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ARTICLE INFO ABSTRACT

Keywords: The degeneration of intervertebral discs is strongly associated with the occurrence of pyroptosis in nucleus
Intervertebral disc degeneration pulposus (NP) cells. This pyroptosis is characterized by abnormal metabolism of fatty acids in the degenerative
Nucleus pulposus pathological state, which is further exacerbated by the inflammatory microenvironment and degradation of the
f/lebsrilszfen extracellular matrix. In order to address this issue, we have developed a fibrin hydrogel complex (FG@PEV). This
Pyroptosis intricate formulation amalgamates the beneficial attributes of platelet extravasation vesicles, contributing to

tissue repair and regeneration. Furthermore, this complex showcases exceptional stability, gradual-release ca-
pabilities, and a high degree of biocompatibility. In order to substantiate the biological significance of FG@PEV
in intervertebral disc degeneration (IVDD), we conducted a comprehensive investigation into its potential
mechanism of action through the integration of RNA-seq sequencing and metabolomics analysis. Furthermore,
these findings were subsequently validated through experimentation in both in vivo and in vitro models. The
experimental results revealed that the FG@PEV intervention possesses the capability to reshape the inflamma-
tory microenvironment within the disc. It also addresses the irregularities in fatty acid metabolism of nucleus
pulposus cells, consequently hindering cellular pyroptosis and slowing down disc degeneration through the
regulation of extracellular matrix synthesis and degradation. As a result, this injectable gel system represents a
promising and innovative therapeutic approach for mitigating disc degeneration.

Fatty acid metabolism

1. Introduction with LBP disorders now standing as a prominent cause of disability
among patients [1-3]. Nonetheless, according to statistical data, a sig-

The incidence of spinal musculoskeletal disorders, specifically those nificant portion, ranging from 26 % to 42 %, of patients grappling with
associated with low back pain (LBP), has been steadily on the rise due to low back pain are afflicted by disc degeneration [4]. In the course of
the aging of our society. This upward trend has imposed a substantial intervertebral disc degeneration, the NP tissue undergoes a depletion in
burden on both the healthcare system and the socioeconomic landscape, direct blood supply, leading to a situation where the nucleus pulposus
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cells (NPCs) find themselves in a hypoxic and nutrient-deprived micro-
environment. This circumstance renders these cells extremely vulner-
able to inflammatory agents and the accumulation of reactive oxygen
species (ROS) [5]. Furthermore, the activation of inflammatory factors
and reactive oxygen species can induce apoptosis in nucleus pulposus
cells, thereby intensifying the progression of disc degeneration [6]. The
worsening of disc degeneration initiates a subsequent cascade of
anabolic and catabolic processes within the intervertebral disc, ulti-
mately culminating in structural deterioration and biomechanical
instability [7,8]. Ultimately, this process contributes to the development
of low back pain and spinal sequence instability. Consequently, there is
significant practical value in investigating the mechanism of nucleus
pulposus cell death to prolong the treatment of intervertebral disc
degeneration.

Cellular pyroptosis primarily represents an inflammatory variant of
programmed cell death, relying on NLRP3 inflammatory vesicles to
drive the advancement of persistent inflammatory responses and
ensuing tissue deterioration [9]. Recent studies have unveiled that the
activation of NLRP3 inflammatory vesicles triggers the synthesis of IL-1p
and IL-18, consequently inducing metabolic disturbances and cellular
damage within the nucleus pulposus. This phenomenon is intricately
associated with the degeneration of intervertebral discs, commonly
referred to as IVDD [10].

Moreover, research has elucidated that disturbances in lipid meta-
bolism exert a substantial influence on cellular pyroptosis. For example,
reduced levels of phospholipids and their oxidized derivatives, such as
phosphatidylinositol 4-phosphate (PI4P), lead to decreased binding and
oligomerization of GSDMD-N within cells. Conversely, the accumulation
of PI4P fosters the activation of NLRP3 inflammasomes [11]. Fatty acid
oxidation stands as the primary pathway for the breakdown and sub-
sequent metabolism of fatty acids. In macrophages, fatty acid
beta-oxidation (FAO) plays a pivotal role in generating ROS by engaging
NADPH oxidase 4 (NOX4) and triggering the activation of NLRP3 in-
flammatory vesicles [12]. Hence, correcting disorders in fatty acid
metabolism to inhibit pyroptosis in NPCs could potentially represent a
promising therapeutic strategy for addressing intervertebral disc
degeneration.

