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Introduction
In the realm of modern medicine, intervertebral disc 
degeneration (IDD) stands out as a prevalent degenera-
tive disease, with its incidence steadily increasing, pro-
foundly affecting patients’ quality of life and health [1, 2]. 
The World Health Organization (WHO) estimates that 
approximately 20% of the global population suffers from 
chronic low back pain, with a large proportion attrib-
uted to pathological changes caused by IDD [3, 4]. IDD 
places a substantial burden on healthcare resources, with 
standard treatments including physical therapy, pharma-
cotherapy, and surgical interventions. These approaches 
not only incur high medical costs for patients but, due 
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Abstract
Intervertebral disc degeneration (IDD) is a degenerative spinal condition characterized by disc structural damage, 
narrowing of joint spaces, and nerve root compression, significantly reducing patients’ quality of life. To address 
this challenge, a novel therapeutic strategy was developed using cellulose supramolecular hydrogel as a carrier 
to deliver IL4I1-modified MΦ membrane biomimetic nanoparticles (CHG@IL4I1-MNPs) to target tissues. This 
hydrogel exhibits excellent biocompatibility and mechanical properties while enabling sustained drug release in 
the degenerative disc microenvironment, enhancing therapeutic outcomes. CHG@IL4I1-MNPs effectively regulate 
MΦ polarization by promoting M2 MΦ activation, thereby improving immune microenvironment balance. Animal 
studies demonstrated that CHG@IL4I1-MNPs alleviated symptoms of IDD, reduced inflammation, and supported 
tissue repair, highlighting its potential to reduce reliance on long-term medication and improve quality of life. The 
strategy uniquely combines nanoparticle technology with immunomodulation, achieving precise targeting of MΦs. 
Beyond IDD, this approach offers potential applications in other immune-related diseases, providing a versatile 
platform for nanomedicine. This study introduces an innovative method to treat IDD and advances the integration 
of immunotherapy and nanotechnology, offering both clinical benefits and new directions for future research. 
These findings hold strong potential for improving patient outcomes and expanding treatment options for related 
diseases.
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to the chronic nature of the disease, often result in long-
term work absences and reduced productivity, further 
exacerbating socioeconomic burdens [5, 6]. In terms of 
quality of life, IDD commonly causes varying degrees of 
functional impairment, including restricted mobility and 
persistent pain, which, in severe cases, may lead to a loss 
of independence, greatly impacting daily living [7, 8]. The 
development of IDD involves diverse cellular, molecular, 
and tissue-level changes, encompassing intricate bio-
logical processes such as cell polarization, inflammatory 
responses, and tissue repair [9–11]. Prior research under-
scores the indispensable role of immune cells, particu-
larly MΦs, in IDD progression, with the balance between 
M1 and M2 MΦs emerging as a pivotal factor in disease 
advancement [12].

MΦs play crucial roles in the pathophysiological pro-
cesses of IDD [13, 14]. Overactivated M1 MΦs produce 
abundant inflammatory mediators, leading to sustained 
enhancement of the inflammatory response, exacerbat-
ing degenerative changes in intervertebral disc (IVD) tis-
sue [15–17]. Conversely, impaired function and reduced 
numbers of M2 MΦs result in decreased repair and 
regenerative abilities, further intensifying IDD develop-
ment [15, 18, 19]. Therefore, regulating the polarization 
of MΦs to achieve a balanced M1/M2 phenotype may 
represent an effective strategy for treating IDD, poten-
tially ameliorating clinical symptoms and enhancing the 
quality of life for patients [20–22].

The key factor IL4I1 plays a significant role in this ther-
apeutic strategy [23, 24]. Studies indicate that IL4I1 can 
promote the polarization of M2 MΦs, enhancing their 
anti-inflammatory and reparative functions while inhib-
iting the excessive inflammatory response of M1 MΦs, 
thus mitigating inflammatory damage [25, 26]. Conse-
quently, leveraging IL4I1 to regulate the polarization of 
MΦs emerges as a novel approach to treating IDD [25, 
27, 28]. This study employs Cellulose Hydrogel with 
IL4I1-Modified MΦ Membrane Biomimetic Nanopar-
ticles (CHG@IL4I1-MNPs) to explore the molecular 
mechanisms of IL4I1 in modulating MΦ polarization and 
assess its potential application in treating IDD.

Through in-depth research on the IL4I1-regulated MΦ 
polarization mechanism, our aim is to unveil its signifi-
cant role in IDD pathogenesis. Functioning as a novel 
nanocarrier, CHG@IL4I1-MNPs not only efficiently 
release IL4I1 but also offer robust biological stability 
and cellular penetration, providing new tools and strate-
gies for treating IDD [29–31]. By evaluating the efficacy 
of CHG@IL4I1-MNPs in a mouse IDD model, we aim to 
explore their potential advantages and therapeutic pros-
pects in clinical applications. This study holds signifi-
cant importance in enhancing the understanding of the 
critical role of MΦ polarization regulation in IDD patho-
genesis while also paving the way for developing new 

biotherapeutic approaches to improve patient quality of 
life, with promising scientific and clinical implications.

Through single-cell sequencing (scRNA-seq) and tran-
scriptomic analysis, we delve into the potential mecha-
nisms linking IL4I1 to IDD occurrence and design a 
series of experiments to validate the impact of IL4I1-
MNPs on MΦ polarization. Experimental results demon-
strate the successful preparation of CHG@IL4I1-MNPs 
and their substantial therapeutic effects in a mouse IDD 
model, unveiling new strategies for IDD treatment. This 
study aims to achieve effective IDD treatment through 
the regulation of MΦ polarization and introduce a poten-
tial new avenue for biotherapeutic application with clini-
cal significance.

Materials and methods
Downloading and analyzing GEO scRNA-seq data
The scRNA-seq data from dataset GSE244889, obtained 
through the Gene Expression Omnibus (GEO), com-
prises 4 samples of mild IDD (MIDD, grades I-II) nucleus 
pulposus (NP) tissues and 3 samples of severe IDD 
(SIDD, grades III-V) NP tissues.

The scRNA-seq data was analyzed using the “Seurat” 
package in R software. Initial steps included a series of 
quality control measures with set filtering thresholds 
as follows: nFeature_RNA > 200, nFeature_RNA < 5000, 
and percent.mt < 10. Batch effects were mitigated using 
canonical correlation analysis (CCA) followed by data 
standardization using the LogNormalize function.

To reduce the dimensionality of the scRNA-Seq data-
set, principal component analysis (PCA) was performed 
on the top 2000 variably expressed genes based on vari-
ance, selecting the top 30 principal components for 
UMAP clustering analysis. The FindClusters function 
in Seurat was employed to identify main cell subgroups 
with the resolution set to the default (res = 1). Subse-
quently, the UMAP algorithm was utilized for non-linear 
dimensionality reduction of scRNA-seq sequencing data. 
Marker genes for various cell subtypes were identified 
using the Seurat package, annotations of marker genes 
for individual cell clusters were further performed using 
the “SingleR” package, and reference dataset loading was 
facilitated with the HumanPrimaryCellAtlasData func-
tion. Cell annotations were conducted based on known 
cell lineage-specific marker genes in combination with 
the CellMarker online resource. Additionally, pseudo-
time analysis was carried out using the “monocle” pack-
age in R software, and cell-cell communication analysis 
was executed via the “cellchat” package [12, 32].

Downloading and analyzing GEO transcriptome 
sequencing data
Transcriptome RNA data related to IDD was obtained 
from the GEO database, specifically datasets GSE167199 
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and GSE186542. Each dataset comprises 3 normal human 
NP tissue samples and 3 IDD human NP tissue samples, 
all obtained through the GPL24676 platform. To ensure 
an adequate sample size, the GSE167199 and GSE186542 
datasets were merged, and batch effects were mitigated 
using the “sva” package in R [33].

The “limma” package in R was employed to identify 
DEGs in the merged dataset, with a selection criterion 
of |log2FC| > 1 and a P-value < 0.05 for M-DEG filtering. 
Visualization of the M-DEGs was conducted using the 
“ggplot2” and “pheatmap” packages. Subsequently, gene 
ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analyses were performed utilizing the 
“clusterProfiler”, “org.Hs.eg.db”, “org.Mm.eg.db”, “enrich-
plot”, “ggplot2”, and “pathview” packages [33, 34].

Following this, machine learning algorithms, including 
LASSO, SVM-RFE, and Random Forest, were applied to 
the M-DEGs using the “glmnet”, “e1071”, and “random-
Forest” packages to identify feature genes significantly 
associated with IDD. Core genes were extracted by taking 
the intersection using the “venn” package in R [33].

Cell culture
The human monocytic cell line THP-1 (TCHu 57) was 
obtained from the Cell Bank of the Chinese Acad-
emy of Sciences. Human nucleus pulposus cells (NPCs; 
#4800) were purchased from ScienCell Research Labo-
ratories. Cells were cultured in DMEM medium (Gibco, 
31600034) supplemented with 0.1% non-essential amino 
acids (Gibco, 11140050), 1% penicillin-streptomycin 
(Gibco, 15070063), and 10% FBS (Gibco, 10099141) 
in a cell culture incubator at 37℃ with 5% CO2. NPCs 
and THP-1 cells in the logarithmic growth phase were 
dissociated and digested using 0.25% trypsin (Gibco, 
25200114). Third-generation cells were utilized for subse-
quent experiments [35, 36]. THP-1 cells were stimulated 
with 100 ng/ml phorbol 12-myristate 13-acetate (PMA; 
Sigma-Aldrich, P1585) for 24  h to induce macrophage 
(MΦ) phenotype [10].

Preparation of MΦ cell membranes (MΦCM)
THP-1-derived MΦ were cultured in T-175 flasks until 
fully confluent, and then cells were harvested by cen-
trifugation at 700 g for 5 min. The cells underwent three 
washes with 1×PBS (500  g, 10  min each), followed by 
resuspension of the cell pellet in a homogenous buffer 
containing 75mM sucrose (Sigma-Aldrich, V900116), 
20mM Tris-HCl (pH 7.5, Sigma-Aldrich, T5941), 2mM 
MgCl2 (Sigma-Aldrich, M4880), 10mM KCl (Sigma-
Aldrich, P5405), and a protease/phosphatase inhibitor 
cocktail (ThermoFisher, A32959). Subsequently, the cell 
suspension was homogenized using a Dounce homog-
enizer (Sigma-Aldrich, CLS772215) with 15–25 strokes. 
After homogenization, the mixture was centrifuged at 

800 g for 5 min to collect the supernatant, followed by a 
second centrifugation at 10,000 g for 25 min to collect the 
supernatant again. The collected supernatant was then 
centrifuged at 150,000 g for 50 min to discard the super-
natant and obtain cell membrane particles, which were 
washed once with water. The membrane protein content 
was quantified using the Pierce BCA assay kit (Thermo-
Fisher, 23227), and the membranes were stored at -80 °C 
for future experiments [37, 38].

Preparation of IL4I1-NPs and IL4I1-MNPs
IL4I1-NPs were prepared using the double solvent 
evaporation method. In brief, 1 ml of 2% (w/v) PLGA in 
ethyl acetate solution was mixed with 10 µg of recombi-
nant human IL4I1 (R&D Systems, 5684-AO) dissolved 
in 100 µl of sterile DNase/RNase. The solution was then 
sonicated to form an emulsion. Subsequently, 2% poly-
vinyl alcohol (PVA; Sigma-Aldrich, 363170) aqueous 
solution was added, and the organic solvent was evapo-
rated overnight under stirring to obtain a water-oil-water 
emulsion. Finally, IL4I1-NPs were purified by centrifuga-
tion at 13,000 × g for 10 min, followed by resuspension in 
sterile PBS (pH 7.4). For the preparation of IL4I1-MNPs 
with MΦ membrane coating, IL4I1-NPs were mixed with 
MΦCM at a weight ratio of 1:1 for polymer and mem-
brane proteins, subjected to 2–3  min of sonication at 
200  W and then extruded through 1000, 400, 200, and 
100 nm polycarbonate filters [39, 40].

Characterization of IL4I1-NPs and IL4I1-MNPs
The size and surface zeta potential of IL4I1-NPs and 
IL4I1-MNPs were measured using dynamic light scat-
tering (DLS) with a Malvern Zetasizer Nano ZS. For 
nanoparticle morphology assessment, samples were 
adsorbed onto carbon-coated copper grids (400 mesh, 
Electron Microscopy Sciences) and stained with 2% ura-
nyl acetate (Electron Microscopy Sciences, 22400-2). 
Imaging was conducted using a JEOL 1200 EX II trans-
mission electron microscope. To evaluate nanoparticle 
stability, samples were stored in deionized water (Sigma-
Aldrich, 1.01262), 1×PBS, and 50% FBS at 4  °C, and 
nanoparticle size was measured daily using DLS for 72 h 
[37, 40].

The concentration of IL4I1 in IL4I1-NPs and IL4I1-
MNPs was determined using a human IL4I1 Enzyme-
Linked Immunosorbent Assay (ELISA) kit (NOVUS, 
NBP3-06773) according to the manufacturer’s instruc-
tions. Encapsulation efficiency and loading capacity were 
calculated based on the ratio of loaded IL4I1 to total 
IL4I1. Specifically, 1 mg of lyophilized NPs was accurately 
weighed and dissolved in ultrapure water, and the super-
natant was used to measure free IL4I1. The remnant 
was dissolved in dichloromethane for ultrasonic detec-
tion of loaded IL4I1. Encapsulation efficiency = loaded 
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IL4I1 / (free IL4I1 + loaded IL4I1) × 100%; loading capac-
ity = loaded IL4I1 / 1 mg. IL4I1 release rate was measured 
at each time point (0, 1, 4, 8, 24, 48, and 120 h) using the 
ELISA kit [39].

Characterization of membrane proteins
The protein distribution of MΦ cell lysates, MΦCM, 
IL4I1-NPs, and IL4I1-MNPs was assessed using sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Specifically, samples were prepared in sample 
buffer (Fdbio, FD006) at a protein concentration of 
2.0 mg/mL and separated by 10% SDS-PAGE. The result-
ing gels were stained with Coomassie Brilliant Blue stain 
(Beyotime, P0017), followed by several washes with dis-
tilled water, de-staining, yielding protein bands for MΦ 
cell lysates, MΦCM, IL4I1-NPs, and IL4I1-MNPs [37, 
41].

