the surface of GPNPs, and delivered them 
intracellularly. Specifically, in in vitro experiments, we 

observed varying degrees of increased secretion of COL 
II and ACAN and maintenance of phenotype in both 
the SIRT1@GPNPs and SOX9@GPNPs groups, accom-
panied by a reduction in MMP13. The SIRT1/SOX9@
GPNPs group exhibited the most significant effects, sug-
gesting that the actions of SIRT1 and SOX9 are comple-
mentary in promoting ECM secretion and phenotype 
maintenance.

RNA sequencing results further prove that SIRT1 plays 
a central role through its deacetylation function, not 
only directly influencing multiple biological processes, 
but also synergizing with the SOX9-expressing plas-
mid. GSEA reveals significant enhancement of the FoxO 
signaling pathway and TGF-β signaling pathway, both 
crucial for promoting IVD repair [59, 60]. Conversely, 
pathways detrimental to cells, such as glycosaminogly-
can degradation and inflammation-related pathways, are 
suppressed [61, 62]. This aligns with the ability of SIRT1 
to inhibit inflammation pathways and the expression of 
inflammatory factors through deacetylation [63, 64]. We 
observed an enhancement in mitophagy, suggesting that 
SIRT1 may maintain mitochondrial homeostasis by regu-
lating the mitochondrial quality control system, further 
highlighting its multifaceted role in cellular protection. 
Notably, KEGG pathway enrichment analysis indicated 
a marked inhibition of the NOD-like receptor signal-
ing pathway. The NOD-like receptor signaling pathway, 
comprising pattern recognition receptors, is a key com-
ponent of the immune system. Specifically, NLRP3 rec-
ognizes pathogen-associated molecular patterns and 
damage-associated molecular patterns (DAMPs), trig-
gering immune responses and inflammation [65]. Our 
experiments showed reduced expression of pyroptosis-
related proteins in the SIRT1/SOX9@GPNPs group. In 
summary, SIRT1/SOX9@GPNPs demonstrate their mul-
tifunctionality, effectively countering the negative effects 
of adverse factors, while actively mobilizing the intrinsic 
positive repair mechanisms within cells, highlighting 
strong therapeutic potential.

A three-dimensional network of hydrogel enables the 
persistent and controlled release of bioactive factors. Liu 
et al. developed an injectable hydrogel that responds to 
the pathological microenvironment of IVDD for the con-
trolled release of anti-inflammatory drugs [66]. Seung 
et al. prepared an injectable hydrogel for the sustained 
release of DFO-NP nanochelators to treat patients with 
iron overload [67]. Given the excellent therapeutic effects 

(See figure on previous page.)
Fig. 7  In vivo therapeutic effects of composite hydrogels assessed by imaging and histology. (A) Representative X-Ray images and MRI images of rat tails 
from the Sham (non-punctured) group, Defect (punctured with PBS injection) group, G-HA (punctured with G-HA injection) group, and SIRT1/SOX9@
GPNPs@G-HA (punctured with SIRT1/SOX9@GPNPs@G-HA injection) group, respectively. (B) H&E and SO/FG staining of the IVD after different treatments 
at post-operation weeks 4 and 8. Disc height index (DHI) (%) (n = 3) (C) and mean gray value (n = 3) (D) of the IVD. (E) Histological grade of sections in differ-
ent groups at post-operation 4 weeks and 8 weeks (n = 3). Data are presented as mean ± SD. *p < 0.05. ns, no significant difference. Statistical significance 
was determined by one-way ANOVA with a post-hocTukey test for (C), (D) and (E). G-HA, hydrogel formed by crosslinking GelMA and OHA; GPNPs@G-HA, 
composite hydrogel loaded with GPNPs; SIRT1/SOX9@GPNPs@G-HA, composite hydrogel loaded with SIRT1/SOX9@GPNPs
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of these hydrogel systems with sustained drug release, 
our study employed a crosslinked network composed of 
GelMA and OHA for the continuous release of GPNPs. 
Gelatin and hyaluronic acid, derivatives from the ECM, 
not only create a near-natural environment for cell 
growth and provide the required adhesion sites, but also 
act as “dams” for the gradual release of drugs through 
their rich polymer networks and crosslinking sites [68–
70]. However, the significant differences between the 
in vitro cell co-culture models and the in vivo microen-
vironment of natural cell growth might limit the thera-
peutic effects in vivo [71]. Therefore, before applying 
the hydrogel in animal experiments, it is advantageous 
to use 2D and 3D cell culture systems to simulate the 
in vivo microenvironment, compared to co-culture sys-
tems. NPCs were seeded on the surface of hydrogel or 
encapsulated within the hydrogel, and the SIRT1/SOX9@
GPNPs@G-HA group demonstrated high cell viabil-
ity and proliferation. Furthermore, its ability to inhibit 

NLRP3 expression, promote ECM component secretion, 
and maintain a stable phenotype was maintained.