Platelet extracellular vesicles (PEVs) are released by activated
platelets and typically have diameters spanning from approximately 80
to 600 nm. These vesicles wield both physiological and pathological
regulatory influences, encompassing the modulation of immunity,
inflammation, and cellular proliferation. Moreover, they hold the po-
tential to stimulate cellular healing responses and augment regenerative
capabilities [13-16]. Additionally, it has been noted that PEVs possess
the capacity to facilitate intercellular communication by transporting
biologically active molecules, including membrane receptors, proteins,
lipids, and nucleic acids, to specific target cells [17]. Recent research has
brought to light that platelet extracellular vesicles have the capacity to
restore impaired mitochondrial function, reduce oxidative stress, and
rejuvenate myeloid cell metabolism by regulating the sirtuin 1
(SIRT1)-PGCla-mitochondrial transcription factor A (TFAM) pathway.
As a result, this intervention effectively retards the progression of IVDD
[18]. Moreover, research has indicated that PEVs endow mast cells with
12-lipoxygenase, thereby enabling the synthesis of lipotoxic A4, a potent
anti-inflammatory agent. In light of the closed and avascular nature of
intervertebral discs, intervertebral injections are deemed an optimal
treatment approach for IVDD [19]. Nonetheless, relying solely on the
administration of extracellular vesicles proves inadequate for achieving
lasting effects due to their limited duration of efficacy [20]. The regular
administration of injections presents patients with both psychological
and financial challenges, leading to suboptimal treatment adherence
and an elevated risk of complications [21]. Hence, the construction and
development of carriers possessing slow-release capabilities hold sig-
nificant importance. Fibrin, a biopolymer obtained from blood coagu-
lation proteins, presents itself as an optimal carrier option due to its
commendable biocompatibility and extensive utilization in
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degenerative ailments like bone and joint disorders [22-24]. Further-
more, fibrin gels have the potential to exert a significant impact by
serving as scaffolding structures and exerting anti-inflammatory effects
[25-27]. Hence, the objective of this current study is to develop an
optimal hydrogel material that possesses the dual capabilities of pro-
moting tissue regeneration and repair, while also inhibiting inflamma-
tion, in order to effectively mitigate the progression of intervertebral
disc degeneration.

In this study, platelet-derived vesicles were crosslinked with fibrin-
ogen using thrombin to fabricate a platelet vesicle fibrin hydrogel,
denoted as FG@PEV. The resultant hydrogel displayed favorable sta-
bility, exhibited a controlled release effect, and demonstrated biocom-
patibility. Importantly, it effectively mitigated LPS-induced scorched
death in nucleus pulposus cells. In a rat caudal disc degeneration model,
FG@PEV demonstrated its capability to alleviate the degradation of the
extracellular matrix (ECM) by suppressing the inflammatory microen-
vironment within the intervertebral disc. This innovative methodology
holds significant promise as a novel approach to tackle intervertebral
disc degeneration.

2. Material and methods
2.1. Preparation and characterization of isolated PEV

In this study, blood samples were collected from healthy donors, and
the collection process was approved by Hangzhou Hospital of Tradi-
tional Chinese Medicine. All donors provided informed consent and
signed an informed consent form. In the subsequent step, blood obtained
from healthy donors was combined with an anticoagulant and then
subjected to centrifugation at 100xg for 15 min. Following this, the
supernatant was collected and subjected to a second centrifugation at
800xg for 20 min. The centrifuged precipitate was preserved at room
temperature after resuspension for subsequent use. To produce PEVs,
platelet concentrates (1 x 10% cellsymL) underwent a sequence of
filtration steps to isolate PEVs. The pore size of the filters was sequen-
tially reduced from 1000 nm to 500 nm using polycarbonate membrane
filters (Whatman, MA, USA) in a small extruder (Avanti Polar Lipid, AL,
USA), and then further reduced to 200 nm. This process was repeated six
times. The PEVs were collected by centrifuging at 15,000 g for 30 min.
PLTs and PEVs were scrutinized using a cryo-transmission electron mi-
croscope, while their particle size and zeta potential were quantified
through dynamic light scattering (DLS). PLTs and PEVs were assessed for
particle stability using DLS at 0, 1, 3, 5, and 7 days. To investigate the
release profile of PEV, 2 mg FG@PEV was immersed in PBS and incu-
bated at 37 & 1 °C on a horizontal shaker at 60 rpm. At designated time
intervals (0.5, 1, 2, 3, 4, 5, 6, 7, and 8 days), BCA protein assay kit was
used to measure the concentration of exosomes in the supernatant
collected with supplemented PBS. Additionally, PLTs and PEVs proteins
were separated using a protein isolation kit (Invitrogen, Carlsbad, USA)
and their concentrations were measured with a BCA kit (Beyotime,
China). Protein expression levels of PLTs and PEVs were analyzed
through SDS-PAGE. Distinctions in protein expression between PLTs and
PEVs were assessed using Caulmers Brilliant Blue staining (Beyotime,
China).