In vitro cellular uptake experiment
For the experiment, the IL4I1 was replaced with a cell 
membrane-deep red fluorescent probe (DiR; YEASEN, 
40757ES25) to prepare DiR-NPs using the method 
described previously. The dye was incorporated into 
PLGA polymer at a concentration of 0.1 wt%. Subse-
quently, the DiR-NPs were enveloped with cell mem-
branes to form DiR-MNPs. MΦ cells were cultured 
in a 12-well plate (2 × 105 cells per well) for 24  h. Equal 
amounts of DiR-NPs or DiR-MNPs (5 µg/mL) were added 
to each well, and the cells were co-incubated with MΦ for 
1, 2, or 4  h. At the specified time points, the cells were 
washed thrice with PBS. After centrifugation, the fluo-
rescence intensity of DiR within the cells was measured 
using flow cytometry (Beckman Coulter). Subsequently, 
the cells were fixed in 4% paraformaldehyde (Biosharp, 
BL539A) for 20 min, permeabilized in 0.5% Triton X-100 
(Sigma-Aldrich, X100) for 20  min, stained with DAPI 
(Invitrogen, D3571) for 5 minutes, and observed under 
a confocal laser scanning microscope (CLSM, Leica) to 
capture images. The fluorescence intensity of three inde-
pendent fields was quantified using ImageJ software [40, 
42].

Synthesis of cellulose supramolecular hydrogels
A solution containing 7% sodium hydroxide and 12% 
urea was prepared as the solvent for synthesizing the 
CHG, comprising sodium hydroxide (7 g; Sigma-Aldrich, 
S8045), urea (12  g; Sigma-Aldrich, U5378), and deion-
ized water (81  ml). The cellulose solution was prepared 
using a freeze-thaw process, in which 5.0  g of cellulose 
was dispersed in the sodium hydroxide/urea system and 
cooled to -12℃. The mixture formed a transparent solu-
tion after mechanical stirring for 30 min. Next, 20.0 g of 
β-cyclodextrin (Sigma-Aldrich, 779334) was added to 
the clear solution, followed by the addition of 14.7  g of 

epichlorohydrin (Sigma-Aldrich, 8.03296) to the mixed 
solution. After stirring at 20℃ for 1 h, the solution was 
heated to 55℃ and allowed to gel for 5 h. The cellulose 
supramolecular hydrogel was thoroughly washed with 
ample deionized water to remove urea/sodium hydroxide 
completely [43].

Preparation of CHG@IL4I1-MNPs
The CHG@IL4I1-MNPs were prepared using an immer-
sion method. The CHG hydrogel was immersed in the 
IL4I1-MNPs solution for 24 h, resulting in the formation 
of CHG@IL4I1-MNPs. The obtained CHG@IL4I1-MNPs 
were washed with water, freeze-dried, and used for sub-
sequent experiments [43].

Swelling and degradation of hydrogel
Hydrogel (300  µl) was placed in a cell culture dish and 
soaked in PBS for 24 h. After removing the surface water, 
the swollen samples were weighed at specific time inter-
vals (0.5, 1, 2, 6, 12, and 24 h). The swelling ratio was cal-
culated using the formula: Swelling ratio = (Wt - Wd) / 
Wd × 100%, where Wd represents the dry weight of the 
hydrogel, and Wt represents the weight of the swol-
len hydrogel. Furthermore, we assessed the degradation 
of the hydrogel at specific time points (2, 5, 7, 8, 14, 21 
days). After removing the surface supernatant, the weight 
of the hydrogel was measured, and the degradation rate 
was calculated using the formula: Degradation rate = W1 
/ W0 × 100%, where W0 is the initial wet weight of the 
hydrogel, and W1 is the wet weight of the hydrogel at the 
given time point [44].

Scanning Electron microscope (SEM)
After freeze-drying CHG and CHG@IL4I1-MNPs, their 
morphology was observed using a scanning electron 
microscope (JSM-IT200, Hitachi). The samples were 
sputter-coated with gold and palladium for 60  s on the 
surface before SEM imaging at an acceleration voltage of 
5 kV and a working distance of 13.9 mm. Three samples 
were selected for electron microscopy scanning at vari-
ous concentrations [45].

Rheological analysis
The rheological characteristics of the hydrogels CHG and 
CHG@IL4I1-MNPs were evaluated using a rotational 
rheometer (Gemini HR Nano 200, Malvern). Parallel 
plates with a diameter of 20 mm and a gap width of 1 mm 
were selected for the analysis. Oscillatory frequency 
sweeps from 0.1  Hz to 10  Hz were conducted to assess 
the viscoelasticity. Rheological measurements were car-
ried out at a constant strain of 5.0% and a temperature 
of 25℃. The storage modulus (G’) and loss modulus (G″) 
were monitored as a function of frequency [46].
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In vitro drug release testing of hydrogels
CHG@IL4I1-MNPs hydrogel (10  mg/g) and IL4I1-
MNPs (10 mg) were weighed and placed in dialysis bags 
for the experiment. Each group was immersed in a bea-
ker containing 1  L of PBS solution and shaken at 37  °C 
(100 rpm). At predetermined time points (1, 2, 3, 4, 5, 7, 
9, 11, 13, and 15 days), the dialysis bags were removed 
from the beaker, and 10 ml of the release medium solu-
tion was accurately withdrawn (replacing with blank PBS 
in the vessel). The collected medium was evaporated, dis-
solved in 0.5 mL of pure ethanol, and then centrifuged at 
10,000  rpm for 30  min after filtration. The supernatant 
was subjected to IL4I1 ELISA kit analysis to determine 
the release rate of IL4I1 [44, 46].

Cell transfection
To overexpress FGR, THP-1-derived MΦs were infected 
with pHBLV-CMV lentivirus carrying the human FGR 
gene (FGR-OE) or an empty lentivirus (NC-OE) at an 
Multiplicity of Infection (MOI) of 20 for 6  h. Following 
this, the cells were cultured in a fresh DMEM complete 
medium for 48  h before subsequent treatments. Both 
FGR-OE and NC-OE were obtained from Hanheng Biol-
ogy [47].

Cell treatment and grouping
THP-1-derived MΦs were induced for 24  h with 100 
ng/mL LPS (MCE, HY-D1056) or 50 ng/mL IL-4 (R&D 
Systems, BT-004) to polarize into M1 or M2 states. Sub-
sequently, to evaluate the impact of IL4I1 on MΦ polar-
ization, 50 ng/mL recombinant human IL4I1 or PBS was 
co-cultured with MΦs induced by LPS or IL-4 for M1 or 
M2 polarization for an additional 24 h. Based on the dif-
ferent cytokine additions, the cells were categorized into 
7 groups: (1) PBS; (2) LPS; (3) IL-4; (4) LPS + PBS; (5) 
LPS + IL4I1; (6) IL-4 + PBS; (7) IL-4 + IL4I1 [10, 48, 49].

To validate the role of FGR in the regulation of 
MΦ polarization by IL4I1-MNPs, NC-OE or FGR-
OE-transfected MΦs were treated with IL4I1-MNPs 
(containing 50 ng/mL IL4I1) and polarized with LPS 
or IL-4. The cells were divided into 6 groups: (1) 
LPS + PBS + NC-OE; (2) LPS + IL4I1-MNPs + NC-OE; (3) 
LPS + IL4I1-MNPs + FGR-OE; (4) IL-4 + PBS + NC-OE; 
(5) IL-4 + IL4I1-MNPs + NC-OE; (6) IL-4 + IL4I1-
MNPs + FGR-OE [10, 48, 49].

Co-culture experiments of MΦs with NPCs: To simu-
late the verification environment of IDD, NPCs were cul-
tured for 24 h in DEMF complete medium containing 10 
ng/mL IL-1β (Sino Biology, 10139-HNAE). Subsequently, 
different treated MΦs were seeded in the upper chamber 
of a Transwell membrane with 0.4 μm pores at a density 
of 1 × 105 cells. IL-1β pre-treated NPCs were seeded in 
the lower chamber at a density of 1 × 105 cells for co-cul-
ture for 48 h. The experiment was divided into 7 groups: 

(1) NPCs + PBS + NC-OE; (2) NPCs + LPS + PBS + NC-OE; 
(3) NPCs + LPS + IL4I1-MNPs + NC-OE; (4) 
NPCs + LPS + IL4I1-MNPs + FGR-OE; (5) 
NPCs + IL-4 + PBS + NC-OE; (6) NPCs + IL-4 + IL4I1-
MNPs + NC-OE; (7) NPCs + IL-4 + IL4I1-MNPs + FGR-
OE. The group NPCs + PBS + NC-OE indicates co-culture 
of NPCs with non-polarized-induced MΦs [50–52].

Immunofluorescence staining
Cell-containing slides were fixed in 4% paraformaldehyde 
(PFA; Biosharp, BL539A) for 30 min, permeabilized, and 
blocked with 0.3% Triton X-100 (CS9013, G-clone) com-
bined with 5% BSA (PN4810, G-clone) for 1 h. The slides 
were then incubated overnight with primary antibod-
ies at 4 °C. The primary antibodies used were as follows: 
Rabbit anti-human CD80 (1:200; Abcam, ab315832), 
Rabbit anti-human CD163 (1:50; Abcam, ab316218), 
Mouse anti-human CD86 (2 µg/mL; Abcam, ab270719), 
Mouse anti-human CD206 (1  µg/mL; ThermoFisher, 
MA5-44033), Rabbit anti-human Collagen II (1:2000; 
Abcam, ab34712), and Rabbit anti-human MMP13 
(1:200; Abcam, ab39012). After washing with PBS three 
times, the slides were incubated at room temperature 
for 1  h with secondary antibodies: Alexa Fluor™ 488 
Goat anti-Rabbit IgG (4 µg/mL, ThermoFisher, A-11008) 
and Alexa Fluor™ 647 Goat anti-Mouse IgG (2  µg/mL, 
ThermoFisher, A-21235). Subsequently, cell nuclei were 
stained with DAPI solution (1:1000; Invitrogen, D1306) 
for 5 min at room temperature. Sample observation and 
imaging were conducted using a fluorescence microscope 
(FV-1000; Olympus). The ImageJ software was utilized to 
quantify the fluorescence intensity of co-localized CD80 
and CD86, CD163 and CD206, as well as Collagen II or 
MMP13 in 3 independent fields per group [10, 52, 53].

CCK-8
Cell Proliferation: Cell proliferation was assessed using 
the CCK8 assay kit (Dojindo, CK04) following the manu-
facturer’s instructions. NPCs co-cultured with MΦ for 24 
and 48 h were seeded into 96-well plates. Subsequently, 
they were incubated at 37  °C in a DMEM medium con-
taining 10% CCK-8 for an additional 3  h. After shaking 
the culture plates for 10  min, the absorbance was mea-
sured at 450 nm [53].

Cell Viability Assessment: The CCK8 assay kit was 
utilized to measure cell viability. After exposing MΦ to 
CHG and CHG@IL4I1-MNPs for 1 day, as described pre-
viously, the cells were treated with DMEM medium con-
taining 10% CCK-8 and their absorbance at 450 nm was 
measured [44].

EdU staining
For the EdU assay, after co-culturing NPCs with MΦ, 50 
µM EdU (Sigma-Aldrich, BCK-EDU647) was added to 
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each well and incubated for 2 h. Subsequently, cells were 
fixed with 4% PFA at room temperature for 15 min, fol-
lowed by permeabilization with 0.3% Triton X-100 at 
room temperature for 20  min. After washing the cells 
with PBS three times, 100 µL of 1× Apollo reaction mix-
ture was added to each well and incubated at room tem-
perature for 30  min. Following two PBS washes, cells 
were stained with DAPI for 5 min. Finally, cells were ran-
domly observed and photographed under a fluorescence 
microscope (BX63, Olympus), and the percentage of 
EdU-positive cells was quantified using ImageJ software 
in three independent fields, calculated as EdU-positive 
cell count/total cell count ×100%. The total cell count was 
determined by counting the DAPI-stained cell nuclei [52, 
53].

Flow cytometry analysis of cell apoptosis
Cell apoptosis was detected using the Annexin V-FITC/
PI apoptosis detection kit (YEASEN, 40302ES20) follow-
ing the manufacturer’s instructions to identify apoptotic 
cells (Annexin V+/PI-, lower right quadrant). Specifi-
cally, NPCs co-cultured with MΦ were stained with 5 
µL Annexin V-FITC and 10 µL PI, after which the cells 
were incubated in the dark at room temperature for 
10–15 min. Subsequently, analysis was performed using 
the EpicsAltra flow cytometer (Beckman Coulter) [53].

Transwell experiment
The impact of MΦ on the migratory capabilities of NPCs 
was investigated using 8  μm Transwell chambers (Sole-
lybio, SBM07797). Initially, 200 µL of NPCs suspension 
was seeded in the upper chamber of the Transwell at a 
density of 5 × 104 cells per well, while MΦ was placed in 
the lower chamber. The Transwell system was then incu-
bated in a cell culture incubator at 5% CO2 and 37 °C for 
12 and 24  h. Subsequently, the culture medium in both 
the upper and lower chambers of the Transwell was 
removed, followed by washing twice with PBS buffer 
and fixation in 4% PFA at room temperature for 30 min. 
After fixation, any remaining NPCs on the upper layer of 
the Transwell were gently wiped off using a cotton swab, 
followed by staining the lower chamber with 0.1% crys-
tal violet solution (Solarbio, G1063) for 20  min. Finally, 
observations and photographic documentation were per-
formed under an optical microscope [52].

Animal care and ethical statement
Male SPF C57BL/6J mice aged 12 weeks, weighing 
20–25 g, were obtained from Beijing Vitonlihua Experi-
mental Animal Technology Co., Ltd., China. They were 
individually housed in a controlled environment with 
a humidity of 60–65% and temperature maintained at 
22–25  °C with a 12-hour light-dark cycle in an SPF-
grade animal facility. Prior to experimentation, the mice 

were observed for general health status and fasted for 
8–12  h. All animal care procedures and surgical opera-
tions followed the guidelines outlined in the “Guide for 
the Care and Use of Laboratory Animals” published by 
the National Institutes of Health. Ethical approval for 
all animal experiments in this study was obtained from 
the institutional ethics review committee (Approval no. 
2024PS1228K), and all procedures were strictly con-
ducted following the regulations for animal welfare and 
experimental practices. At the end of the experiments, 
humane euthanasia was performed on all mice using 
pentobarbital sodium at a dose of 120  mg/kg (Sigma-
Aldrich, P3761) [54].