The IVD is a complex fibrocartilaginous tissue between 
continuous vertebrae that plays a pivotal role in preserv-
ing the stability and flexibility of the spine [72]. Among 
the various indicators used to assess the progression 
of IVDD, the decrease in disc height leads to reduced 
mechanical stability between vertebrae and uneven 
force distribution. Additionally, the reduction in nucleus 
pulposus water content is an early sign of disc degenera-
tion. As the water content decreases, the nucleus pulp-
osus loses its original elasticity and buffering capacity. 
Our study demonstrated that, through X-Ray and MRI 
assessments, the SIRT1/SOX9@GPNPs@G-HA group 
exhibited the best therapeutic outcomes. Furthermore, 
following H&E and Safranin O-Fast Green staining, tis-
sue sections observed at weeks 4 and 8 showed that the 
disc structure and nucleus pulposus tissue were best 
preserved in the SIRT1/SOX9@GPNPs@G-HA group. 

Fig. 8  SIRT1/SOX9@GPNPs@G-HA treats IVDD by alleviating ECM metabolic disorders and suppressing inflammation. (A) Immunofluorescence staining 
for COL II, ACAN, NLRP3, and MMP13 images of the rat sections (n = 3). (B) Quantification analysis of fluorescence intensity of COL II, ACAN, NLRP3, and 
MMP13. Data are presented as mean ± SD (n = 3). *p < 0.05. ns, no significant difference. Statistical significance was determined by one-way ANOVA with a 
post-hocTukey test for (D). G-HA, hydrogel formed by crosslinking GelMA and OHA; GPNPs@G-HA, composite hydrogel loaded with GPNPs; SIRT1/SOX9@
GPNPs@G-HA, composite hydrogel loaded with SIRT1/SOX9@GPNPs
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Finally, immunofluorescence staining of the tissue sec-
tions was consistent with in vitro experiments, revealing 
that the SIRT1/SOX9@GPNPs@G-HA group expressed 
higher levels of COL II and ACAN, and lower levels of 
NLRP3 and MMP13. Generally, Direct injection of highly 
concentrated nanoparticles may induce toxic injuries. 
Therefore, in our research, hydrogels are utilized for their 
ability to achieve sustained release and protect tissues, 
thereby lessening harm to the body. In the in vivo toxicity 
assays, compared with the control group, the structures 
of major organs (heart, liver, spleen, lungs, and kidneys) 
in the experimental group exhibited no significant dif-
ferences. This suggests that our functional composite 
hydrogels not only delivers effective treatment but also 
helps avert bodily toxicity, which is of great significance 
for prolonged IVDD therapy.

In summary, composite hydrogels have favourable 
therapeutic effects in vivo and in vitro. Compared to cur-
rent IVDD therapies, such as NSAIDs that mainly target 
symptom relief but have limited efficacy, and biologic 
therapies (like growth factor injections) that have the 
limitation of single action [73]. In contrast, by co-loading 
SIRT1 protein and SOX9-expressing plasmid, the pres-
ent nanoplatform inhibits multiple unfavourable factors 
in IVDD through sequential and synergistic treatment 
of SIRT1 and SOX9 on the one hand, and constructs 
a dynamic hydrogel using natural materials with low 
immunogenicity to help the sustained release of thera-
peutic factors on the other hand. And the multiplicity of 
effects and good biocompatibility make it have a stronger 
potential for clinical translational applications. However, 
based on the current research findings, several issues 
still need to be explored. Firstly, the NOD-like recep-
tor signaling pathway involves multiple upstream and 
downstream signaling molecules and effectors, forming 
a complex signaling network. The molecular mechanisms 
of these interactions need deeper exploration. Secondly, 
the actual growth microenvironment of NPCs in vivo is 
complex and variable, influenced by hypoxia and con-
tinuous mechanical stimulation, making it unique and 
different from other tissue cells. Therefore, more consid-
eration is needed regarding the structure and composi-
tion of the hydrogel to further explore an ideal candidate 
culture system that closely simulates the real growth 
microenvironment. Finally, the biomechanical evalu-
ation of the IVD is an important indicators reflecting 
disc function and structure. In vivo experiments should 
include comparisons of the biomechanical evaluation of 
the disc before and after treatment to comprehensively 
assess the progression of degeneration. Thus, in sub-
sequent studies, the above questions should be further 
tested and discussed. These future studies will enhance 
our understanding and application of this therapeutic 

strategy, potentially leading to more effective treatments 
for IVDD.