2.2. Preparation of FG@PEV

A combination of platelet extravasated vesicles and fibrinogen (2
mg/mL 0.5 mL) was introduced to thrombin protein (2 mg/mL 0.05 mL)
in order to initiate the formation of FG@PEV gel-like gel. The rheolog-
ical properties of the FG were assessed using a sophisticated rheological
swelling system (TA Instruments, USA), and the viscosity of the hydrogel
was analyzed through steady shear scanning. Dynamic frequency scan
analysis was conducted to quantify the frequency-dependent storage (G')
and loss (G") moduli of the gels. The porosity of the gel was examined
using ImageJ software (NIH, Bethesda, MD) in conjunction with
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transmission electron microscopy to observe its morphology. To assess
the release profile of PEV, DiO labeling was employed prior to its
combination with plasma, and the resulting mixture was obtained
through thrombin activation. The release characteristics of PEV were
evaluated by measuring the fluorescence intensity of DiO in PBS over a
period of 72 h at a temperature of 37 °C.

2.3. Cell culture

Sprague-Dawley (SD) rats, aged one week, were procured from the
Animal Experiment Center of Zhejiang University of Traditional Chinese
Medicine, China. Nucleus pulposus cells were isolated from the nucleus
pulposus tissue of the caudal intervertebral discs. Primary nucleus pul-
posus cells were obtained through a continuous digestion process using
type II collagenase (Solarbio, China) for 4 h at 37 °C. The cells collected
from the isolated nucleus pulposus tissue of the caudal intervertebral
discs were filtered twice through a 40 pm filter and then subjected to
centrifugation at 1000 rpm for 5 min. The obtained NPCs were subse-
quently cultured in complete Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, USA), supplemented with 10 % fetal bovine serum (FBS,
Sigma-Aldrich, USA), and 1 % streptomycin-penicillin solution (Gibco,
USA). This culture was maintained within a cell incubator with 5 % CO».
The medium was refreshed every other day, and cell passaging was
carried out once the cell density reached 80 %. The second passage of
cells was employed for subsequent experiments.

2.4. Evaluation of materials for cytotoxicity and proliferation

Upon reaching a confluence of 70-80 % during sub-culturing, NPCs
were seeded into 96-well plates at a density of 1 x 10* cells per well and
incubated for 24 h. Subsequently, the cells were exposed to varying
concentrations of PEV (0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 mg/mL) for 24
h to assess their cytotoxic effects, employing the CCK-8 assay (APExBio,
USA). Following this, the cells were treated with diverse concentrations
of FG@QPEV (0, 0.5, 1, 2, 3, and 4 mg/mL) for 24 h to evaluate their
cytotoxicity using the CCK-8 assay. Based on the findings from the
previous experiment, the optimal concentration of FG@PEV was
determined to be 2 mg/mL. In the subsequent experiment, 2 mg/mL of
FG@PEV was introduced to the NPCs, and the proliferative potential of
the NPCs after incubation for 1, 3, 5, and 7 days was evaluated using the
CCK-8 assay kit and Calcein-AM/PI Double Stain Kit (yeasen, China).
Cell quantification was carried out by measuring the optical density
(OD) at 450 nm using a microplate reader. The experimental procedures
were replicated three times.

2.5. Cytokine detection

Cytokine levels of 0.2 mg/mL PLTs and 0.2 mg/mL PEVs were
assessed in the presence or absence of thrombin, respectively. The
concentrations of IL-1p and TNF-a were determined utilizing ELISA as-
says (BMS-224-2, BMS213-2, Thermo Fisher Scientific, USA). The entire
experimental procedure was replicated three times.

2.6. ROS detection and evaluation

ROS levels in NPCs were gauged using Reactive Oxygen Species
Assay Kit (Beyotime, China). NPCs were pre-exposed to the complate
DMEM medium with 200 pM H505 for 6 h before the experiment. Then,
the NPCs were categorized into five groups: control (Con), HyO2-treated
(H505), HyO5 + PEV-treated (PEV), HyO5 + FG-treated (FG), and HyOo
+ FG@PEV-treated (FG@PEV) groups. These groups were then incu-
bated for another 24 h. Subsequently, intervertebral disc nucleus pul-
posus cells were incubated with a 20 mM 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA, Beyotime, China) at
37 °C for 20 min. Afterward, the cells underwent three rinses with
serum-free medium before proceeding to flow cytometry analysis
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(Beckman, USA). The fluorescence signal intensity was evaluated by
quantifying the oxidative conversion of DCFH-DA. It is important to note
that all experiments were conducted in quadruplicate.