Construction of mouse tail IDD model
A total of 108 male C57BL/6J mice at 12 weeks of age 
were randomly divided into two groups: Sham (n = 18) 
and Model (n = 90). The Model group aimed to establish 
the mouse tail IDD model. Specifically, mice were anes-
thetized via tail vein injection of pentobarbital sodium 
(30 mg/kg) and laid prone on the experiment table. A sag-
ittal skin incision was made from Co7 to Co9 to assist in 
locating the IVD position for needling in the tail region. 
Subsequently, following the previously described proce-
dure, a needle puncture was made into the Co7-Co8 IVD 
using a syringe needle. An 24G and 30G syringe needle 
was inserted percutaneously along the vertical axis into 
the Co7-Co8 IVD, rotated axially 180°, and held for 30 s. 
The Co8 and Co9 segments were left undisturbed to 
serve as control segments. The tail vertebral discs were 
exposed aseptically during the procedure. In the Sham 
group, mice received anesthesia and only underwent skin 
incision [52–55].

For the Sham group, mice were randomly 
divided into Sham (n = 6), Sham + PBS (n = 6), and 
Sham + PBS + NC-OE (n = 6); while for the Model 
group, mice were classified into Mild Model (mild 
IDD, n = 6), Severe Model (severe IDD, n = 6), PBS 
(n = 6), DiR-NPs (n = 6), DiR-MNPs (n = 6), Model + PBS 
(n = 9), Model + IL4I1 (n = 6), Model + IL4I1-NPs (n = 6), 
Model + IL4I1-MNPs (n = 9), Model + PBS + NC-OE 
(n = 6), Model + CHG + NC-OE (n = 6), Model + IL4I1-
MNPs + NC-OE (n = 6), Model + GHG@
IL4I1-MNPs + NC-OE (n = 6), Model + GHG@IL4I1-
MNPs + FGR-OE (n = 6).

For the Mild Model and Severe Model groups, needle 
piercing for IDD model establishment was done with 30G 
and 24G needles, respectively. The Sham group received 
skin piercing as a control procedure [52–55].

In the PBS, DiR-NPs, and DiR-MNPs groups, mice 
received tail vein injections of DiR-labeled NPs DiR-NPs 
or DiR-MNPs (40 mg/kg, 100 µL) or 100 µL of PBS after 4 
weeks of needle piercing for severe Model establishment. 
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This was for subsequent in vivo biodistribution analysis 
[40, 56].

The Model + PBS, Model + IL4I1, Model + IL4I1-NPs, 
and Model + IL4I1-MNPs groups underwent tail vein 
injections of PBS, free IL4I1 (100 ng/10 µL), IL4I1-NPs, 
or IL4I1-MNPs, respectively, on the 7th, 10th, 13th, 16th, 
19th, 22nd, and 25th days after the establishment of the 
severe Model using a 24G needle for NP puncture in the 
Co7-Co8 IVD. Imaging and histological analysis of mice 
were conducted on the 28th day. The Sham + PBS group 
received a similar volume of PBS after skin piercing. 
Additionally, three mice, each from the Model + PBS and 
Model + IL4I1-MNPs groups, underwent transcriptome 
sequencing [48, 57, 58].

For the Model + PBS + NC-OE, Model + CHG + NC-OE, 
Model + IL4I1-MNPs + NC-OE, Model + GHG@IL4I1-
MNPs + NC-OE, and Model + GHG@IL4I1-MNPs + FGR-
OE groups, one week after establishing the Severe Model, 
20 µL of PBS, CHG, or GHG@IL4I1-MNPs hydrogel 
solution was injected into each IVD using a 31G micro-
injector. Simultaneously, 3 µL of PBS containing 0.5nM 
lentivirus was injected into the tail vein of each mouse. 
Lentivirus carrying the mouse FGR-OE for overex-
pression and NC-OE were obtained from Hanheng 
Biology. The Sham + PBS + NC-OE group underwent 
skin piercing and received the same procedures as the 
Model + PBS + NC-OE group [50, 59].

IVD image analysis
Four weeks after a puncture, mice were anesthetized, 
and micro-computed tomography (µ-CT, Scanco Medi-
cal) scans were performed. The scan parameters were 
set as follows: voltage = 100  kV, current = 98 µA, and 
voxel size = 10 μm. NRecon, DataViewer, and CTvox soft-
ware were utilized for the reconstruction and creation of 
three-dimensional micro-CT scan images. Image J soft-
ware was used to measure and calculate the disc height 
index (DHI). The 3D images represented the gap between 
two vertebrae, displaying structural changes [60, 61].

Histological examination
The mice were euthanized after the imaging analysis. 
The Co7-8 IVD was harvested and fixed in 10% neutral 
formalin for 24 h, followed by decalcification in 10% eth-
ylenediaminetetraacetic acid (EDTA; MCE, HY-Y0682) 
for 4 weeks. Subsequently, the samples were sectioned 
into 10 μm slices containing the endplate, annulus fibro-
sus (AF), and nucleus pulposus (NP). The sections were 
dewaxed twice in xylene for 5  min each, dehydrated 
through graded ethanol, and stained according to the 
manufacturer’s instructions with either hematoxylin and 
eosin (H&E; Solarbio, G1120) or Safranin-O/Fast green 
(Solarbio, G1371). Stained slides were observed under a 
fluorescence microscope (FV-1000, Olympus) and scored 

based on the Masuda grading system. A higher histologi-
cal score indicates a higher degree of degeneration [11].

Immunohistochemistry
To observe the specific expression of Collagen II, Aggre-
can, ADAMTS5, and MMP13 in tissues, NP tissue sec-
tions were subjected to deparaffinization and hydration 
through a gradient of alcohols, followed by antigen 
retrieval using a protease. Subsequently, the tissues were 
blocked in 5% goat serum (Beyotime, C0265) and then 
incubated overnight at 4  °C with primary antibodies 
against Collagen II (1:100; Abcam, ab34712), Aggrecan 
(1:2000; Abcam, ab315486), ADAMTS5 (1:100; Ther-
moFisher, PA5-27165), and MMP13 (1:2000; Abcam, 
ab219620). The tissue sections were then incubated 
for 1  h with an HRP-conjugated Goat anti-Rabbit IgG 
secondary antibody (1:8000; ThermoFisher, 65-6140). 
Visualization was achieved by incubating the sections 
with 3,3’-diaminobenzidine (DAB) tetrahydrochloride 
(YEASEN, 36201ES03) and counterstaining with hema-
toxylin (Beyotime, C0107). Three sections from each 
mouse were examined, with two independent fields of 
view per section, and the positive staining area percent-
ages of Collagen II, Aggrecan, ADAMTS5, and MMP13 
were quantified using ImageJ software [10].

Flow cytometry
After euthanizing mice, the lumbar IVDs were extracted. 
The collected tissue samples were washed in cold PBS 
and minced into 1–2  mm fragments. Digestion of the 
samples into single cells was carried out using Collage-
nase II (Beyotime, ST2303-100 mg) and Dispase II (Bey-
otime, ST2303-100  mg). The single cells were filtered 
through a strainer to remove residual tissue debris and 
washed three times in cold PBS. Dead cells stained posi-
tive for 7-AAD reagent (CST, 72782  S) were excluded. 
Subsequently, the cells were co-incubated with FITC-
labeled CD45 (BD Biosciences, 553079), Alexa Fluor™ 
488-labeled CD11b (BD Biosciences, 557672), PE-labeled 
F4/80 (BD Biosciences, 565410), APC-labeled CD80 (BD 
Biosciences, 560016), Alexa Fluor™ 700-labeled CD86 
(BD Biosciences, 560581), PerCP-eFluor™ 710-labeled 
CD163 (ThermoFisher, 46-1631-82), and fluorite 
450-labeled CD206 (ThermoFisher, 48-2061-82) antibod-
ies. Following antibody addition, cell co-incubation was 
conducted in the dark at 4  °C for 30 min. Subsequently, 
the cells were washed twice with PBS and centrifuged 
at 2000 g for 5 min at 4  °C. Flow cytometric analysis of 
marker percentages was performed using the BD Accuri 
C6 flow cytometer (BD Biosciences). All the men-
tioned antibodies were anti-mouse antibodies. Notably, 
CD45+CD11b+F4/80+ cells were identified as MΦs [52].
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ELISA
Following standardized protocols, mouse tail IVD tissues 
were homogenized, or cell culture supernatants were 
collected, then centrifuged at 4 °C and 800 g for 20 min 
and 10  min, respectively. The resulting supernatants 
were stored at -80  °C for subsequent analysis. Mouse 
ELISA kits for TNF-α (ThermoFisher, 88-7324-88), IL-1β 
(ThermoFisher, 88–7013  A-88), IL-10 (ThermoFisher, 
BMS614), and TGF-β (ThermoFisher, BMS608-4) were 
utilized to measure the levels of cytokines in mouse tis-
sue homogenates, while human ELISA kits for TNF-α 
(ThermoFisher, 88-7346-88), IL-1β (ThermoFisher, 
BMS224-2), IL-10 (ThermoFisher, 88-7106-88), and 
TGF-β (ThermoFisher, BMS249-4) were employed to 
assess cytokine levels in cell culture supernatants [62].

Biocompatibility assessment
Four weeks post-puncture, prior to euthanizing the 
mice, whole blood was collected via tail vein injection at 
24  h post-injection of potassium EDTA into blood col-
lection tubes (Fisher Scientific, NC9980784) for blood 
cell counting and hematological analysis. The blood cell 
counts, including White Blood Cell (WBC), Red Blood 
Cell (RBC), and Platelet (PLT), were performed using 
the Bright-Line™ Hemocytometer (Z359629). Hemato-
logical analysis was conducted using the Indiko Auto-
mated Clinical Chemistry Analyzer (Thermo Scientific, 
98630000). For histological analysis, post-euthanasia 
tissue samples of heart, liver, spleen, lung, and kidney 
were collected, fixed in 4% paraformaldehyde for 24  h, 
and then embedded in paraffin. Tissue Sect. (5 μm) were 
stained with H&E (Solarbio, G1120) following the manu-
facturer’s protocol, visualized, and photographed under 
an Olympus BX51 microscope to evaluate the potential 
toxicity of NPs in vivo [58, 63].

In vivo biological distribution, MΦ uptake, and 
pharmacokinetics
Four weeks post-puncture, mice from the PBS group, 
DiR-NPs group, and DiR-MNPs group received tail vein 
injections of PBS, DiR-NPs, or DiR-MNPs, respectively.

Biological distribution assessment: At 4 and 24 h post-
tail vein injection, mice were anesthetized, and in vivo 
imaging was performed using the in vivo Imaging System 
(IVIS; PerkinElmer). Subsequently, at each designated 
time point, three mice per group were euthanized, and 
heart, liver, spleen, lung, kidney, blood, and lumbar IVD 
samples were collected for ex vivo fluorescence imaging 
[40, 42, 56].

MΦ uptake in mouse IVDs: Following the aforemen-
tioned injections of PBS, DiR-NPs, or DiR-MNPs into 
the tail vein, lumbar IVDs were collected at 4 and 24  h 
post-injection for sorting CD45+CD11b+CD68+ MΦs 
using flow cytometry. Subsequently, the percentage of 

DiR-positive cells within MΦs was analyzed using the 
Cytek Aurora Flow Cytometer (Cytek) [40].

In vivo pharmacokinetics: To characterize the sys-
temic pharmacokinetic profiles of DiR-NPs and DiR-
MNPs, mouse whole blood was collected via mandibular 
puncture at 0, 4, 8, 12, and 24 h post-tail vein injection. 
The serum was separated by centrifugation at 800 × g 
for 15  min, and fluorescence intensity was measured. 
The fluorescent signals were quantified using the Tecan 
Infinite M200 plate reader (Tecan), with fluorescence 
intensity at 0  h set to 100%. The fluorescence values at 
subsequent time points were normalized to this baseline 
[40].

RNA extraction, library construction, and sequencing
Total RNA was isolated from MΦ cells sorted via 
flow cytometry from the lumbar IVDs of mice in the 
Model + PBS group and Model + IL4I1-MNPs group 
using Trizol reagent (15596026, Invitrogen, USA). The 
concentration and purity of RNA samples were deter-
mined using a Nanodrop 2000 spectrophotometer 
(1011U, Nanodrop, USA). Total RNA samples meeting 
the criteria for subsequent experiments, including RNA 
Integrity Number (RIN) ≥ 7.0 and 28  S:18  S ratio ≥ 1.5, 
were utilized [64].

Sequencing libraries were generated and sequenced 
by CapitalBio Technology (Beijing, China). A total of 
5 µg RNA was used for each sample. In brief, the Ribo-
Zero Magnetic Kit (MRZE706, Epicentre Technologies) 
was employed to deplete ribosomal RNA (rRNA) from 
total RNA. The NEB Next Ultra RNA Library Prep Kit 
(#E7775, NEB, USA) was utilized for Illumina library 
construction and sequencing. Subsequently, RNA was 
fragmented into approximately 300  bp (bp) fragments 
in NEB Next First Strand Synthesis Reaction Buffer (5×). 
The first-strand cDNA was synthesized using reverse 
transcriptase and random primers, followed by second-
strand cDNA synthesis in the presence of dUTP Mix 
(10×). End repair of cDNA fragments, addition of polyA 
tails, and ligation of sequencing adapters were performed. 
After adapter ligation, the second strand of cDNA was 
digested using USER Enzyme (#M5508, NEB, USA) to 
create a strand-specific library. The library DNA was 
amplified, purified, and enriched via PCR. Subsequently, 
the libraries were assessed using the Agilent 2100 Bioan-
alyzer, quantified using the KAPA Library Quantification 
Kit (KK4844, KAPA Biosystems), and finally subjected 
to paired-end sequencing on the NextSeq 500 (Illumina) 
sequencing platform [65].

Quality control of sequencing data and alignment to the 
reference genome
The raw data underwent preprocessing using the Trim-
momatic tool to eliminate adapters, and low-quality 
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reads. Throughout the quality control process, counts 
of low-quality bases at the 30 and 50 ends were con-
ducted, along with calculations of original sequencing 
amount, effective sequencing volume, Q30 quality scores, 
GC content, and read counts. Subsequently, the filtered 
high-quality reads were aligned to the mouse reference 
genome from the NCBI database using HISAT2 version 
2.2.1 software [65].