Conclusion
We proposed a nanoassembly strategy for the functional 
platform loaded with SIRT1 protein and SOX9-express-
ing plasmid for the intervention of multiple adverse fac-
tors, encapsulated within a hydrogel for sustained in 
vivo therapy. The protein and plasmid exert their effects 
in a time-sequential manner. GPNPs delivered SIRT1 
protein and SOX9-expressing plasmid into the NPCs to 
balance mitochondrial homeostasis, inhibit cell apop-
tosis, and improve matrix metabolism while maintain-
ing the phenotype. RNA sequencing data suggest that 
the therapeutic effect of SIRT1/SOX9@GPNPs may be 
related to the NOD-like receptor signaling pathway. 
To further enhance the in vivo therapeutic capability of 
SIRT1/SOX9@GPNPs, GPNPs were encapsulated within 
a G-HA hydrogel via Schiff base bonds. This hydrogel 
was found to release SIRT1/SOX9@GPNPs in a sustained 
manner in vivo, treating disc degeneration by improving 
matrix metabolism and suppressing excessive NLRP3 
expression. Overall, this study presents an effective thera-
peutic strategy for the intervention and repair of IVDD, 
showing significant potential for application.

Materials and methods
Materials
Amine-terminated G5 PAMAM was purchased from 
Weihai Chenyuan Molecular New Material Co., Ltd. 
(Shandong, China). 4-(Bromomethyl)phenylboronic acid 
(PBA), gelatin, N-hydroxysuccinimide (NHS), NaIO4, and 
ethylene glycol were purchased from Aladdin (Shanghai, 
China). GelMA (EFL-GM-60) and lithium pheny1-2,4,6-
trimethybenzoylphosphinate (LAP) were purchased from 
Suzhou Intelligent Manufacturing Research Institute 
(Suzhou, China). Dulbecco’s modified Eagle’s medium, 
Ham’s F-12 medium (DMEM/F12), and fetal bovine 
serum (FBS) were purchased from Gibco (Carlsbad, CA).

Synthesis and characterization of G5-PBA-dendrimer 
nanoplatforms (GPNPs)
As mentioned previously, PBA-functionalized dendritic 
macromolecules were synthesized via the following 
method, in which phenylboronic acid (PBA) was grafted 
onto the surface of dendritic macromolecules through 
a substitution reaction under heating conditions [37]. 
First, amine-terminated G5 dendritic macromolecules 
and 4-(bromomethyl)phenylboronic acid were dissolved 
in a 40 mL anhydrous methanol beaker at a molar ratio 
of 1:256, followed by thorough stirring at 70 °C for 24 h. 
The reaction product was transferred into a dialysis bag 
(MWCO = 3500 Da) and extensively dialyzed against 
anhydrous methanol and deionized water to remove 
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unreacted substances, impurities, and solvents, with the 
dialysis solution replaced every 3 h. The purified product 
was freeze-dried to obtain para-PBA-modified dendritic 
macromolecules. The fully purified product was charac-
terized using 1 H nuclear magnetic resonance (1 H NMR) 
spectroscopy, and the average number of PBA molecules 
grafted per dendritic macromolecule was calculated 
based on the integral areas corresponding to the charac-
teristic peaks of PBA and the dendritic macromolecules.

Preparation of SOX9@GPNPs, SIRT1@GPNPs, and SOX9/
SIRT1@GPNPs
The preparation of SOX9@GPNPs, SIRT1@GPNPs, and 
SOX9/SIRT1@GPNPs was conducted separately. For 
SOX9@GPNPs preparation, GPNPs were mixed with 
SOX9 expression plasmid (0.8  µg) at N/P ratios (0, 1, 
2, 4, 8, 16) in 100  µl solution according to a previously 
reported method for N/P ratio calculation [37]. The 
corresponding GPNP masses were 0, 0.18  µg, 0.36  µg, 
0.72 µg, 1.44 µg, and 2.88 µg. The mixtures were vortexed 
thoroughly for 3 min and incubated at 25 °C for 30 min. 
For agarose gel electrophoresis, samples with different 
N/P ratios and DNA marker were loaded onto a 1% aga-
rose gel. Electrophoresis was performed in 1×TAE buffer 
at 130  V for 30  min, and band patterns were visualized 
using a gel imaging system. Subsequently, SOX9@GPNPs 
were diluted with PBS to 1 ml for hydrodynamic size and 
zeta potential measurements using a Zetasizer Nano-ZS 
(Malvern, UK) at room temperature. Parameters includ-
ing size distribution, average particle size, and PDI were 
recorded. For SIRT1@GPNPs preparation, SIRT1 protein 
was mixed with GPNPs at W/W ratios (0, 2, 4, 8) in 100 µl 
solution, corresponding to SIRT1 masses of 0, 2.88  µg, 
5.76 µg, and 11.52 µg (with fixed GPNP mass of 1.44 µg 
based on the optimal N/P ratio for SOX9@GPNPs). The 
mixtures were vortexed for 3 min, incubated at 25 °C for 
30 min, and then diluted to 1 ml with PBS for hydrody-
namic size and zeta potential measurements using the 
same protocol as SOX9@GPNPs. For SOX9/SIRT1@
GPNPs preparation, SOX9 plasmid (0.8  µg) was first 
complexed with GPNPs (1.44  µg) at N/P = 8, followed 
by the addition of SIRT1 protein (2.88  µg). Other steps 
followed the protocols for SOX9@GPNPs and SIRT1@
GPNPs. The final complexes were diluted to 1  ml with 
PBS for hydrodynamic size analysis. The particle size 
stability of GPNPs, SOX9@GPNPs, and SIRT1/SOX9@
GPNPs was monitored at 0, 12, 24, and 36 h during PBS 
storage. Additionally, the morphology of SIRT1/SOX9@
GPNPs was characterized by TEM (JEOL JEM 2100 F).