2.7. Flow cytometry

The cells were subjected to pretreatment with chlorpromazine (50
pM), Filipin III (7.5 pM), wortmannin (5 pM), and cytochalasin D (5 pM)
in accordance with the manufacturer’s instructions for a duration of 0.5
h. Subsequently, the cells were incubated with FG@QPEV with Dil la-
beling for 24 h at either 37 °C or 4 °C. Following this, the culture me-
dium and unendocytosed FG@PEV were removed by washing the cells
three times with PBS buffer. The percentage of Dil-positive cells in each
cell group was determined using flow cytometry (FACS) equipment,
based on the fluorescence signal of Dil.

2.8. Western blot

Total proteins were extracted from the NPCs using a RIPA buffer
containing a 1 % PMSF (Beyotime, China). The protein concentration in
each group of cells was quantified using BCA protein concentration kit
(Beyotime, China). Proteins were separated using 10 % SDS-PAGE and
transferred from the gel to a polyvinylidene fluoroether membrane
(Millipore, China). The fluoroether membrane was blocked with 5 %
non-fat milk for 1 h. After blocking, the membrane was washed with
Tris-HCl-buffered saline (TBST) containing 0.1 % Tween-20 three times
for 5 min each. Subsequently, the membranes were incubated with
NLRP3,Caspasel, GSDMD, Col2a, SOX9, Aggrecan, MMP3, MMP13,
Adamts5 and GAPDH at 4 °C for 12 h; the internal control was GAPDH.
The membrane was incubated with a specific horseradish peroxidase-
conjugated secondary antibody (Beyotime, China) for 1 h at 18-25 °C
after washing with TBST three times for 5 min each. Excess secondary
antibody was washed away with TBST three times for 5 min each.
Finally, the signal intensity of the reactive bands on the membrane was
visualized using the ChemiDoc Touch imaging system (Bio-Rad, USA).
All above experiments were performed in triplicate.

2.9. Quantitative real-time polymerase chain reaction (qPCR) analysis

The cells were divided into five groups: control (Con), LPS + ATP
treatment (LPS), LPS + ATP with PEV treatment (PEV), LPS + ATP with
FG treatment (FG), and LPS + ATP with FG@PEV treatment (FG@PEV).
Following cell treatment, total RNA was extracted from the NP tissue
using TRIzol reagent (Aidlab, China). In parallel, total RNA was also
isolated from cultured cells and subjected to reverse transcription in
accordance with the manufacturer’s instructions. For the reverse tran-
scription process, 1 pg of RNA was employed, and the All-in-One First
Strand cDNA Synthesis Kit (GeneCopoeia, USA) was used. Subsequently,
the samples were amplified using the ABI7900 Eco Real-Time PCR
System (Thermo Fisher Scientific, USA) with BeyoFast™ SYBR Green
qPCR Mix (Beyotime, China). The results were normalized utilizing the
GAPDH gene and the 2722 method. Primer sequences for qRT-PCR are
provided in Table S1.

2.10. Lactic acid detection

The cells were subsequently categorized into five distinct groups:
control (Con), LPS + ATP (LPS), LPS + ATP + PEV (PEV), LPS + ATP +
FG (FG), and LPS + ATP + FG@PEV (FG @PEV). After 24 or 48 h of
stimulation, the content of lactic acid in the supernatant of different
groups of cells was measured by the LDH Cytotoxicity Assay Kit
(Beyotime, China). The absorbance at 530 nm in the LDH release assay
was measured using a SpectraMax M2 fluorescence enzyme marker and
analyzed with SoftMax Pro version 5 software (Molecular Devices) to
assess the cellular metabolic status. The experiments were conducted in
quadruplicate.
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2.11. Evaluation of cellular uptake to study intracellular transport and
endosomal escape

NPCs were seeded in confocal dishes at a density of 1 x 10° cells and
cultured overnight. Following this, Cy5.5-labeled FG@PEV was intro-
duced into the dishes at a concentration of 2 mg/mL. After an incubation
period of 2 and 4 h, the cells were washed three times with PBS and then
fixed with 4 % paraformaldehyde at 37 °C for 10 min. To stain the cell
nuclei, 4',6-Diamidino-2-Phenylindole (DAPI) was added to the dishes
for 5 min. For the purpose of determining the intracellular localization
of FG@PEV, lysosomes were stained using Lysotracker Green (Ther-
moFisher Scientific, USA). Subsequently, the NPCs were visualized using
a confocal laser scanning microscope (CLSM, Leica Microsystems, LAS X
3.5.5.19976).