Bioinformatic analysis of differentially expressed genes 
(GEGs) from transcriptome sequencing
As described in the GEO transcriptome section, the 
“limma” package in R language was utilized to iden-
tify DEGs from the raw count matrix of MΦ transcrip-
tome sequencing data. DEGs were selected based on a 
threshold of |log2FC| > 1 and a P value < 0.05. Visualiza-
tion of the DEGs was carried out using the “ggplot2” and 
“pheatmap” packages in R. Subsequently, GO and KEGG 
analyses were performed using packages such as “clus-
terProfiler” in R. Feature genes mediating IL4I1-induced 
MΦ polarization were identified through LASSO and 
SVM-RFE machine learning algorithms, and the Venn 
diagram was employed to intersect the feature genes [33, 
66].

RT-qPCR
The cells were lysed using the Trizol reagent kit (Invitro-
gen, 10296028CN) to extract total RNA, which was then 
analyzed for quality and concentration using UV-visible 
spectrophotometry (ND-1000, Nanodrop, USA).

For mRNA expression analysis, reverse transcrip-
tion was conducted with the PrimeScript™ RT-qPCR 
kit (TaKaRa, RR037Q). Real-time quantitative reverse 
transcription polymerase chain reaction (RT-qPCR) 
was carried out using SYBR Premix Ex Taq™ (TaKaRa, 
RR390A) on the LightCycler 480 system (Roche Diag-
nostics, Pleasanton, CA, USA). The internal control 
GAPDH was utilized as the mRNA reference gene. The 
primers were designed and provided by Shanghai Gen-
eral Bioscience Tech. Co., Ltd. The primer sequences can 
be found in Table S1. The 2-ΔΔCt method was employed 
to determine the fold change in target gene expression 
between the experimental and control groups, as calcu-
lated by ΔΔCT = ΔCtExperimental - ΔCtControl, where 
ΔCt = CtTarget gene – CtReference gene [52].

Western blot (WB)
The cells were lysed using RIPA total protein extrac-
tion buffer (AS1004, Aspen Biological Technology Co., 
Ltd., Wuhan, China), followed by protein quantification 
using the BCA protein quantification kit (ThermoFisher, 
23227).

The proteins were separated by SDS-PAGE, transferred 
to a PVDF membrane, and then blocked with 5% BSA at 

room temperature for 1 h. Primary antibodies including 
Collagen II (1:1000; ThermoFisher, PA1-26206), Aggre-
can (1:500; ThermoFisher, MA3-16888), ADAMTS5 
(1:500; ThermoFisher, PA5-27165), MMP13 (1:500; Ther-
moFisher, PA5-27242), IL4I1 (1:500; ThermoFisher, PA5-
113266), and GAPDH (1:10000; ThermoFisher, AM4300) 
were added and incubated overnight at 4 °C.

The membrane was washed three times with TBST 
(3 × 5  min), followed by incubation with either Anti-
Mouse-HRP secondary antibody (1:10000; ThermoFisher, 
31430) or Goat anti-Rabbit-HRP secondary antibody 
(1:10000; ThermoFisher, 31460) at room temperature for 
2 h. After another three TBST washes, excess ECL work-
ing solution (WBKLS0500, Millipore) was added and 
incubated for 1 min at room temperature for membrane 
transfer. Excess ECL reagent was removed, the mem-
brane was sealed with plastic wrap, placed in a dark box, 
and exposed to X-ray film for 5–10 min for imaging and 
development. Image J analysis software was utilized for 
quantitative gray analysis of the band patterns in the WB 
images, with GAPDH serving as the internal reference 
[52].

Statistical analysis
All experiments were independently conducted at least 
three times, and the data were presented as mean ± SD 
(standard deviation). Differences between groups were 
analyzed using independent sample t-tests or one-way 
analysis of variance. If the ANOVA results indicated 
significant differences, Tukey’s HSD post hoc test was 
performed to compare differences between individual 
groups. For non-normally distributed or inhomogeneous 
variance data, the Mann-Whitney U test or Kruskal-Wal-
lis H test was applied. All statistical analyses were carried 
out using GraphPad Prism 8.0. A P-value < 0.05 was con-
sidered statistically significant [67].

Result
IDD nucleus pulposus tissue comprises 12 cell subtypes
Data from the GEO database (GSE244889) included 
scRNA-seq data from four mild IDD (MIDD, grades 
I-II) and three severe IDD (SIDD, grades III-V) Nucleus 
Pulposus (NP) tissue samples. The R software package 
“Seurat” was utilized for scRNA-seq data analysis. The 
cell RNA distribution post quality control and standard-
ization is depicted in Figure S1A. The correlation coef-
ficient between nCount and percent. Mt was r = -0.17, 
while the correlation coefficient between nCount and 
nFeature was r = 0.9, indicating that the filtered cell data 
exhibit favorable quality and are suitable for further anal-
ysis (Figure S1B).

Subsequently, the filtered cells underwent analysis, with 
highly variable genes identified through gene expression 
variance filtering. The top 2000 variably expressed genes 
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were selected for downstream analysis (Figure S1C). Cell 
cycle scores were computed using the CellCycleScoring 
function, and normalization of the data was performed 
(Figure S1D). PCA was then employed for linear dimen-
sionality reduction based on the chosen highly variable 
genes. Analysis revealed a total of 50 PCs, with the first 
30 PCs effectively capturing the information from the 
selected highly variable genes and holding significant 
analytical value (Figure S1E-F). The feature genes of the 
top two PCs were displayed (Figure S1G) alongside the 
main gene expression heatmap of the top 6 PCs (Figure 
S1H).

Furthermore, examining the distribution of cells from 
different samples in PC 1 and PC 2 unveiled clear batch 
effects among the samples (Figure S1I). To alleviate 
inter-sample batch effects and improve the accuracy of 
cell clustering, batch correction was carried out on the 
sample data using the harmony package (Figure S1J). The 
results indicated the successful elimination of sample 
batch effects, rendering the data ready for further analy-
sis (Figure S1K).

Subsequently, we employed the UMAP algorithm to 
achieve nonlinear dimensionality reduction on the top 30 
PCs, with a resolution set to 1 for cluster analysis (Figure 
S2). The clustering analysis produced 30 clusters, provid-
ing details on the expression profiles of marker genes for 
each cluster (Fig.  1A-B), along with the distribution of 
clusters within each sample, as illustrated in Fig. 1C. Cell 
annotation was then conducted based on the CellMarker 
database and literature references (Fig. 1D) [61], resulting 
in the identification of 12 distinct cell categories: NPCs, 
Fibrochondrocytes, Astrocytes, Erythroblasts, T cells, 
Endothelial cells, Neutrophils, MΦs, Smooth muscle cells 
(SMCs), B cells, Cartilage progenitor cells (CPCs), and 
Plasma cells (Fig. 1E-F).

These outcomes demonstrate that the NP tissue sam-
ples from the MIDD and SIDD groups can be classified 
into 30 clusters, encompassing 12 cell subtypes. This 
establishes a foundational understanding for unraveling 
the characteristic changes in key cell subtypes during 
IDD progression, aiding in a more comprehensive explo-
ration of the pathogenesis of IDD.

IDD progression associated with imbalance in MΦ M1-M2 
polarization
MΦs are reported as a pivotal cell component in regulat-
ing NPCs involvement in IDD progression [10]. To fur-
ther elucidate the role of MΦs in IDD, we initially verified 
the annotation of MΦs and NPCs. Specifically, marker 
genes for MΦs demonstrated high expression in Cluster 
16 (Figure S3A-B), while NPC marker genes exhibited 
high expression in Clusters 0, 1, 4, 5, 8, 11, 12, 21, 24, and 
28 (Figure S3C-D).

Subsequently, utilizing the “monocle” package, we con-
ducted a pseudo-time analysis to construct a trajectory 
of cell changes over time within MΦ subtypes, thereby 
exploring the differential dynamics of MΦs in the MIDD 
and SIDD groups. The results divided MΦs into five 
distinct states based on highly variable genes (Fig.  2A). 
Visualization of pseudotime demonstrated that MΦs 
transitioned from State 1 to State 5 over time (Fig. 2B). 
Displaying cells according to different groups revealed 
that during MΦ recruitment or polarization, States 2, 3, 
and 4 were unique branches in the MIDD group, with 
State 1 being specific to the SIDD group; additionally, 
the SIDD group also exhibited distribution towards the 
end of the pseudotime axis (Fig. 2A-C). Subsequent plot-
ting of marker gene expression-pseudotime curves for 
distinct MΦ polarization subtypes indicated significant 
upregulation of M1 MΦ marker genes CD80, CD86, 
IL1A, and IL1B, and downregulation of M2 MΦ marker 
genes CD163, MRC1, MSR1, and IL10 along the pseu-
dotime trajectory. Consistent with this, towards the end 
of the pseudotime axis, compared to States 2, 3, and 4, 
M1 marker gene expression was increased, while M2 
marker gene expression was decreased (Fig. 2D), suggest-
ing a close association between MΦ skewing towards M1 
polarization and IDD progression.

Moreover, to delve deeper into the regulatory mecha-
nisms of IDD progression, we utilized the “CellChat” 
package to explore cellular communication between 
MΦs and other cells. The findings revealed a substan-
tial increase in the interactions between MΦs and NPCs 
in the SIDD group compared to MIDD, suggesting 
enhanced communication (Fig. 2E-H).

Overall, these results suggest that a critical regulatory 
mechanism underlying IDD progression may be linked 
to an increase in M1 polarization and a decrease in M2 
polarization in MΦs.

IL4I1: A key gene regulating IDD onset and progression
In-depth exploration of crucial regulatory mechanisms in 
IDD development and their correlation with MΦ polar-
ization prompted us to acquire two IDD-related tran-
scriptomic datasets (GSE167199 and GSE186542) from 
the GEO database. To ensure an adequate sample size, 
we integrated these datasets into a unified one. Subse-
quently, we utilized the “sva” package to correct and nor-
malize the original data, addressing batch effects between 
datasets. The results are depicted in Figure S4A-B. Before 
batch correction, distinct samples from different datas-
ets were segregated, indicating batch effects among them 
(Figure S4A). Post-batch correction, samples from differ-
ent datasets were randomly dispersed on the coordinate 
axis, signifying the elimination of batch effects between 
datasets, with all samples exhibiting good uniformity 
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(Figure S4B). The merged dataset comprised 6 normal 
NP samples and 6 IDD NP samples.

Differential analysis on the merged dataset using a 
threshold of |log2FC| > 1 and p-value < 0.05 identified 

553 differentially expressed genes in the merged dataset 
(M-DEGs), with 160 upregulated and 393 downregu-
lated in the IDD group (Figure S4C-D). Furthermore, 
GO enrichment analysis revealed that M-DEGs primarily 

Fig. 1  scRNA-seq data cell clustering and annotation. Note: (A) UMAP visualization of cell clustering showing the aggregation and distribution of cells 
from NP samples in the MIDD group (n = 4) and SIDD group (n = 3), with each color representing a cluster; (B) UMAP visualization of cell clustering in two 
dimensions, displaying the aggregation and distribution of cells from NP samples in the MIDD group (n = 4) and SIDD group (n = 3), where blue indicates 
the MIDD group and red indicates the SIDD group; (C) Distribution of cell populations in each sample; (D) Expression levels of known cell lineage-specific 
marker genes in different clusters, where darker red signifies higher average expression levels and larger circles represent more cells expressing the gene; 
(E) Three-dimensional visualization of cell annotations based on UMAP clustering, with each color representing a cell subpopulation; (F) Visualization of 
cell annotations in the MIDD group (n = 4) and SIDD group (n = 3) based on UMAP clustering, where each color denotes a cell subpopulations
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Fig. 2 (See legend on next page.)
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enriched in biological processes (BP) like regulation of 
hormone levels, cellular components (CC) including 
synaptic membrane, and molecular functions (MF) such 
as ion channel activity (Figure S4E). KEGG enrichment 
analysis pointed out that M-DEGs were mainly enriched 
in pathways like Cholesterol metabolism (Figure S4F).

Next, to delineate IDD’s disease-specific genes, we 
employed machine learning algorithms for feature 
gene selection. The LASSO algorithm identified 7 fea-
ture genes (Fig.  3A), SVM-RFE selected 8 feature genes 
(Fig. 3B), and random forest recognized 3 feature genes 
(Fig.  3C). The intersection of these results derived 
through Venn diagrams pinpointed IL4I1 as a core gene 
(Fig.  3D). Further analysis compared the expression of 
these feature genes in IDD with normal tissues, high-
lighting reduced expression of IL4I1 in the IDD group 
(Fig. 3E). Additionally, the distinct State 1 branch in the 
SIDD group MΦ subtypes and reduced IL4I1 expression 
at the end of the pseudotime axis compared to the MIDD 
group were revealed (Figs. 2A-C and 3F).

These findings suggest that IL4I1 may influence IDD 
onset and progression through the regulation of MΦ 
M1-M2 polarization.

IL4I1 regulates MΦ polarization
To validate the findings from our previous bioinformat-
ics analysis, we initially established mild (Mild Model) 
and severe IDD mouse models (Figure S5A). Micro-CT 
analysis of the mouse tail IVDs revealed that compared 
to the Sham group, the DHI percentage was significantly 
reduced in the Mild Model group, with a further decrease 
observed in the Severe Model group (Figure S5B). His-
tological analysis with H&E staining after 4 weeks 
post-puncture showed that in the Sham group, the IVD 
structure was intact, the AF was without fissures, NPCs 
were abundant, and the boundary between AF and NP 
tissues was clear. Conversely, the IVD structure in the 
Mild Model group was compromised, with disorganized 
and ruptured AF, atrophied and fragmented NP tissue, 
a noticeable decrease in NPCs, and unclear boundaries 
between AF and NP tissues. The pathological degenera-
tion in the Severe Model group was further exacerbated 
compared to the Mild Model group (Figure S5C). Saf-
ranin-O/Fast green staining revealed that the AF and 
NP tissue structures in the Sham group were clear, with 

abundant red staining indicating a rich content of pro-
teoglycans within the IVD. In the Mild Model group, a 
significant reduction in the central NP of mouse IVDs 
was observed, accompanied by the replacement of origi-
nal cartilage-like structures with bone-like tissue, lead-
ing to IVD deterioration and collapse. Additionally, the 
content of proteoglycans was markedly decreased. These 
degenerative changes in the IVD were more pronounced 
in the Severe Model group (Figure S5C). Furthermore, 
the histological scores were significantly higher in the 
Mild Model group, which further increased in the Severe 
Model group (Figure S5D). These results collectively indi-
cate the successful establishment of mouse IDD models 
with varying degrees of degeneration.