Intracellular delivery of nanocomplexes
The prepared SOX9@GPNPs, SIRT1@GPNPs, and 
SOX9/SIRT1@GPNPs were diluted to 500  µl using 
DMEM/F12 complete medium containing 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin for 
subsequent cell culture and incubated in a 37 °C, 5% CO₂ 
humidified incubator. For cytotoxicity testing, NPCs 
were seeded into 96-well plates to ensure uniform dis-
tribution. Groups included SOX9@GPNPs at varying 
N/P ratios (0, 1, 2, 4, 8, 16) and SIRT1@GPNPs at vary-
ing W/W ratios (0, 2, 4, 8). The complexes were added 
to designated wells and cultured for 24 h. After incuba-
tion, 100 µL CCK-8 reagent (dissolved in sterile DMEM/
F12 medium, Beyotime, China) was added to each well 
and incubated in the dark for 1 h. Absorbance at 450 nm 
was measured using a full-wavelength microplate reader. 
To evaluate GPNPs’ plasmid DNA delivery efficiency, 
GPNPs were mixed with pcDNA3.1-Sox9-ZsGreen1 at 
N/P ratios of 0, 1, 2, 4, 8, and 16. When NPCs reached 
80% confluency, the mixtures were added to the culture 
medium. After 6 h incubation, the medium was replaced, 
and cells were cultured for an additional 18  h. Green 
fluorescence expression was observed under an inverted 
microscope. Successful delivery by SOX9@GPNPs was 
confirmed by detecting Sox9, Col2a1 and Acan gene 
expression (NC group: Sox9 none-expressed; SOX9@
GPNPs: Sox9 expressed). Total RNA was extracted 
using TRIzol reagent (Invitrogen, American), quanti-
fied with NanoDrop 2000 spectrophotometers (Thermo 
Fisher Scientific, American), reverse-transcribed into 
cDNA, and amplified following manufacturer protocols. 
Primer sequences (Sangon Biotech, Shanghai, China) are 
detailed in Table S1. Gene expression levels were nor-
malized to GAPDH. For protein delivery assessment, 
BSA-FITC (green fluorescent) was used as a model pro-
tein. Groups included control, GPNPs, BSA-FITC, and 
BSA-FITC@GPNPs (WBSA-FITC: WGPNPs = 1.5:1; 
2.16 µg BSA-FITC, 1.44 µg GPNPs). After 6 h treatment, 
NPCs were fixed with 4% paraformaldehyde, stained for 
cytoskeleton (37 °C, dark, 1 h), and nuclei (DAPI). Fluo-
rescence distribution was observed under an inverted 
microscope. To evaluate intracellular ROS levels before 
and after SIRT1 delivery, a DCFH-DA probe-based fluo-
rescence assay was performed. Groups included CTRL 
(Control no other treatment), PBS/LPS (PBS and LPS 
co-treatment), FREE SIRT1/LPS (SIRT1 protein and LPS 
co-treatment), and SIRT1@GPNPs/LPS (SIRT1@GPNPs 
and LPS co-treatment). The concentration of LPS was 
1 µg/mL. NPCs were seeded in 24-well plates, cultured to 
80–90% confluency in DMEM/F12 medium, and treated 
according to groups for 24 h. After washing with serum-
free medium, DCFH-DA working solution (1:1000 dilu-
tion in PBS, Beyotime, China) was added and incubated 
(37 °C, dark, 20 min). Nuclei were stained with Hoechst 
33,342 (Beyotime, China) for 10  min. Fluorescence was 
observed under a fluorescence microscope. Sequential 
delivery was monitored by delivering BSA-FITC and 
pcDNA3.1-Sox9-DsRed plasmid (2.16  µg BSA-FITC, 
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1.44  µg GPNPs, 0.8  µg plasmid) into cells. Fluores-
cence distribution was observed at 6, 12, 24, and 48  h 
post-delivery. For follow-up experiments (antioxidant, 
mitochondrial function, ECM synthesis/catabolism, 
and phenotypic assays), groups included: (1) Normal 
medium (CTRL); (2) PBS + 1 µg/mL LPS (PBS group); (3) 
SOX9@GPNPs + 1  µg/mL LPS (SOX9@GPNPs group); 
(4) SIRT1@GPNPs + 1  µg/mL LPS (SIRT1@GPNPs 
group); (5) SIRT1/SOX9@GPNPs + 1 µg/mL LPS (SIRT1/
SOX9@GPNPs group). NPCs were seeded in 24-well 
plates, treated with group-specific solutions for 6 h after 
reaching 80% confluency, washed twice to remove resid-
ual medium, and incubated in fresh complete medium 
post-treatment.