2.12. Establishment of rat IVDD model

The animal studies adhered to the ethical regulations and protocols
approved by the Management Committee in the Animal Experiment
Center of Zhejiang University of Traditional Chinese Medicine. In this
study, the IVDD rat model was established using the fine-needle punc-
ture method, and male sd rats (200-250 g, 8 weeks old) were randomly
allocated into five groups. The IVDD model was induced by caudal
interstitial needling [28]. Following disinfection with iodine, a 26G
needle (with a diameter of 0.45 mm) syringe needle was palpably
inserted at the fibrous ring level and traversed through the NP to reach
the opposing fibrous ring. No mortality or morbidity was observed
throughout the experimental procedure. Subsequent to the surgical
intervention, the rats were relocated to a warm and ventilated setting to
facilitate anesthesia recovery, provided with regular feeding
post-surgery, and subsequently assessed at 4 and 8 weeks
post-treatment.

2.13. Radiological assessment analysis

The rats were anesthetized at the fourth and eighth weeks after
modeling, and their molded tails were cut off and put into para-
formaldehyde for later use. At 4 and 8 weeks post-drug injection, micro-
CT (SkyScan, Belgium) and MRI magnetic resonance (Universal Corpo-
ration, USA) were utilized to evaluate rat cohorts, aiming to detect
changes in nucleus pulposus signal intensity and intervertebral inter-
space height. Micro-CT was employed for disc height measurement,
from which the disc height index (DHI) was calculated, representing the
average anterior, middle, and posterior disc height. Change in DHI was
computed relative to the initial 0-week value. CT images were analyzed
with Data-viewer software, using the formula: DHI = 2 x (A + B + C)/
(D + E+F + G + H +I); DHI% = measured DHI/NC group DHI x 100 %.
Meanwhile, ImageJ software was used to quantify T2-weighted signal
intensity of the nucleus pulposus in each disc from MRI images. The
evaluations were conducted by three experienced radiologists and three
orthopedic surgeons. Based on the revised Thomson classification [29],
the categorization of MRI images encompassed grades I to IV, where
grade I indicated normal findings, grade II denoted a slight reduction in
signal intensity accompanied by significant narrowing of the high-signal
area, grade Ill indicated a moderate decrease in signal density, and grade
IV represented a severe decrease in signal.

2.14. Histological analysis

At the 4th and 8th week following drug administration, euthanasia
was performed on all rats using an excess of carbon dioxide. The
respective intervertebral disc segments were extracted and the samples
were temporarily preserved in a 4 % paraformaldehyde solution. Sub-
sequently, the skin and muscle tissues were carefully peeled away, and
the samples were subjected to decalcification by immersing them in a
decalcification solution (14 % EDTA, pH = 7.2) for a duration of 4
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weeks. Meanwhile, changing the decalcification solution once a week.
Paraffin-embedded tissues were prepared. Histological sections with a
thickness of 8 pm were prepared using a slicer. H&E staining and senna
staining (Safranin-O) were conducted, and digital scanning microscopy
was employed to capture photographs for the purpose of analyzing the
nucleus pulposus of the intervertebral discs, as well as assessing fibrotic
pathology and structural alterations. The observed disc changes were
subsequently classified into five distinct categories, in accordance with
the established histological grading criteria [30].

2.15. Immunofluorescence staining

Each group of NPCs was fixed with 4 % paraformaldehyde on Petri
dishes for 20 min. Following this, cells underwent three PBS washes and
were permeabilized with 0.5 % Triton X-100 (Sigma-Aldrich, USA)
(diluted in PBS) for 20 min. Subsequently, NPCs were blocked with 5 %
Bovine Serum Albumin (BSA) for 30 min. NLRP3 (1:100, Proteintech,
China), GSDMD (1:100, Proteintech, China), Col2« (1:100; Proteintech,
China), and MMP13 (1:100, Proteintech, China) were then incubated
with NPCs for 12 h at 4 °C. Cells were subsequently subjected to fluo-
rescent dye incubation. This was followed by incubation with a fluo-
rescent secondary antibody (goat anti-rabbit Alexa Fluor 488, 1:500,
Beyotime, China) for 1 h at room temperature, and then with DAPI for
10 min. Images were captured using a fluorescence confocal microscope
(Nikon, Tokyo, Japan). These experiments were repeated a total of five
times.