The imbalance in the synthesis/degradation metabo-
lism of the extracellular matrix (ECM) in IVD is a cru-
cial event in the progression of IDD [10]. Therefore, we 
further evaluated the changes in ECM metabolism in 
the IDD models. Immunohistochemistry results showed 
that in the IVDs of IDD model mice, the positive staining 
area of ECM synthesis markers Collagen II and Aggrecan 
decreased as the degeneration severity increased, while 
the positive staining area of matrix degradation markers 
ADAMTS5 and MMP13 increased with degeneration 
progression (Figure S5E). These findings indicate that 
worsening IDD is associated with increased ECM degra-
dation metabolism and suppressed synthesis metabolism, 
disrupting the balance of ECM metabolism.

Moreover, WB and RT-qPCR results demonstrated that 
the mRNA expression levels of IL4I1 protein decreased 
with the severity of IVD degeneration (Figure S6A-B). To 
further investigate the polarization of MΦ in IDD mice, 
we isolated MΦ from the tail IVDs using flow cytometry 
(Figure S6C). Consistent with expectations, as degen-
eration worsened, the pro-inflammatory M1 MΦ sig-
nificantly increased, while the anti-inflammatory M2 
MΦ notably decreased (Figure S6D-F). Correspondingly, 
levels of pro-inflammatory cytokines TNF-α and IL-1β 
in the tail IVD significantly increased, while anti-inflam-
matory cytokines TGF-β and IL-10 levels decreased sig-
nificantly (Figure S6G). These results suggest that with 
worsening IDD in mice, IL4I1 expression is downregu-
lated, and there is an increase in M1 polarization along 
with a decrease in M2 polarization. This aligns with our 
previous bioinformatics results.

(See figure on previous page.)
Fig. 2  Pseudo-temporal analysis of MΦ subtypes and intercellular communication among cell subtypes. Note: (A) Differentiation plot of MΦ cell trajecto-
ries, where each color represents a distinct State; (B) Pseudo-temporal visualization of MΦ cell trajectory, with darker colors indicating earlier time points; 
(C) Visualization of MΦ cell trajectories from MIDD group (n = 4) and SIDD group (n = 3) NP samples, with different colors indicating different groups; (D) 
Gene expression-pseudo-time curve of M1 and M2 MΦ marker genes, with time on the x-axis and gene expression levels on the y-axis; (E) Network plot 
of intercellular communication in MΦs from MIDD group NP tissue samples (n = 4), where the thickness of the lines on the left represents the number of 
pathways and on the right represents interaction strength; (F) Network diagram of intercellular communication among MΦs in MIDD group NP tissue 
samples (n = 4), with varying line thickness indicating interaction strength; (G) Network plot of intercellular communication in NP tissue samples (n = 3) of 
the SIDD group, with line thickness on the left representing pathway quantity and on the right representing interaction strength; (H) Network diagram of 
intercellular communication among MΦs in NP tissue samples (n = 3) of the SIDD group, where line thickness reflects interaction strength
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To further validate the expression changes of IL4I1 
during MΦ polarization, we induced MΦ derived from 
human monocytic cell line THP-1 towards M1 or M2 
polarization by treating them with LPS or IL-4, respec-
tively (Figure S7A). The results showed that LPS induced 
MΦ polarization toward M1, while IL-4 induced polar-
ization toward M2 (Figure S7B-D). Significantly, M1 
polarization increased the suppression of IL4I1 expres-
sion, whereas M2 polarization promoted IL4I1 expres-
sion (Figure S7E-F).

Finally, to explore the correlation between IL4I1 and 
MΦ polarization, we co-treated MΦ undergoing polar-
ization induction with recombinant human IL4I1 or 
PBS (Fig.  4A). Treatment with IL4I1 downregulated the 
expression of M1 MΦ marker genes and upregulated 
M2 MΦ marker genes (Fig.  4B). Immunofluorescence 
results indicated that IL4I1 treatment reduced the fluo-
rescence intensity of CD80 and CD86 co-localization 
while increasing CD163 and CD206 co-localization fluo-
rescence intensity (Fig.  4C). Moreover, ELISA detection 
revealed that IL4I1 inhibited the secretion of pro-inflam-
matory cytokines IL-1β and TNF-α while promoting the 
secretion of anti-inflammatory cytokines TGF-β and 
IL-10 (Fig. 4D).

In summary, IL4I1 can inhibit MΦ polarization 
towards M1 and promote their polarization towards M2.

MΦ membrane biomimetic NPs targeting MΦ with IL4I1-
MNPs
Consequently, we fabricated PLGA NPs loaded with 
IL4I1 (IL4I1-NPs) and isolated MΦCM to encapsulate 
IL4I1-NPs, resulting in the IL4I1-MNPs (Fig. 5A).

Transmission electron microscopy (TEM) results 
revealed a characteristic core-shell structure of IL4I1-
MNPs, where a membrane surrounded the PLGA core, 
distinctly different from IL4I1-NPs, which lacked mem-
brane coverage (Fig.  5B). DLS analysis indicated that 
the size of IL4I1-NPs was approximately 120.8 ± 1.1 nm, 
increasing to 132.9 ± 0.8  nm after encapsulation with 
MΦCM, with a shift in surface zeta potential from 
− 26.1 ± 0.6 to -16.8 ± 1.2 mV (Fig.  5C-D). Subsequent 
SDS-PAGE analysis of IL4I1-NPs, cellular lysates, 
MΦCM, and IL4I1-MNPs confirmed the presence of 
MΦCM on IL4I1-MNPs. Notably, IL4I1-NPs displayed 
no protein expression due to the lack of membrane 
coverage (Fig.  5E), whereas MΦCM and IL4I1-MNPs 
exhibited similar protein bands, likely attributed to the 
membrane proteins and intracellular content present in 

Fig. 3  Selection and Expression of Core M-DEGs in the GEO Dataset. Note: (A) LASSO selection plot for M-DEGs; (B) SVM-RFE analysis results for M-DEGs; 
(C) Results from the Random Forest algorithm for M-DEGs; (D) Venn diagram showing the intersection of results from LASSO, SVM-RFE, and Random For-
est algorithms; (E) Expression levels of IL4I1 in NP samples from each group (n = 6) in the merged dataset; (F) Pseudo-time gene expression curve of IL4I1 
in MΦ subtypes from scRNA-seq data, with time on the x-axis and gene expression level on the y-axis; ** P < 0.01 compared between the two groups
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cellular lysates, confirming the successful encapsulation 
of MΦCM on IL4I1-MNPs.

The loading capacity of IL4I1 in IL4I1-NPs and IL4I1-
MNPs was determined to be 0.376 ± 0.015  µg/mg and 
0.384 ± 0.012  µg/mg, respectively (Fig.  5F). Correspond-
ingly, the encapsulation efficiencies were calculated 
as 69.2 ± 1.3% for IL4I1-NPs and 67.8 ± 1.9% for IL4I1-
MNPs. Notably, the encapsulation efficiency of both 
formulations remained stable over a 72-hour period at 
4  °C (Fig. 5G).Moreover, the controlled release capabili-
ties of IL4I1-NPs and IL4I1-MNPs were demonstrated 
through the analysis of the IL4I1 release profiles at dif-
ferent time points in PBS at 37  °C. IL4I1-NPs exhibited 
a faster release rate compared to IL4I1-MNPs, with 
approximately 92% of IL4I1 released after 120 h (Fig. 5H), 
indicating that the encapsulation of MΦCM extended the 
release of IL4I1 in IL4I1-MNPs. Notably, when assessing 
the colloidal stability of IL4I1-MNPs suspended in deion-
ized water, 1×PBS, and 50% FBS at 4 °C, minimal changes 
in particle size were observed within 72 h, demonstrating 
the excellent stability of the biomimetic NPs (Fig. 5I).

To evaluate the impact of MΦCM encapsulation on the 
uptake of NPs by MΦ, fluorescent dye DiR was utilized 
as a substitute for IL4I1 to prepare fluorescently labeled 
NPs (DiR-NPs) and MNPs (DiR-MNPs) as described pre-
viously (Fig.  5J). By co-culturing these NPs with THP-
1-derived MΦ cells and observing the uptake at different 
time points, it was observed that DiR-NPs were taken 
up by MΦ in a time-dependent manner. Importantly, at 
various time points, the fluorescence intensity in MΦ 
cells treated with DiR-MNPs was significantly higher 
than that in the DiR-NPs group (Fig.  5K-L), indicating 
that MΦCM encapsulation enhanced the targeting abil-
ity of DiR-MNPs to MΦ, thereby increasing the uptake of 
DiR-MNPs.

Subsequently, we intravenously injected PBS, DiR-NPs, 
or DiR-MNPs into IDD mice to assess the biodistribu-
tion in the major organs and tail IVD through in vivo and 
ex vivo fluorescence imaging, as well as flow cytometry 
to evaluate their targeting of MΦ (Figure S8A). In vivo 
fluorescence imaging results indicated that a higher flu-
orescence signal was detected in the tail IVD of mice in 
the DiR-MNPs group compared to the DiR-NPs group, 

Fig. 4  Influence of IL4I1 on M1-M2 Polarization of MΦs. Note: (A) Schematic representation of IL4I1 treatment on MΦ induced M1 or M2 polarization; (B) 
RT-qPCR analysis of expression of M1 and M2 MΦ marker genes in different groups of MΦ; (C) Representative immunofluorescence images of MΦ in differ-
ent groups (scale bar = 25 μm), quantification of fluorescence intensities of CD80 and CD86, CD163 and CD206 co-localization; (D) Levels of IL-1β, TNF-α, 
TGF-β, and IL-10 in the supernatant of cultured MΦ in each group; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, all experiments were repeated thrice
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suggesting that the cell membrane mimetic NPs DiR-
MNPs, after encased by MΦCM, could be more effec-
tively delivered to the IDD lesion site (Figure S8B). To 
further understand the biodistribution of MNPs, we 
conducted ex vivo fluorescence imaging on the heart, 
liver, spleen, lungs, kidneys, and tail IVD. As shown in 
Figure S8C, both treatment groups exhibited notable 
fluorescence accumulation in the liver and spleen, with 
DiR-MNPs demonstrating higher fluorescence intensity 

in the IVD. Flow cytometry analysis revealed that both 
DiR-NPs and DiR-MNPs were internalized into MΦ in a 
time-dependent manner, with the fluorescence intensity 
of DiR in MΦ from the DiR-MNPs group being stronger, 
indicating a more effective targeting of MΦ (Figure S8D). 
These findings suggest that cell membrane biomimetic 
NPs MNPs exhibit specific targeting effects with poten-
tial therapeutic benefits for IVD.

Fig. 5  Preparation, characterization, and In Vitro Uptake of IL4I1-NPs and IL4I1-MNPs. Note: (A) Schematic depiction of the preparation process for 
IL4I1-NPs and IL4I1-MNPs; (B) Representative images of IL4I1-NPs and IL4I1-MNPs using TEM (scale bar = 200 nm); (C-D) DLS analysis of the size and zeta 
potential of IL4I1-NPs and IL4I1-MNPs; (E) SDS-PAGE protein analysis of cell lysates, MΦCM, IL4I1-NPs, and IL4I1-MNPs; (F) Loading capacity of IL4I1 in 
IL4I1-NPs and IL4I1-MNPs; (G) The loading capacity and encapsulation efficiency of IL4I1 within IL4I1-NPs and IL4I1-MNPs, respectively, with monitoring of 
encapsulation rates within 72 h at 4 °C; (H) In vitro cumulative release curve of IL4I1 from IL4I1-NPs and IL4I1-MNPs in PBS at 37 °C; (I) Particle size detec-
tion of IL4I1-MNPs in deionized water, 1×PBS, and 50% FBS over three days; (J) Schematic diagram of the preparation process for DiR-NPs and DiR-MNPs; 
(K) Flow cytometry analysis of fluorescence intensity of DiR in MΦ after incubation with DiR-NPs and DiR-MNPs for 1, 2, and 4 h; (L) Representative images 
(scale bar = 15 μm) and quantitative analysis of fluorescence intensity of MΦ uptake of DiR-NPs and DiR-MNPs; * P < 0.05, ** P < 0.01, *** P < 0.001, **** 
P < 0.0001, all experiments were conducted in triplicate
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Furthermore, 24  h post-tail vein injection, DiR-MNPs 
exhibited higher fluorescence intensity in the blood-
stream (Figure S8E). Subsequently, blood samples were 
collected at predetermined time points to measure their 
fluorescence intensity, further evaluating the circula-
tion lifespan of NPs in the blood. Throughout the entire 
testing period, the concentration of MNPs was higher 
than that of NPs in the mouse bloodstream (Figure S8F). 
These results indicate that cell MNPs have a longer circu-
lation time in vivo than NPs.

In summary, our successful preparation of IL4I1-MNPs 
demonstrates their excellent stability and specific target-
ing effects.

IL4I1-MNPs improve MΦ polarization imbalance in treating 
IDD in mice
To investigate the in vivo therapeutic effects of IL4I1, 
IL4I1-NPs, or IL4I1-MNPs on IDD, we locally injected 
them into the tail IVD of mice with IDD (Figure S9A). 
Results from Micro-CT indicated that compared to the 
Model + PBS group, IL4I1, IL4I1-NPs, and IL4I1-MNPs 
significantly improved the decreased DHI% in IDD mice, 
degenerative changes in related tissues (such as AF mor-
phology disruption, reduced NP area, and decreased 
NPCs), and increased histological scores; notably, the 
therapeutic effect of IL4I1-MNPs was most significant 
(Figure S9B-D). Additionally, immunohistochemical 
results showed that in the Model + PBS group of IDD 
mice IVD, the expression levels of ECM synthesis mark-
ers, Collagen II and Aggrecan, were reduced, while the 
ECM degradation markers, ADAMTS5 and MMP13, 
were increased. However, treatment with IL4I1, IL4I1-
NPs, and IL4I1-MNPs significantly upregulated the 
expression of Collagen II and Aggrecan and downregu-
lated the expression of ADAMTS5 and MMP13 (Figure 
S9E). Among these, the therapeutic effect of IL4I1-MNPs 
on restoring ECM metabolic balance in IDD mice was 
most pronounced (Figure S9E).