Extraction and culture of NPCs
NPCs were isolated from the tail vertebrae of 6-week-old 
male Sprague–Dawley rats. Under sterile conditions, the 
nucleus pulposus tissue was removed from the IVDs and 
incubated at 37 °C for 4 h in a 0.25% type II collagenase 
solution (Yuanye, Shanghai, China). Following incuba-
tion, the digested mixture was collected, centrifuged to 
separate the cells, and the supernatant was discarded. 
The resulting cell pellet was then resuspended in DMEM/
F12 medium enriched with 10% FBS. Once the cells had 
attached, the culture medium was refreshed every two 
days, and cell morphology was routinely inspected.

Biocompatibility evaluation of SOX9@GPNPs and SIRT1@
GPNPs
The in vitro cytotoxicity was assessed using the CCK8 
assay. Approximately 6,000 cells were seeded in a 96-well 
plate and incubated overnight for attachment. Grouping 
was based on the aforementioned culture systems, and 
each group had three replicates. The next day, NPCs were 
treated with different formulations for 24  h and then 
incubated with 100  µl CCK8 solution for an additional 
1 h. Absorbance at 450 nm was measured using a spec-
trophotometer (Invitrogen, USA).

Mitochondrial membrane potential detection
The mitochondrial membrane potential was assessed 
using the JC-1 dye, a sensitive indicator for mitochon-
drial membrane potential, as per the manufacturer’s 
instructions (Beyotime, China). The functional mecha-
nism of JC-1 relies on its aggregation state in response to 
the membrane potential: it forms red fluorescent J-aggre-
gates at high potentials and exists as green fluorescent 
monomers at low potentials. Prior to staining, NPCs 
were washed with PBS, then treated with pre-warmed 
JC-1 dye (1:200) and the nuclear stain Hoechst 33,342, 
respectively, at 37 °C for 30 min. Following staining, cells 
were washed three times with PBS to remove unbound 
dye. Finally, the stained cells were visualized under an 

inverted microscope to assess the intensity and distri-
bution of red and green fluorescence, and fluorescence 
intensity was analyzed using ImageJ software.

MitoSOX red detection
To measure mitochondrial ROS (mtROS), we employed 
MitoSOX Red, a fluorescent probe specifically designed 
to detect superoxide in mitochondria (MCE), following 
the manufacturer’s protocol. For staining, a working solu-
tion of MitoSOX Red at 10 µM was prepared. Following 
the removal of the culture medium, a freshly prepared 
MitoSOX Red working solution was added to cover all 
cells. The cells were subsequently incubated in darkness 
at 37  °C and 5% CO2 for 30 min, and then stained with 
Hoechst 33,342 under the same environmental condi-
tions. After the incubation period, the cells were carefully 
washed three times with PBS to eliminate any unbound 
dye. The cells were then examined using an inverted 
microscope, and the analysis was performed using 
ImageJ software.

Microscopic observation of mitochondria by TEM
For the microscopic observation of mitochondria by 
transmission electron microscopy (TEM) (JEOL JEM 
F200,Japan), NPCs were collected after stimulation and 
centrifuged. The culture medium was discarded, and 
the cells were fixed with pre-cooled electron microscopy 
fixative at room temperature for 2 h. The cell pellet was 
then processed further: it was washed three times with 
0.1 M phosphate buffer (pH 7.2), refixed with 1% osmium 
tetroxide, and washed again three times with the same 
phosphate buffer. Afterward, the samples underwent 
dehydration in a graded series of alcohols, infiltration, 
and embedding in resin. The resin blocks were sliced 
into ultrathin Sect.  (50 nm) for staining. Ultimately, the 
sections were observed under a transmission electron 
microscope.

Flow detection
The collected cells were resuspended in PBS and centri-
fuged at 300  g for 5  min. After discarding the superna-
tant, the cells were resuspended in binding buffer and 
adjusted to a concentration of 1 × 106 cells/ml. Annexin-
V/PI staining was conducted in darkness. Flow cytometry 
analysis was performed using a flow cytometer (Merck 
Millipore, Germany). Subsequently, FlowJo software was 
utilized to determine the proportions of cells in different 
states and to calculate the apoptosis rate for each group.

Western blot
Proteins were extracted from NPCs under various condi-
tions using RIPA buffer with protease inhibitors (Thermo 
Fisher, USA). Protein concentration was measured with a 
BCA Assay Kit (Beyotime, China). After denaturing the 
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proteins at temperatures exceeding 95 °C, equal volumes 
were loaded onto a 10% SDS-PAGE gel for electrophore-
sis. Proteins were then transferred to a PVDF membrane 
(Millipore, USA). The membrane was blocked for 2 h and 
incubated with a diluted primary antibody (1:1,000) at 
4 °C overnight. The next day, the membrane was washed 
with TBST, incubated with a diluted secondary antibody 
(1:1,000) for 2 h, and washed again. The membrane was 
scanned, and band intensity was analyzed using ImageJ 
to assess protein expression. Antibodies used are listed in 
Table S2.