2.16. Immunohistochemistry

Rat caudal intervertebral discs were collected and fixed in 4 %
paraformaldehyde for 48 h. The discs were then decalcified using eth-
ylenediaminetetraacetic acid for a period of 14 days. Following decal-
cification, the discs were dehydrated, embedded in paraffin, and
sectioned at a thickness of 4 pm. For immunohistochemical (IHC)
staining, the sections were deparaffinized using xylene and rehydrated
with ethanol. Antigen retrieval was performed using citrate buffer (0.1,
pH 6.0). After blocking with peroxidase blocking solution and normal
horse serum, the sections were incubated with the primary antibody
overnight at 4 °C. Next, the sections were subjected to incubation with
biotinylated IgG and streptavidin-horseradish peroxidase. Immunore-
activity was observed using the DAB Peroxidase Substrate Kit (Beyotime,
China). Subsequently, the sections were restained with hematoxylin and
sealed. In the case of IF staining, the sections were prepared following
the same protocol as for IHC staining. After blocking with QuickBlock™
blocking buffer (Beyotime, China) supplemented with Triton 100, the
sections were incubated with the primary antibody at 4 °C overnight.
Subsequently, the sections were incubated with anti-mouse/rabbit Alexa
Fluor 488 or 568 secondary antibodies. Finally, the tissues were pro-
cessed accordingly.

2.17. Collection of specimens

Nucleus pulposus tissue was obtained from a cohort of 10 patients
diagnosed with lumbar disc herniation who underwent discectomy at
our institution. The collected specimens were promptly fixed in RNA-
late solution and cryopreserved following tissue penetration. Magnetic
resonance imaging (MRI) was utilized to classify the intervertebral discs
based on the pfirrmann grading system, where grade 1/II denoted non-
degenerated discs and grade VI/V represented degenerated discs. The
cohort consisted of 5 cases of degenerated discs and 5 cases of non-
degenerated discs, comprising 6 males and 4 females, with ages
ranging from 35 to 71 years.

2.18. Metabolite extraction, detection and analysis

The medium was aspirated from cultured cells using a pipette, with
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approximately 5 x 107 cells per sample. Subsequently, the cells were
washed with PBS at 37 °C and the PBS was subsequently removed. To
solubilize the samples, 800 pL of cold methanol/acetonitrile (1:1, v/v)
was added, followed by re-solubilization in 100 pL of acetonitrile/water
(1:1, v/v) solvent. The samples were then subjected to analysis using LC-
MS. The extracts were analyzed using quadrupole time-of-flight mass
spectrometry (Sciex TripleTOF 6600) with electrospray ionization af-
finity chromatography, specifically for non-targeted metabolomics. The
mass spectrometer was utilized in both negative and positive ion modes,
and the data were subjected to analysis by converting the unprocessed
mass spectrometry (MS) data (wiff. scan files) into MzXML files using
ProteoWizard MSConvert. Subsequently, the converted data were im-
ported into the XCMS software. The processed data underwent
normalization and were then imported into SIMCA-P (version 14.1,
Umetrics, Umea, Sweden). The identification of metabolite-enriched
pathways was conducted by querying the Online Encyclopedia of Ge-
nomes (KEGG) database and subsequently mapping them to corre-
sponding pathways within the KEGG database.

2.19. Transcriptome analysis

Transcriptome analysis was conducted to ascertain the RNA Integrity
Number (RIN) value, utilizing Agilent Technologies, located in CA, USA.
The purification of mRNA from 1 pg of total RNA was achieved through
the utilization of oligo (dT) magnetic beads, followed by mRNA frag-
mentation in ABclonal First Strand Synthesis Reaction Buffer. Subse-
quently, the fragmented mRNA was further processed in the ABclonal
First Strand Synthesis Reaction Buffer. The PCR product was purified,
and the quality of the library was evaluated using an Agilent Bioanalyzer
4150. The sequencing procedure was conducted on the NovaSeq 6000
(or MGISEQ-T7) sequencing platform, utilizing PE150 read lengths.
Data obtained from the Illumina (or BGI) platform were employed for
bioinformatics analysis, with the reference genome mapping tool Hisat2
being selected. The DESeq2 R package was utilized to analyze differ-
ential expression between the two groups. Genes exhibiting adjusted p-
values <0.05 as determined by DESeq2 were classified as differentially
expressed genes (DEGs). The clusterProfiler R package was employed to
perform GO, KEGG, and GSEA enrichment analyses on the differential
genes, thereby elucidating the functional enrichment of the differences.