Subsequently, we further investigated the impact of 
IL4I1, IL4I1-NPs, or IL4I1-MNPs on MΦ polarization in 
IDD mice. As expected, in the Model + PBS group, there 
was a significant increase in the expression and cell pro-
portion of M1 MΦ marker genes and a decrease in the 
expression and cell proportion of M2 MΦ marker genes. 
Treatment with IL4I1, IL4I1-NPs, and IL4I1-MNPs sig-
nificantly reversed this phenomenon, with IL4I1-MNPs 
showing the most significant inhibition on M1 MΦ polar-
ization in IDD mice (Fig. 6A-C). Consistently, compared 
to the Sham + PBS group, the levels of pro-inflammatory 
cytokines TNF-α and IL-1β significantly increased in the 
tail IVD of the Model + PBS group, while the levels of 
anti-inflammatory cytokines TGF-β and IL-10 decreased 
significantly. However, IL4I1, IL4I1-NPs, and IL4I1-
MNPs all significantly inhibited the secretion of TNF-α 

and IL-1β and promoted the secretion of TGF-β and 
IL-10. Additionally, the effect of IL4I1-MNPs was stron-
ger compared to IL4I1 and IL4I1-NPs (Fig. 6D).

Finally, we evaluated the in vivo safety of IL4I1, IL4I1-
NPs, and IL4I1-MNPs. On postoperative day 28 of IDD, 
we collected blood and major organs from the mice for 
comprehensive testing. Blood count analysis showed no 
significant changes in white blood cells, red blood cells, 
and platelet counts in the IL4I1, IL4I1-NPs, and IL4I1-
MNPs treatment groups compared to the control group 
(Figure S10A). Furthermore, in assessing serum biochem-
ical metabolism, we observed no significant changes in 
markers related to liver (ALB, TBIL, ALT, AST) or kid-
ney (CRE, UREA, UA) function among the groups (Fig-
ure S10B). Histopathological analysis of major organs 
through H&E staining revealed no apparent damage in 
the heart, liver, spleen, lungs, or kidneys in the IL4I1, 
IL4I1-NPs, and IL4I1-MNPs treatment groups compared 
to the control group (Figure S10C). These results confirm 
the in vivo safety of IL4I1, IL4I1-NPs, and IL4I1-MNPs.

Overall, these results demonstrate that IL4I1, IL4I1-
NPs, and IL4I1-MNPs improve MΦ polarization imbal-
ance in treating IDD by inhibiting M1 MΦ polarization 
and promoting M2 MΦ polarization. Notably, the IL4I1-
MNPs exhibit stronger efficacy in IDD therapy due to 
their prolonged circulation time and enhanced targeting 
of MΦ.

The gene FGR is identified as a key regulator of MΦ 
polarization balance by IL4I1-MNPs
To investigate the specific regulatory mechanism of 
IL4I1-mediated MΦ polarization therapy for IDD using 
IL4I1-MNPs, we performed transcriptome sequencing of 
MΦ extracted from the IVD of mice in the Model + PBS 
group and the Model + IL4I1-MNPs group using flow 
cytometry (Fig. 7A). The results revealed that in the MΦ 
of mice in the Model group treated with IL4I1-MNPs, 
there were a total of 949 significant DEGs, with 439 
upregulated and 510 downregulated genes (Fig. 7B-C).

Functional enrichment analysis of the DEGs was con-
ducted using the GO and KEGG databases. KEGG 
enrichment analysis showed that the DEGs were mainly 
enriched in signaling pathways such as cytokine-cytokine 
receptor interaction (Fig.  7D). GO enrichment analy-
sis indicated that the DEGs were primarily enriched in 
biological processes such as positive regulation of cyto-
kine production, cellular components like receptor com-
plexes, and molecular functions such as cytokine activity 
(Fig. 7E).

Subsequently, to further identify the characteristic 
genes regulating MΦ polarization balance in IDD mice 
by IL4I1-MNPs, we employed machine learning algo-
rithms for feature gene selection. Using the LASSO algo-
rithm, 9 feature genes were identified (Fig.  7F), and the 
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SVM-RFE algorithm selected 27 feature genes (Fig. 7G). 
The intersection of these genes revealed the core gene 
FGR (Fig. 7H). It has been reported that the loss of FGR 
inhibits the pro-inflammatory M1 MΦ polarization 
while enhancing the anti-inflammatory M2 MΦ polar-
ization [68]. Therefore, we further evaluated the expres-
sion of FGR in the MΦ of mice in the Model + PBS group 
and Model + IL4I1-MNPs group, showing that FGR was 
downregulated in the MΦ of mice in the Model + IL4I1-
MNPs group (Fig.  7I). Consistent results were obtained 
by RT-qPCR validation of FGR expression (Fig. 7J).

In summary, these results suggest that FGR may serve 
as a critical gene in regulating the balance of MΦ polar-
ization by IL4I1-MNPs.

IL4I1-MNPs mediate the improvement of NPCs 
physiological functions through FGR-mediated MΦ 
polarization balance
To further investigate the correlation between FGR and 
IL4I1-MNPs-mediated MΦ polarization balance, we 
constructed lentiviruses overexpressing human FGR-
OE or NC-OE to transfect MΦ (Fig.  8A) and verified 
successful overexpression through RT-qPCR (Fig.  8B). 
Subsequently, upon inducing polarization of NC-OE 
or FGR-OE transfected MΦ, we co-treated them with 
IL4I1-MNPs or PBS (Fig. 8C). Compared to the control 
group, under IL4I1-MNPs treatment, the expression of 
M1 MΦ marker genes was downregulated, while that 
of M2 MΦ marker genes was upregulated; moreover, 
FGR overexpression reversed the effects of IL4I1-MNPs 

Fig. 6  Impact of IL4I1-MNPs on MΦ Polarization in IDD Mice In Vivo. Note: (A) RT-qPCR analysis of expression of M1 and M2 MΦ marker genes in IVD 
MΦs of mice in different groups (n = 6); (B) Percentage of M1 MΦs (CD80+CD86+) in IVD MΦs of mice in different groups (n = 6); (C) Percentage of M2 MΦs 
(CD163+CD206+) in IVD MΦs of mice in different groups (n = 6); (D) ELISA detection of IL-1β, TNF-α, TGF-β, and IL-10 levels in IVD of mice in different groups 
(n = 6); * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001
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Fig. 7 (See legend on next page.)
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(Fig.  8D). Concurrently, IL4I1-MNP treatment reduced 
the fluorescence intensity of CD80 and CD86 co-localiza-
tion while increasing that of CD163 and CD206 co-local-
ization, with FGR-OE blocking the effects of IL4I1-MNPs 
(Fig. 8E). ELISA results indicated that during M1 polar-
ization, IL4I1-MNPs suppressed the secretion of pro-
inflammatory cytokines IL-1β and TNF-α, and during 
M2 polarization, they promoted the secretion of anti-
inflammatory cytokines TGF-β and IL-10. FGR-OE treat-
ment counteracted the effects of IL4I1-MNPs (Fig.  8F). 
These findings suggest that IL4I1-MNPs inhibit the M1 
phenotype and promote the M2 phenotype of MΦ by 
downregulating FGR.

Subsequently, we further explored whether the IL4I1-
MNPs-mediated FGR-regulated MΦ MΦ polarization 
process affects the physiological functions of NPCs and 
thereby influences the development of IDD. We primed 
NPCs with IL-1β to simulate an inflammatory environ-
ment of IDD, then co-cultured differentially treated MΦ 
with pre-treated NPCs, establishing a Transwell co-cul-
ture system (Figure S11A). CCK8 analysis revealed that 
at 24 and 72  h, compared to the NPCs + PBS + NC-OE 
group, LPS-induced M1 polarized MΦ significantly 
reduced the proliferative capacity of NPCs, while 
IL4I1-MNPs-inhibited M1 polarized MΦ markedly 
increased NPC proliferation. In the NPCs + LPS + IL4I1-
MNPs + NC-OE group, FGR-OE-treated MΦ reversed 
the promoting effect of IL4I1-MNPs on NPC prolif-
eration (Figure S11B). EdU staining further validated 
this conclusion (Figure S11C). Results from the Tran-
swell experiment and flow cytometry indicated that 
LPS significantly reduced the number of migrating NPC 
cells and promoted their apoptosis, while IL4I1-MNP 
treatment considerably increased NPC migration and 
inhibited apoptosis. Relative to the NPCs + LPS + IL4I1-
MNPs + NC-OE group, the M1 polarized MΦ induced 
by FGR overexpression in MΦ obstructed the effects of 
IL4I1-MNPs (Figure S11D-E).

On the other hand, the results of CCK8 and EdU stain-
ing indicated that IL-4-induced M2 MΦ polarization sig-
nificantly enhanced the proliferation of NPCs compared 
to the NPCs + PBS + NC-OE group, and this promoting 
effect was further augmented by IL4I1-MNPs. In con-
trast to the NPCs + LPS + IL4I1-MNPs + NC-OE group, 
FGR overexpression in MΦ countered the promot-
ing effect of IL4I1-MNPs on NPC proliferation (Figure 
S12A-B). Results from Transwell experiments and flow 

cytometry demonstrated that IL-4 significantly promoted 
NPC migration and inhibited apoptosis, with IL4I1-
MNP treatment further enhancing NPC migration and 
strengthening the inhibitory effect on apoptosis. Com-
pared to the NPCs + LPS + IL4I1-MNPs + NC-OE group, 
in the NPCs + LPS + IL4I1-MNPs + FGR-OE group, FGR 
overexpression-induced M2 MΦ polarization reversed 
the inhibitory effect of IL4I1-MNPs (Figure S12C-D). 
These findings suggest that downregulation of FGR1 
expression by IL4I1-MNPs mediates an increase in M2 
MΦ polarization and a decrease in M1 MΦ polarization, 
promoting NPC proliferation and migration while inhib-
iting NPC apoptosis.

Next, we further analyzed the changes in ECM meta-
bolic indicators in NPCs co-cultured with differentially 
treated MΦ. In comparison to the NPCs + PBS + NC-OE 
group, LPS-induced M1 MΦ polarization suppressed 
the expression of ECM synthesis markers, Collagen II 
and Aggrecan, and promoted the expression of ECM 
degradation markers, ADAMTS5 and MMP13 (Fig-
ure S11F). Conversely, IL-4-induced M2 MΦ polariza-
tion had opposite effects on the expression of Collagen 
II, Aggrecan, ADAMTS5, and MMP13 (Figure S12E). 
Compared to the NPCs + LPS + PBS + NC-OE group, 
the NPCs + LPS + IL4I1-MNPs + NC-OE group showed 
an upregulation of Collagen II and Aggrecan expres-
sion in NPCs and a downregulation of ADAMTS5 and 
MMP13 expression after treating MΦ with IL4I1-MNPs. 
Subsequently, FGR-OE treatment of MΦ counteracted 
the effects of IL4I1-MNPs (Figure S11F). Furthermore, 
compared to the NPCs + IL-4 + PBS + NC-OE group, 
the NPCs + IL-4 + IL4I1-MNPs + FGR-OE group further 
upregulated the expression of Collagen II and Aggrecan 
in NPCs and downregulated ADAMTS5 and MMP13; 
FGR overexpression in MΦ inhibited the expression 
of ECM metabolic-related markers regulated by IL4I1-
MNPs (Figure S12E). These results indicate that the 
downregulation of FGR1 expression by IL4I1-MNPs 
improves the M1-M2 polarization imbalance of MΦ, 
regulates NPC proliferation, migration, and ECM metab-
olism balance, and suppresses their apoptosis. Immuno-
fluorescence further confirmed this effect (Figure S11G, 
Figure S12F).

In conclusion, IL4I1-MNPs downregulating FGR1 
expression ameliorates the M1-M2 polarization imbal-
ance of MΦ, modulates NPC proliferation, migration, 

(See figure on previous page.)
Fig. 7  Functional clustering, core gene selection, and expression validation of degs from transcriptome sequencing. Note: (A) Schematic representation 
of transcriptome profiling of IVD MΦs in mice from Model + PBS and Model + IL4I1 groups; (B) Volcano plot depicting differential analysis of MΦ samples 
in the IVD tissues of mice from Model + PBS group (n = 3) and Model + IL4I1 group (n = 3); (C) Heatmap illustrating DEGs among MΦ samples (n = 3) from 
the transcriptome sequencing; (D) Bubble chart of KEGG enrichment analysis for the DEGs; (E) Circos plots showing GO enrichment analysis (BP, CC, MF) 
for the DEGs; (F) LASSO selection plot of the DEGs; (G) Results plot of SVM-RFE analysis for the DEGs; (H) Venn diagram depicting the intersection of results 
from LASSO and SVM-RFE algorithms; (I) Expression profile of FGR in MΦ samples (n = 3) from the transcriptome sequencing; (J) RT-qPCR analysis of FGR 
expression in MΦs of mice from different groups (n = 6); ** P < 0.01, *** P < 0.001
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and ECM metabolism balance, and inhibits their 
apoptosis.

Successful Preparation of CHG@IL4I1-MNPs
Studies suggest that hydrogels, particularly cellulose 
supramolecular hydrogels, hold significant potential in 
the field of IDD therapy due to their stability and non-
toxic nature, serving as promising delivery platforms 
for NPs [69, 70]. Therefore, we first prepared CHG by 
crosslinking cellulose and β-cyclodextrin using epichlo-
rohydrin as a raw material (Figure S13A). The swelling 

curve of the hydrogel showed a significant increase in the 
swelling rate in the initial 2 h, followed by a plateau phase 
(Figure S13B), while the degradation curve exhibited a 
gradual degradation trend (Figure S13C).