Immunofluorescence staining
Roughly 10,000 NPCs were plated in a 24-well dish and 
left to adhere overnight. The next day, various stimuli 
were introduced. NPCs were immobilized with 4% para-
formaldehyde at ambient temperature and subsequently 
blocked with an immunostaining solution (Beyotime, 
China) incorporating Triton X-100 for an hour. Cells 
were then incubated with diluted primary antibodies 
(1:200; targeting COL II, KRT-19, NLRP3, Caspase-1, 
GSDMD) at 4 °C overnight. The following day, after three 
PBST washes, cells were exposed to diluted fluorescent 
secondary antibodies for two hours. Observations were 
conducted using an inverted microscope, and fluores-
cence strength was analyzed quantification via imageJ 
software.

Alcian blue staining
Alcian Blue forms a blue insoluble complex with gly-
cosaminoglycans, indicating positive staining under a 
microscope. After fixing the cell samples with 4% para-
formaldehyde, they were washed three times with PBS. 
Alcian blue staining was then performed by adding 
500 µl of Alcian staining solution. After staining, samples 
were thoroughly washed with PBS to remove unbound 
dye. Finally, the staining results were observed under a 
microscope.

RNA sequencing and differential bioinformatic analyses
To explore the impact of LPS and SIRT1/SOX9@GPNPs 
(SSGP) on gene expression patterns, RNA sequencing 
analysis was carried out. This involved two study groups: 
the LPS group and the SSGP group, each with three bio-
logical replicates. RNA was isolated from the treated cells 
with TRIzol reagent (Invitrogen, Carlsbad, CA), and its 
quality and integrity were evaluated. The sequencing of 
RNA libraries was performed on the Illumina platform 
by Genedenovo Biotechnology Co., Ltd (Guangzhou, 
China). DESeq2 was utilized for differential gene expres-
sion analysis, where genes with an adjusted p-value less 
than 0.05 and an absolute log2 fold change greater than 1 
were considered significantly differentially expressed.

Preparation of oxidised hyaluronic acid
First, 1.5  g of hyaluronic acid was placed in a beaker, 
and 150 mL of deionized water was added. The mixture 
was stirred at room temperature using a magnetic stir-
rer until the hyaluronic acid was completely dissolved. 
Subsequently, to oxidize the hyaluronic acid, 802  mg of 
sodium periodate (NaIO₄) was added to the solution as 
an oxidizing agent, followed by thorough stirring for 2 h. 
After the reaction, 200 µL of ethylene glycol was added to 
terminate the process. The resulting product was trans-
ferred into a dialysis bag, sealed, and dialyzed in deion-
ized water. The deionized water was replaced every 3  h 
over 48 h to thoroughly remove small-molecule impuri-
ties. After dialysis, the purified product was freeze-dried 
to obtain OHA. The prepared OHA sample was sealed in 
a 50 mL centrifuge tube and stored in a 4 °C refrigerator 
for subsequent experiments.

Preparation and characterization of composite hydrogels
First, the previously prepared SOX9@GPNPs, SIRT1@
GPNPs, and SOX9/SIRT1@GPNPs were crosslinked 
with OHA, respectively, and stirred until fully dissolved. 
Subsequently, gelatin methacryloyl (GelMA) with a sub-
stitution degree of 60% and the photoinitiator lithium 
phenyl-2,4,6-trimethyl-benzoyl phosphinate (LAP) were 
added to the above solution for further crosslinking. After 
stirring until complete dissolution, the hydrogel prepoly-
mer was obtained. The final concentrations were 5% for 
GelMA, 1% for OHA, and 0.05% for LAP. Each milliliter 
of the prepolymer contained 0.8 µg of SOX9-expressing 
plasmid, 1.44 µg of GPNPs, and 2.88 µg of SIRT1 protein. 
The precursor solution was photo-crosslinked for 1 min 
using a blue light source with a wavelength of 405  nm, 
yielding the composite hydrogels SOX9@GPNPs@G-HA, 
SIRT1@GPNPs@G-HA, and SOX9/SIRT1@GPNPs@G-
HA. These hydrogels were then freeze-dried and stored 
at 4  °C. The freeze-dried samples were cut into slices 
approximately 2 mm thick. The dried hydrogel slices were 
adhered to SEM sample stubs using conductive adhesive 
and sputter-coated with gold using an ion sputter coater 
(coating parameters: 20  mA current, 45  s). Finally, the 
microstructures of the hydrogels were observed using 
scanning electron microscopy (SEM). To investigate the 
in vitro degradation of the hydrogels under physiologi-
cal conditions, newly prepared hydrogel samples (500 
µL) were incubated in PBS at 37 °C with a rotation speed 
of 100 rpm. The samples were weighed (Wt) on the 7th, 
14th, 21st, and 28th days. Subsequently, the degradation 
of the hydrogels was computed using the following for-
mula: weight remaining (%) = Wt/W0 × 100%. To test the 
release of SOX9-expressing plasmid and SIRT1 protein, 
500 µL SIRT1/SOX9@GPNPs@G-HA hydrogel was pre-
pared. Hydrogels were put into 2 mL PBS and then placed 
in a constant temperature shaker (37 °C, 80 cycles/min). 
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At desired time points (1 d, 3 d, 5 d, 7 d, 14 d and 28 d), 
the whole medium was taken out, and an equal amount 
of fresh medium was added. The supernatant was evalu-
ated by nanodrop (Thermo Fisher, American) and SIRT1 
ELISA (Solarbio, China).