2.20. Statistical analysis

The descriptive data were presented as absolute numbers and per-
centages, or as means and standard deviations. To evaluate the signifi-
cance of differences between the two treatment groups, two-sided tests
of unpaired t-tests were employed. For the analysis of three or more
groups of patients, one-way analysis of variance (ANOVA) was con-
ducted, followed by Tukey’s post hoc test to determine statistical sig-
nificance between the groups. Statistical significance was defined as p-
values< 0.05. The analyses were carried out using Excel and GraphPad
Prism.

3. Results

3.1. Inflammation leads to NLRP3 activation to promote myeloid cell
pyroptosis

NPCs were subjected to LPS + ATP stimulation for a duration of 24 h
in order to induce an inflammatory milieu akin to that observed in
simulated intervertebral disc degeneration. To assess the clustering or
aberrant values of degenerative NPCs, a comparative analysis was
conducted using RNA-seq on samples of LPS-stimulated NPCs and
normal NPCs, both exposed to the stimulation for 24 h. The findings of
this study indicate a robust activation of pro-inflammatory markers and
inflammatory pathways in the NPCs when subjected to LPS + ATP
stimulation (Fig. 1A and Fig. S1). Additionally, the PCA analysis
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revealed significant differences in the expression levels of mRNAs be-
tween LPS + ATP stimulated degenerative NPCs and normal NPCs
(Fig. 52). The genes that met the criteria of logFC>2 and p-value <0.05
were analyzed for enrichment in Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) using the DAVID database. The
GO enrichment analysis revealed enrichment in molecular functions
related to cytokine activity and receptor-ligand activity, while the bio-
logical processes were primarily associated with inflammatory response
and other processes. Additionally, the cellular components were found
to be enriched in the extracellular region part, among others (Fig. 1B).
Furthermore, the outcomes of KEGG enrichment analysis revealed a
widespread activation of inflammation-related pathways, including the
NOD-like receptor signaling pathway, TNF signaling pathway, and Toll-
like receptor signaling pathway, among others, in NPCs upon exposure
to LPS (Fig. 1C). Conversely, GSEA enrichment analysis indicated a
suppression of the reactive oxygen species metabolism process and fatty
acid metabolism process in NPs cells (Fig. 1D and E). NLRP3 serves as a
significant indicator of inflammation, as indicated by transcriptome data
demonstrating heightened expression of NLRP3 in NPCs upon LPS +
ATP stimulation (Fig. 1F). To further ascertain the impact of NLRP3
expression on intervertebral disc degeneration, immunohistochemical
(IHC) validation was performed on rat IVDD model and human degen-
erated intervertebral disc specimens to assess NLRP3 expression
(Fig. 1G-J). The immunohistochemistry (IHC) results revealed increased
levels of inflammation marker, NLRP3, in degenerated intervertebral
discs in comparison to normal discs. The activation of NLRP3 may lead
to the activation of pyroptosis classical inflammasome, leading to
pyroptosis of NPCs. These findings collectively indicate the activation of
a widespread inflammatory state and an elevation in NLRP3 expression
during the process of disc degeneration.

3.2. FG@PEV preparation and characterization

PEV was derived from PLT and activated through the addition of
thrombin coagulation to PEV and fibrin, resulting in the formation of
FG@PEV hydrogel. This hydrogel was subsequently administered via
injection into the intervertebral discs of rats (Fig. 2A). The properties of
PEV were investigated using cryotransmission electron microscopy,
revealing a small size range of 100-120 nm (Fig. 2B). Moreover, DLS
analysis determined particle sizes and zeta potentials of PEV and PLT.
PEV displayed a particle size of 121.6 nm and a zeta potential of —4.5
mV (Fig. 2C). To explore the underlying cause of the observed phe-
nomenon, the protein composition of platelets (PLTs) and platelet-
derived extracellular vesicles (PEVs) was investigated. Notably, simi-
larities in protein composition between PLTs and PEVs were evident in
Thomas Brilliant Blue staining (Fig. 2D). Specifically, membrane marker
proteins (CD9, CD41, and CD63) were significantly enriched in PEVs.
The expression of the extracellular vesicle negative marker calnexin is
decreased in PEVs, while cytoplasmic proteins (GAPDH and p-actin) in
PLTs were comparatively lower in PEVs.This indicates that most mem-
brane proteins are well preserved, while the differential components are
mainly concentrated in some cytoplasmic proteins (Fig. 2E). Next, we
compared the inflammatory cytokine production of PLTs and PEVs upon
thrombin activation. Platelets showed a notable rise in IL-1p and TNF-a
production after thrombin addition. Conversely, PEVs displayed no
significant alteration in inflammatory factor levels before and after
thrombin addition, unlike PLTs. Platelets typically release various fac-
tors, including coagulation factors, growth factors, adhesion molecules,
and inflammatory factors, upon activation [31]. These proteins can be
classified into two categories: stored proteins and synthesized proteins.
Many platelet-secreted factors (such as transforming growth factor §,
TGF-p) are stored in processed or precursor forms and can be rapidly
released, while others (such as interleukin-1f) are products of a rapid
synthesis pathway triggered by activation signals received by platelets
themselves (signal-dependent translation process of mRNA) [32]. We
found that PEVs obtained through physical squeezing did not
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significantly release inflammatory factors after thrombin activation,
possibly because PEVs lose polysomes (particles larger than 50 nm in
diameter containing two or more ribosomes), which may lead to an
inability to receive activation signals to trigger the synthesis pathway.
(Fig. 2F). Upon freeze-drying, the scanning electron microscopy (SEM)
analysis revealed a smooth mesh 3D morphology in the FG@PEV
microstructure (Fig. 2G). Furthermore, the gelatinous nature of
FG@PEV, which is a combination of FG and PEV, was observed at room