Subsequently, we loaded IL4I1-MNPS into CHG (Fig-
ure S13D). SEM images revealed the bioinspired mem-
brane-mimicking NPs, IL4I1-MNPs, binding to the inner 
surface of hydrogel CHG, maintaining the pore size of 
the porous hydrogel before and after nanoparticle load-
ing (Figure S13E). Rheological analysis indicated that the 
storage modulus (G’) of CHG and CHG@IL4I1-MNPs 

Fig. 8  Exploration of the Role of FGR in Regulating MΦ Polarization Balance Mediated by IL4I1-MNPs. Note: (A) Illustration of FGR-OE transfection; (B) RT-
qPCR analysis of FGR expression in different groups of MΦ; (C) Schematic representation of MΦ polarization induction post-NC-OE or FGR-OE transfection, 
followed by treatment with PBS or IL4I1-MNPs; (D) RT-qPCR analysis of expression of M1 and M2 MΦ marker genes in different groups of MΦ; (E) Repre-
sentative immunofluorescence images of MΦ in different groups (scale bar = 25 μm), quantification of CD80 and CD86, CD163 and CD206 co-localization 
fluorescence intensity; (F) Levels of IL-1β, TNF-α, TGF-β, and IL-10 in the supernatant of cultured MΦ in different groups; *P < 0.05, ** P < 0.01, *** P < 0.001, 
**** P < 0.0001, all experiments were repeated three times
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was higher than the loss modulus (G”), suggesting their 
good stability and viscoelasticity (Figure S13F). Addition-
ally, there was no significant difference in the average 
storage modulus between CHG and CHG@IL4I1-MNPs, 
indicating that the inclusion of IL4I1-MNPs had minimal 
impact on the mechanical properties of hydrogel CHG 
(Figure S13G). Furthermore, we observed the in vitro 
release curves of IL4I1 in PBS from IL4I1-MNPs and 
CHG@IL4I1-MNPs. Compared to IL4I1-MNPs, CHG@
IL4I1-MNPs exhibited a slower release of IL4I1, indi-
cating that hydrogel CHG prolonged the drug release, 
beneficial for long-term in vivo treatment of IDD (Fig-
ure S13H). Subsequently, we assessed the cytotoxicity of 
hydrogels on MΦ using CCK8 assays. The results dem-
onstrated no significant differences in cell viability among 
the groups (Figure S13I), indicating the non-toxicity of 
CHG and CHG@IL4I1-MNPs to MΦ cells in vitro.

These results demonstrate the successful preparation of 
CHG loaded with MΦ membrane-mimicking NPs IL4I1-
MNPs, denoted as CHG@IL4I1-MNPs.

CHG@IL4I1-MNPs downregulate FGR to regulate MΦ 
polarization and treat IDD in mice
To further investigate the potential and mechanism of 
CHG@IL4I1-MNPs hydrogel in treating IDD in mice, 
we injected PBS, CHG, IL4I1-MNPs, or CHG@IL4I1-
MNPs into the IVD of mice, while simultaneously 
administering lentiviral vectors carrying the mouse 
FGR-OE and NC-OE vectors via tail vein injection (Fig-
ure S14A). The Micro-CT results indicated that com-
pared to the Model + PBS + NC-OE group, the hydrogel 
CHG had no significant impact on IDD mice regard-
ing a decreased (DHI%, degenerative tissue pathology 
changes (e.g., AF morphology disruption, reduction in 
NP area, and decrease in NPCs), and increased histo-
logical scores. However, IL4I1-MNPs and CHG@IL4I1-
MNPs markedly reversed these effects, with CHG@
IL4I1-MNPs showing the most significant effect. More-
over, FGR overexpression based on the Model + CHG@
IL4I1-MNPs + NC-OE group blocked the advantageous 
effects of CHG@IL4I1-MNPs on IDD (Figure S14B-D). 
Additionally, immunohistochemistry results showed 
that in the Model + PBS + NC-OE group of IDD mice, 
the expression of ECM synthesis markers Collagen II 
and Aggrecan decreased, while the ECM degradation 
markers ADAMTS5 and MMP13 increased. In con-
trast, CHG treatment had no noticeable impact on the 
expression of ECM synthesis/degradation metabolic 
markers. Conversely, the Model + IL4I1-MNPs + NC-OE 
and Model + CHG@IL4I1-MNPs + NC-OE groups 
revealed that IL4I1-MNPs and CHG@IL4I1-MNPs treat-
ment restored the expression of Collagen II, Aggrecan, 
ADAMTS5, and MMP13, with CHG@IL4I1-MNPs dem-
onstrating stronger restorative effects. As anticipated, 

FGR-OE counteracted the effects of CHG@IL4I1-MNPs 
(Figure S14E). These results indicate that IL4I1-MNPs 
carried by CHG@IL4I1-MNPs inhibit FGR and effec-
tively treat IDD. CHG@IL4I1-MNPs exhibit a stronger 
therapeutic effect in treating IDD compared to IL4I1-
MNPs due to the prolonged release time of IL4I1.

Furthermore, we investigated the correlation between 
FGR mediated by CHG@IL4I1-MNPs and MΦ polariza-
tion in IDD mice. As expected, the Model + PBS + NC-OE 
group showed a significant increase in M1 MΦ and 
a decrease in M2 MΦ. Treatment with IL4I1-MNPs 
and CHG@IL4I1-MNPs markedly reversed this phe-
nomenon, with CHG@IL4I1-MNPs exhibiting a more 
pronounced effect. Notably, CHG treatment had no dis-
cernible impact on this observation. Additionally, FGR 
overexpression on the basis of the Model + CHG@IL4I1-
MNPs + NC-OE group reversed the effects of CHG@
IL4I1-MNPs (Fig. 9A-C).

Consistent with this, compared to the 
Sham + PBS + NC-OE group, the Model + PBS + NC-OE 
group demonstrated a significant increase in pro-inflam-
matory cytokines TNF-α and IL-1β levels and a notable 
decrease in anti-inflammatory cytokines TGF-β and 
IL-10 levels in the tail IVD. The Model + CHG + NC-OE 
group did not affect the secretion of pro-inflammatory 
and anti-inflammatory factors in the disc compared to 
the Model + PBS + NC-OE group. However, IL4I1-MNPs 
and CHG@IL4I1-MNPs treatments significantly reduced 
TNF-α and IL-1β levels while increasing TGF-β and 
IL-10 levels in the disc. CHG@IL4I1-MNPs exerted a 
stronger regulatory effect on the levels of pro-inflamma-
tory and anti-inflammatory factors. Concurrently, FGR-
OE treatment hindered the effects of CHG@IL4I1-MNPs 
(Fig. 9D). This further confirms that CHG@IL4I1-MNPs 
effectively ameliorate IDD by inhibiting M1 polarization 
and promoting M2 polarization.

It is important to note that after 4 weeks post-IDD 
surgery, there were no significant differences in WBC, 
RBC, and PLT counts among the mouse groups (Fig-
ure S15A). Furthermore, the levels of liver and kidney 
function-related markers in the various mouse groups 
did not exhibit statistically significant differences (Figure 
S15B). Moreover, H&E staining of major organs in differ-
ently treated mice revealed that the CHG, IL4I1-MNPs, 
and CHG@IL4I1-MNPs treatment groups did not mani-
fest apparent tissue damage compared to the control 
group (Figure S15C). These findings indicate the excel-
lent biocompatibility of CHG, IL4I1-MNPs, and CHG@
IL4I1-MNPs.

In summary, CHG@IL4I1-MNPs release IL4I1, thereby 
downregulating FGR expression, inhibiting M1 MΦ 
polarization and promoting M2 MΦ polarization to 
effectively treat IDD.



Page 23 of 29Luo et al. Journal of Nanobiotechnology          (2025) 23:175 

Discussion
IDD is a prevalent degenerative disease of the IVDs, 
substantially impacting patients’ quality of life and work 
efficiency [71, 72]. Traditional treatment methods often 
fall short in delivering satisfactory results, prompting a 
growing interest in in-situ biologic repair. MΦs play cru-
cial roles in the pathogenesis of IDD, with their polar-
ization state critical for tissue repair and regeneration 
[10, 73, 74]. The novel CHG@IL4I1-MNPs, by targeted 
delivery of IL4I1, can regulate the M1-M2 polarization of 
MΦs, thus facilitating the restoration of IDD. This study 
aims to elucidate the mechanisms underlying the thera-
peutic effects of CHG@IL4I1-MNPs on IDD, with the 
aspiration of introducing novel therapeutic strategies and 
theoretical support for the biological repair of IDD. This 
study utilized CHG@IL4I1-MNPs as a drug delivery sys-
tem targeting IL4I1, offering an innovative approach for 

treating IDD. Compared to conventional methods, this 
nanoparticle drug delivery system enhances the effective 
delivery of IL4I1, thereby regulating MΦ M2 polarization 
more effectively and promoting the repair and regenera-
tion of IVD tissue. This paves the way for new avenues 
in IDD treatment, emphasizing the importance of tar-
geted therapeutic strategies addressing disease-specific 
mechanisms. To minimize potential off-target effects in 
clinical applications, strategies such as surface modifica-
tions (e.g., PEGylation) and particle size optimization are 
under consideration to enhance targeting specificity and 
reduce damage to healthy tissues. Future clinical studies 
will further validate the safety and efficacy of these NPs, 
offering robust evidence for broader clinical applications.

The Gene Expression Omnibus (GEO) is a public 
repository for high-throughput gene expression data, 
encompassing not only next-generation RNA sequencing 

Fig. 9  Effect of CHG@IL4I1-MNPs on MΦ Polarization in IDD Mice. Note: (A) RT-qPCR analysis of the expression of M1 and M2 MΦ marker genes in IVD 
MΦs of mice (n = 6); (B) Percentage of M1 MΦs in IVD MΦs of mice (n = 6); (C) Percentage of M2 MΦs in IVD MΦs of mice (n = 6); (D) ELISA detection of IL-
1β, TNF-α, TGF-β, and IL-10 levels in the IVD of mice (n = 6); n.s. P > 0.05 for comparison between groups, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001
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data but also microarray and single-cell sequencing data. 
The sample data are not limited to tumors but are widely 
used to investigate various biological processes and dis-
ease mechanisms [75]. Through single-cell and transcrip-
tome sequencing analysis, the research team revealed the 
critical role of M1-M2 MΦ polarization imbalance in the 
development of IDD. This contributes to a deeper under-
standing of the pathogenesis of IVD tissue diseases, pro-
viding vital clues for targeted treatments. In exploring the 
IL4I1 protein, this study elucidated its role as a key regu-
lator of MΦ polarization, not only clarifying its function 
in disease progression but also offering valuable insights 
for designing future therapeutic strategies. This in-depth 
analysis of molecular mechanisms holds promise for 
breakthroughs in treating degenerative diseases like IDD.

Through the novel drug delivery system in this study 
and the in-depth investigation of the mechanism behind 
MΦ polarization imbalance, not only have new per-
spectives and hopes been brought to IDD treatment, 
but a solid foundation has also been laid for fundamen-
tal research in related fields. Future research directions 
could further explore the application effectiveness of 
this drug system in clinical practice, optimize treatment 
regimens, and seek broader disease applications to bring 
greater benefits to human health.

Animal experiments confirmed the therapeutic effects 
of CHG@IL4I1-MNPs on IDD, further establishing the 
MΦ polarization regulation mechanism mediated by 
IL4I1-MNPs. This not only strengthens confidence in 
treatment strategies but also highlights the significance 
of targeted drug carriers in therapy. Targeted drug car-
riers can release therapeutic factors precisely and effi-
ciently in the body, potentially serving as effective tools 
for developing novel treatment strategies. This study 
offers valuable insights into exploring more individual-
ized and precise treatment methods, opening new direc-
tions for future clinical research and providing more 
effective treatment choices for patients.

In terms of bioinformatics analysis, the study found 
that the FGR gene plays a crucial role in MΦ polariza-
tion regulation during IL4I1-MNPs treatment, providing 
new clues for a deeper understanding of the molecular 
mechanisms. The impact of specific genes on treatment 
efficacy is emphasized, suggesting that individual differ-
ences in treatment response may be related to the expres-
sion levels of certain genes. This discovery helps us better 
comprehend the treatment mechanisms, offering new 
avenues for gene-regulated therapies and serving as a 
reference for designing future individualized treatment 
strategies.

Combining in vitro and in vivo experimental results 
confirmed the regulatory effect of CHG@IL4I1-MNPs 
on the balance of MΦ M1-M2 polarization in IDD. 
This study highlights the crucial role of restoring cell 

polarization balance in IDD treatment more than pre-
vious research has done. It indicates the importance of 
focusing on restoring the balance of cells during treat-
ment to promote disease repair and maximize treatment 
outcomes. By regulating the polarization status of MΦs, 
we may develop more effective treatment strategies, pre-
senting novel perspectives and potential solutions for 
IDD and similar diseases.

Current treatment approaches for IDD include phar-
macotherapy, physical therapy, cellular therapy, and 
surgical interventions. Traditional pharmacotherapy pri-
marily relies on nonsteroidal anti-inflammatory drugs 
(NSAIDs), corticosteroids, and analgesics, which can 
alleviate symptoms but fail to reverse the pathological 
progression of the disease. Moreover, long-term use of 
these medications may lead to adverse side effects [76, 
77]. Cellular therapies, such as IVD cell transplantation, 
demonstrate some clinical potential but face challenges 
such as low cell survival rates and inconsistent therapeu-
tic outcomes [78, 79]. Surgical treatments, such as dis-
cectomy, can achieve significant results in severe cases 
but are associated with high surgical risks, recurrence, 
and complications [6, 80].

In contrast, the CHG@IL4I1-MNPs nanoparticle sys-
tem presented in this study represents a novel targeted 
delivery strategy with distinct advantages. By employing 
specific targeting mechanisms, this system enables pre-
cise delivery of therapeutic agents to IVD tissues, maxi-
mizing drug efficacy while minimizing off-target effects. 
Compared to existing therapies, this approach has the 
potential to slow disc degeneration, improve the biologi-
cal microenvironment of the IVD, and achieve disease 
reversal rather than merely symptom relief. Addition-
ally, the stability and biocompatibility of NPs suggest that 
this method could provide more durable and controllable 
therapeutic effects in clinical applications.