NPCs seeding and culturing on hydrogel surfaces (2D 
Culture)
First, the prepared hydrogel materials underwent strict 
sterilization. Subsequently, 300 µL of sterilized hydro-
gel solution was evenly inoculated into each well of 
a 24-well plate and photocrosslinked for 1  min using 
a 405  nm blue light source. After complete hydrogel 
solidification, NPCs were added to the plate at a den-
sity of 2 × 10⁴ cells/well, and the plate was gently shaken 
repeatedly to ensure uniform cell distribution on the 
hydrogel surface. After seeding, the 24-well plate was 
placed in a constant-temperature cell culture incubator 
for incubation. The experimental groups included the 
G-HA group, GPNPs@G-HA group, SOX9@GPNPs@G-
HA group, SIRT1@GPNPs@G-HA group, and SIRT1/
SOX9@GPNPs@G-HA group. For cytotoxicity testing, 
the CCK-8 assay was performed on days 1, 3, and 5 post-
seeding according to the manufacturer’s instructions. 
During measurement, 100 µL of CCK-8 reagent (dis-
solved in sterile DMEM/F12 medium) was added to each 
well, followed by 1 h of incubation in the dark. Finally, the 
absorbance of each well was measured at 450 nm using a 
full-wavelength microplate reader. For live/dead staining, 
cytotoxicity was assessed on days 3 and 5 post-seeding 
using the live/dead staining method as per the manufac-
turer’s protocol. After the culture period, the medium 
was gently aspirated to avoid damaging the hydrogel and 
cells, and the wells were washed three times with PBS. 
Calcein AM/PI detection working solution (Beyotime, 
China) was then added, and the cells were incubated at 
37 °C in the dark for 30 min. After three additional PBS 
washes, the samples were observed under a fluorescence 
microscope. For cytoskeleton staining, cell morphology 
was evaluated on days 3 and 5 post-seeding using cyto-
skeleton staining according to the manufacturer’s instruc-
tions. After aspirating the medium and washing with PBS 
three times, the cells were fixed with 4% paraformalde-
hyde at room temperature for 40  min, washed three 
times with PBS, and then treated with blocking solution 
containing Triton-X-100 (Beyotime, China) for 30  min 
to enhance cell membrane permeability. Rhodamine-
labeled phalloidin working solution (prepared by diluting 
phalloidin stock solution 1:200 with PBS, Yuanye, China) 
was used to stain the cytoskeleton, followed by 40  min 
of incubation at 37  °C in the dark. After discarding the 
medium and washing with PBS three times, the nuclei 
were labeled with DAPI (Beyotime, China) for 5 min. The 
cells were washed again with PBS and observed under a 

fluorescence microscope. For EdU staining, NPC pro-
liferation on the hydrogel surface was assessed on day 3 
post-seeding using the EdU staining method. According 
to the manufacturer’s instructions, NPCs were stained 
with EdU working solution (Beyotime, China) and DAPI, 
followed by fluorescence microscopy observation.

NPCs encapsulation and culturing within hydrogels (3D 
Culture)
First, the prepared composite hydrogel materials were 
subjected to sterile processing. Subsequently, NPCs were 
digested and collected from culture dishes, then mixed 
with the hydrogel solution. The cell concentration was 
adjusted to 2 × 10⁶ cells/mL, and the mixture was gently 
homogenized to avoid bubble formation or cell aggre-
gation. The uniformly mixed cell-hydrogel suspension 
was dispensed at 50 µL/well, photocrosslinked for 1 min 
using a 405  nm blue light source, and then transferred 
to a 24-well plate pre-filled with complete medium. The 
plate was incubated in a constant-temperature cell cul-
ture incubator. During cultivation, the medium was 
replaced every other day to ensure nutrient sufficiency, 
and cell growth was monitored under an optical micro-
scope. Subsequent experimental groups included the 
G-HA group, GPNPs@G-HA group, SIRT1/SOX9@
GPNPs@G-HA group, 2× group (SIRT1/SOX9@GPNPs 
concentration doubled compared to the original hydrogel 
preparation, with other components unchanged), and 3× 
group (SIRT1/SOX9@GPNPs concentration tripled com-
pared to the original hydrogel preparation, with other 
components unchanged).