The scalability of CHG@IL4I1-MNPs synthesis and the 
evaluation of its long-term safety are critical for clinical 
translation. First, regarding synthesis scale-up, CHG@
IL4I1-MNPs have been successfully prepared at the lab-
oratory scale, with preliminary validation of their struc-
ture and functionality. However, achieving large-scale 
production will require further optimization of synthe-
sis processes, including control of reaction conditions, 
selection of raw materials, and cost-effectiveness analy-
sis. To ensure feasibility, stability, and reproducibility 
assessments of the synthesis process will be essential to 
guarantee consistent quality, functionality, and safety of 
the NPs during large-scale production. Second, regard-
ing long-term safety, although CHG@IL4I1-MNPs have 
demonstrated efficacy and safety in small animal mod-
els, potential toxicities and immune responses associated 
with prolonged use remain a concern. Future research 
will focus on long-term toxicological and immunological 
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evaluations, assessing nanoparticle accumulation, tissue 
distribution, and immune responses over extended peri-
ods. Additionally, comprehensive studies involving varied 
doses, administration routes, and treatment cycles will be 
required to thoroughly evaluate the clinical safety profile 
of these NPs.

This study has several limitations. First, it was con-
ducted in mouse models, and the efficacy and safety 
of CHG@IL4I1-MNPs in humans have not yet been 
validated in clinical trials. This limits the reliability and 
generalizability of our conclusions. Due to current con-
straints in time and funding, we did not conduct inde-
pendent knockdown or overexpression experiments for 
FGR. Future research will aim to further investigate the 
role of FGR and its downstream regulatory mechanisms 
in this process to provide more robust support for our 
conclusions.

In conclusion, this study suggests that CHG@IL4I1-
MNPs, as a novel strategy for targeted delivery of IL4I1 
to promote MΦ M2 polarization, holds significant poten-
tial value. Despite the promising outlook of the research 
results, limitations need to be addressed. Future research 
will focus more on the feasibility of clinical application, 
long-term treatment outcome evaluations, and risk 
assessments of side effects, aiming to better serve the 
health and quality of life of patients and providing further 
support and insights for the continued development of 
IDD treatments.

Conclusion
Based on the above results, we can preliminarily con-
clude the following: we have designed a CHG that loads 
MΦ cell membrane biomimetic NPs containing IL4I1 
(CHG@IL4I1-MNPs), which effectively targets MΦ to 
release IL4I1, inhibiting M1 polarization and promoting 
M2 polarization. This process enhances the ECM synthe-
sis/degradation balance of NPCs, ultimately addressing 
IDD (Figure S16). This study elucidates the therapeutic 
mechanism of CHG@IL4I1-MNPs in treating IDD, offer-
ing new insights into the pathology of IDD.

However, this study has certain limitations. Firstly, it 
was conducted in a mouse model without confirmation 
of the efficacy and safety of CHG@IL4I1-MNPs hydrogel 
in human clinical studies, which affects the reliability and 
scientific nature of our conclusions. Therefore, further 
exploration of its mechanism of action and additional 
animal model studies will provide a more in-depth theo-
retical basis for optimizing this technology and its clini-
cal application.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​5​1​-​0​2​5​-​0​3​2​4​1​-​0.

Supplementary Material 1: Quality Control, Filtering, and PCA of scRNA-seq 
Data. Note (A) Violin plots showing the number of genes (nFeature_RNA), 
counts of mRNA molecules (nCount_RNA), and percentage of mitochon-
drial genes (percent. mt) per cell in scRNA-seq data from NP samples of 
the MIDD group (n = 4) and SIDD group (n = 3); (B) Scatter plots showing 
the correlation between post-filtered data, nCount_RNA and percent. Mt, 
and between nCount_RNA and nFeature_RNA; (C) Variance analysis to 
filter highly variable genes in samples (red dots represent highly variable 
genes, black dots represent invariant genes); (D) Cell cycle status of each 
cell in the scRNA-seq data, where S.Score represents S phase and G2M.The 
score represents the G2M phase; (E) Distribution of standard deviation of 
PCs, with important PCs having larger standard deviations; (F) p-values of 
the top 50 PCs obtained from PCA analysis; (G) Feature genes in the top 2 
PCs from PCA analysis; (H) Heatmap of top 15 genes expressed in the first 
6 PCs in PCA, where yellow indicates upregulation and purple indicates 
downregulation; (I) Distribution of cells in PC 1 and PC 2 before batch cor-
rection, with each point representing a cell and different colors indicating 
different samples; (J) Batch correction process diagram of Harmony, with 
the x-axis representing the number of iterative interactions; (K) Distribu-
tion of cells in PC 1 and PC 2 after Harmony batch correction, with each 
point representing a cell and different colors indicating different samples.

Supplementary Material 2

Supplementary Material 3: Expression of MΦ and NPCs Marker Genes. 
Note (A) FeaturePlot graph of MΦ marker gene expression in various clus-
ters of NP samples from the MIDD group (n = 4) and SIDD group (n = 3), 
where darker purple indicates higher average expression levels; (B) Violin 
plot of MΦ marker gene expression in different clusters of NP samples 
from the MIDD group (n = 4) and SIDD group (n = 3); (C) FeaturePlot graph 
of NPCs marker gene expression in different clusters of NP samples from 
the MIDD group (n = 4) and SIDD group (n = 3), with darker purple repre-
senting higher average expression levels; (D) Violin plot of NPCs marker 
gene expression in various clusters of NP samples from the MIDD group 
(n = 4) and SIDD group (n = 3).

Supplementary Material 4: Integration, Differential Analysis, and Enrich-
ment Analysis of GEO Transcriptome Dataset. Note(A) PCA distribution 
of the GEO merged dataset before batch correction, with sample colors 
representing different datasets; (B) PCA distribution of the GEO merged 
dataset after batch correction, with sample colors representing different 
datasets; (C) Volcano plot illustrating differential analysis of NP tissue sam-
ples between Normal group (n = 6) and IDD group (n = 6) in the merged 
dataset; (D) Heatmap of M-DEGs between Normal group (n = 6) and IDD 
group (n = 6) in the merged dataset; (E) Circos plots of GO enrichment 
analysis (BP, CC, MF) for M-DEGs; (F) Bubble chart of KEGG enrichment 
analysis for M-DEGs.

Supplementary Material 5: Establishment and Characterization Assess-
ment of Mouse IDD Models with Varying Degeneration Levels. Note (A) 
Schematic diagram of IDD mouse model construction; (B) Micro-CT 2D 
and 3D Datas of the tail IVD in each group of mice (n = 6), along with the 
DHI%; (C) Representative Datas of H&E staining and Safranin-O/Fast green 
staining of IVD, AF, and NP tissues of mice (n = 6) in each group; (D) Histo-
logical scoring of disc changes in the tail IVD of mice in each group (n = 6); 
(E) Representative Datas of immunohistochemical staining for Collagen 
II, Aggrecan, ADAMTS5, and MMP13 in the tail IVD of mice in each group 
(n = 6), along with quantification of the percentage of positively stained 
area; * P < 0.05, ** P < 0.01, *** P < 0.001.

Supplementary Material 6: Expression of IL4I1 and MΦ Polarization in 
Mouse IDD Models with Varying Degeneration Levels. Note (A) WB analysis 
and quantification of IL4I1 protein expression in the tail IVD of mice in 
each group (n = 6); (B) RT-qPCR assessment of IL4I1 mRNA expression 
in the tail IVD of mice in each group (n = 6); (C) Flow cytometry gating 
strategy for sorting MΦs (single cells were identified using side scatter area 
(SSA) and height (SSH), and dead cells stained positive for 7-AAD reagent 
(CST, 72782 S) were excluded. CD45-positive cells were selected, followed 
by CD11b and F4/80-positive cells. Cells identified as CD45+CD11b+F4/80+ 
were classified as MΦs); (D) RT-qPCR evaluation of the expression of M1 
and M2 MΦ marker genes in MΦs from the tail IVD of mice in each group 
(n = 6); (E) Percentage of M1 MΦs in MΦs from the tail IVD of mice in each 
group (n = 6); (F) Percentage of M2 MΦs in MΦs from the tail IVD of mice in 

https://doi.org/10.1186/s12951-025-03241-0
https://doi.org/10.1186/s12951-025-03241-0


Page 26 of 29Luo et al. Journal of Nanobiotechnology          (2025) 23:175 
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intensity at that time point); ** P < 0.01, *** P < 0.001.

Supplementary Material 9: Assessment of In Vivo Therapeutic Effects of 
IL4I1-MNPs in IDD Mice.. Note (A) Schematic representation of in vivo 
administration of IL4I1, IL4I1-NPs, and IL4I1-MNPs; (B) Micro-CT 2D and 
3D Datas of the tail IVD with the DHI percentage for each group of mice 
(n = 6); (C) Representative Datas of H&E and Safranin-O/Fast green staining 
of IVD, AF, and NP tissue in each group of mice (n = 6); (D) Histologi-
cal scores of changes in the tail IVD of mice in each group (n = 6); (E) 
Representative Datas of immunohistochemistry for Collagen II, Aggrecan, 
ADAMTS5, and MMP13 in the tail IVD of mice in each group (n = 6) with 
quantification of the percentage of positively stained areas; * P < 0.05, ** 
P < 0.01, *** P < 0.001, **** P < 0.0001.

Supplementary Material 10: Safety Evaluation of IL4I1, IL4I1-NPs, and 
IL4I1-MNPs In Vivo. Note (A) Blood cell count in each group of mice (n = 6); 
(B) Blood biochemical analysis in each group of mice (n = 6), including 
albumin (ALB), total bilirubin (TBIL), alanine transaminase (ALT), aspartate 
transaminase (AST), creatinine (CRE), urea (UREA), and uric acid (UA); (C) 
H&E staining of major organs in mice from each group (n = 6) under differ-
ent treatments, scale bar = 100 μm.

Supplementary Material 11: Impact of FGR-Mediated Regulation of M1 MΦ 
Polarization by IL4I1-MNPs on NPC Phenotype. Note (A) Schematic repre-
sentation of co-culture of MΦ and NPCs; (B) Cell proliferation assessed by 
CCK8 in each group of NPCs; (C) Representative Datas of EdU staining and 
quantitative measure of EdU-positive cells in each group of NPCs (scale 
bar = 50 μm), where EdU is shown in red and DAPI (nucleus) in blue; (D) 
Quantification of migrated cells in Transwell experiments of NPC from 
each group, shown with representative Datas (scale bar = 50 μm); (E) Flow 
cytometry evaluation of cell apoptosis (Annexin V+/PI−) in NPCs from each 
group; (F) Protein expression and quantification of Collagen II, Aggrecan, 
ADAMTS5, and MMP13 in NPCs from each group analyzed by WB; (G) Im-
munofluorescence staining of Collagen II and MMP13 in NPCs from each 
group with representative Datas (scale bar = 25 μm) and fluorescence 
intensity quantification; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, 
with all experiments conducted thrice.

Supplementary Material 12: The Influence of IL4I1-MNPs-Mediated FGR 
Regulation on M2 MΦ Polarization Process and its Impact on NPCs Phe-
notype.. Note (A) Cell Proliferation of NPCs in each group was examined 
using the CCK-8 assay; (B) Representative Datas of EdU staining in NPCs 

from each group (scale bar = 50 μm) and quantitative analysis of EdU-
positive cell percentage, with EDU (red) and DAPI (cell nuclei, blue); (C) 
Representative Datas of Transwell experiments in each group of NPCs 
(scale bar = 50 μm) and quantitative analysis of migrated cell numbers; (D) 
Cell apoptosis (Annexin V+/PI−) in NPCs from each group detected by flow 
cytometry; (E) Protein expression and quantification of Collagen II, Ag-
grecan, ADAMTS5, and MMP13 in NPCs from each group analyzed by WB; 
(F) Immunofluorescence staining Datas of Collagen II and MMP13 in NPCs 
from each group (scale bar = 25 μm) and quantification of fluorescence 
intensity; * P < 0.05 compared between two groups, ** P < 0.01 compared 
between two groups, *** P < 0.001 compared between two groups, all 
experiments were repeated 3 times.

Supplementary Material 13: Characteristics of CHG and CHG@IL4I1-MNPs. 
Note (A) Schematic representation of CHG synthesis; (B) Swelling ratio of 
hydrogel CHG in PBS at 37 °C; (C) Degradation rate of hydrogel CHG; (D) 
Schematic representation of IL4I1-MNPs loaded CHG; (E) Representative 
Datas captured by SEM of CHG or CHG@IL4I1-MNPs (scale bar = 50 μm); 
(F) Rheological analysis of CHG or CHG@IL4I1-MNPs; (G) Average storage 
modulus of CHG and CHG@IL4I1-MNPs; (H) Cumulative release curve of 
IL4I1 in IL4I1-MNPs and CHG@IL4I1-MNPs; (I) Cell viability of MΦ 24 h after 
different treatments examined by CCK-8 assay; n.s. Indicates P > 0.05 com-
pared between two groups; all experiments were repeated 3 times.

Supplementary Material 14: The Impact of CHG@IL4I1-MNPs-Mediated 
FGR on Characterization of IDD Mice. Note (A) Schematic representa-
tion of CHG, IL4I1-MNPs, CHG@IL4I1-MNPs, and FGR-OE treatments; (B) 
Micro-CT two-dimensional and three-dimensional Datas of IVD in each 
group of mice (n = 6) and intervertebral DHI percentage; (C) Representa-
tive Datas of H&E staining and Safranin-O/Fast green staining of tail IVD, 
AF, and NP tissues in each group of mice (n = 6); (D) Histological scores of 
tail IVD changes in each group of mice (n = 6); (E) Immunohistochemical 
representative Datas of Collagen II, Aggrecan, ADAMTS5, and MMP13 in 
tail IVD of each group of mice (n = 6) (scale bar = 200 μm) and quantitative 
analysis of positive staining area percentage; n.s. indicates P > 0.05 com-
pared between two groups, * P < 0.05 compared between two groups, ** 
P < 0.01 compared between two groups, *** P < 0.001 compared between 
two groups, **** P < 0.0001 compared between two groups.

Supplementary Material 15: In Vivo Safety Assessment of CHG and CHG@
IL4I1-MNPs. Note (A) Blood cell counts in each group of mice (n = 6); (B) 
Blood biochemistry analysis in each group of mice (n = 6), including ALB, 
TBIL, ALT, AST, CRE, UREA, UA; (C) H&E staining of major organs in each 
group of mice (n = 6) under different treatments, scale bar = 100 μm.

Supplementary Material 16: Schematic Representation of the Molecular 
Mechanism of CHG@IL4I1-MNPs in Regulating MΦ Polarization for the 
Treatment of IDD

Supplementary Material 17
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