Hydrogel frozen sections and Immunofluorescence 
staining
After 7 days of 3D culture, the cell-hydrogel compos-
ite samples were fixed in 4% paraformaldehyde. Follow-
ing fixation, the samples underwent sucrose gradient 
dehydration, were embedded in OCT (Biosharp, China), 
and flash-frozen in liquid nitrogen to prepare frozen 
specimens. Frozen sections were then cut at a thick-
ness of 10  μm. The sections were subjected to antigen 
retrieval using citrate sodium buffer (Beyotime, China) 
and exposed to hydrogen peroxide solution for 10 min to 
eliminate endogenous peroxidase activity. Subsequently, 
the sections were sealed with blocking agent and incu-
bated overnight at 4 °C with diluted primary antibodies. 
The next day, after washing three times with PBST, fluo-
rescent secondary antibodies were added for staining. 
Finally, the sections were observed under a fluorescence 
microscope.

In vivo release efficiency of SIRT1/SOX9@GPNPs
For Cy3 labeling of GPNPs, GPNPs were dissolved in 
PBS, and Cy3 (Cy3 to GPNPs molar ratio of 3:1) was 
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added to the solution. The mixture was reacted at room 
temperature under light-protected conditions for 24  h. 
The reaction product was transferred into a dialysis 
bag and thoroughly dialyzed against PBS and deionized 
water, with the dialysis solution replaced every 3 h over 
a 24-hour period. After dialysis, the product was freeze-
dried, weighed, labeled as GPNPs-Cy3, and stored in a 
light-protected − 20 °C freezer. To investigate the in vivo 
release kinetics of the composite hydrogel, 10-week-
old male Sprague-Dawley rats were randomly divided 
into two groups. One group received direct injection of 
SIRT1/SOX9@GPNPs-Cy3 into the caudal vertebrae, 
while the other group was injected with SIRT1/SOX9@
GPNPs-Cy3@G-HA composite hydrogel. Fluorescence 
intensity changes were monitored using an IVIS imaging 
system at postoperative days 0, 7, and 14.

Surgical establishment of the rat model of IVDD
All procedures were carried out in accordance with the 
NIH Guide for the Care and Use of Laboratory Animals 
and approved by the Institutional Animal Care and Use 
Committee of Soochow University (SUDA20240415A02). 
Thirty adult male rats, weighing about 300  g and aged 
between 8 and 10 weeks, were obtained from the Experi-
mental Animal Center at Soochow University. The rats 
were randomly divided into four experimental groups: 
Sham, Defect, G-HA, and SIRT1/SOX9@GPNPs@G-
HA. The concentration of hydrogel was 2×. In the Sham 
group, no puncture surgery was performed. In the 
Defect group, puncture surgery was carried out, but no 
therapeutic agents were injected; only 10  µl of PBS was 
injected. In the G-HA group, puncture was performed 
and 10 µl of G-HA hydrogel was injected. Finally, in the 
SIRT1/SOX9@GPNPs@G-HA group, puncture was 
conducted and 10  µl of SIRT1/SOX9@GPNPs@G-HA 
hydrogel was injected. Specifically, prior to surgery, the 
workbench and rat coccyges were sterilized. To mini-
mize the interference of adjacent degenerated segments, 
a 20-G needle was used to puncture the central NP tis-
sue of the 7–8th (Co7–8) and 9–10th (Co9–10) coccy-
geal segments to a depth of 5 mm, rotated 360°, and held 
in place for 30  s. Then, PBS and different compositions 
of hydrogels were injected at the puncture sites. Post-
surgery, the coccygeal area was sterilized again, and rats 
were transferred to a constant temperature and venti-
lated environment for recovery.

Radiological imaging assessment
Radiological imaging of the rats was conducted at 4 and 
8 weeks post-surgery, with the animals in an anesthe-
tized and supine state. Normalization of the DHI was 
achieved using X-Ray images processed via Image J soft-
ware. Additionally, T2-weighted MRI scans of the inter-
vertebral discs were acquired using a 1.5T MRI scanner 

(Magnetom Essenza, Siemens Medical Solution, Erlan-
gen, Germany) and subsequently analyzed using Image J 
to determine white signal intensity.

Histological and Immunofluorescence assessment of in 
vivo therapeutic effects
At 4 and 8 weeks, coccygeal samples from the SD rats 
were harvested and preserved in formalin for 24 h. Fol-
lowing fixation, the samples underwent a 30-day decal-
cification process in 10% EDTA. The NP tissue was then 
extracted, embedded in paraffin, and sliced into 5  μm 
sections. These sections were subjected to H&E and Saf-
ranin O/Fast Green (SO/FG) staining techniques to visu-
alize the disc structure and the distribution of matrix 
components. Subsequently, the degree of disc degenera-
tion was evaluated and graded based on established his-
tological grading criteria.
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