temperature, as depicted in Figure FG@PEV. Notably, FG@PEV
exhibited a more consistent liquid stat (Fig. S1). The slow-release curve
further substantiated the remarkable slow-release capability of
FG@PEV, with a significant portion of FG@PEV being gradually
released within a 12-day period (Fig. 2H). Moreover, as the shear rate
increased gradually, the viscosity of FG@PEV exhibited a continuous
decrease, indicating its shear-thinning property and favorable injection
performance (Fig. 2I). Subsequently, the rheological properties of
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FG@PEV were assessed in order to analyze its mechanical characteris-
tics. Notably, FG@PEV exhibited considerably higher G" values
compared to G’ values, thereby signifying its state of low viscosity
(Fig. S2).

3.3. Biocompatibility and lysosomal escape of FG@PEV

To confirm the endocytosis pathway of FG@PEV in NPCs, we sub-
jected the cells to pretreatment with chlorpromazine, filipin III, wort-
mannin, and cytochalasin D for 0.5 h, followed by incubation with
FG@PEV for 24 h at either 37 °C or 4 °C. The inhibitors effectively
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Fig. 3. Biocompatibility and lysosomal escape of FG@PEV. (A) NPCs measured by flow cytometry in the presence of each inhibitor (chlorpromazine, Filipin III,
wortmannin, and cytochalasin D). (B) Flow cytometry-based quantification of specific immunofluorescence intensities (MFI) and the percentage of Dil-positive cells.
(C) Fluorescence confocal microscopy images of FG@PEV uptake; scale bar, 50 pm. (D) Images of localization in NPCs under FG@PEV treatment at different times;
scale bar, 50 pm; (E) Effect of different concentrations of PEV on NP cell activity as determined by CCK-8 kit. (F) Effect of different concentrations of FG@PEV on NP
cell activity as determined by CCK-8 kit. (G) Detection of NPCs apoptosis by flow cytometry. (H) Quantitative analysis of NPCs apoptosis ratio in each group. (I) The
ROS level was determined by flow cytometry with DCFH-DA probe. (J) The ROS abundance of NPCs according to (I). (K) Lactate content in the supernatant of LPS +
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hindered lattice protein-mediated endocytosis, cytosolic burrowing-type
invagination-mediated endocytosis, microcellular endocytosis, and
actin-mediated endocytosis, respectively. Flow cytometry analysis
revealed NP cell positivity for Dil, with percentages of 0.14 %, 50.9 %,
50.5 %, 48.8 %, 30.9 %, 17.5 %, and 1.21 % in the control, chlor-
promazine, filipin III, cytochalasin D, wortmannin, and 4 °C groups,
respectively (Fig. 3A). These findings indicate that the uptake of
FG@PEV by cells was hindered at 4 °C in the presence of cytochalasin D
or wortmannin, but not affected by Filipin III or chlorpromazine
(Fig. 3B). Hence, the cellular uptake of FG@PEV nanoparticles,
measuring 100-120 nm in diameter, was facilitated through actin-
mediated endocytosis in NPCs. Furthermore, a small fraction of
FG@PEV nanoparticles were internalized by microcells due to their
larger size. Subsequently, we employed a Dil membrane probe to label
FG@PEV nanoparticles and incubated them with NPCs. Focusing mi-
croscopy revealed the endocytosis of FG@PEV nanoparticles by NPCs
(Fig. 3C). The successful evasion of lysosomal degradation is crucial for
the therapeutic effectiveness of FG@PEV nanoparticles. LysoTracker
Green staining revealed the presence of green fluorescence in lysosomes,
while a minor amount of red fluorescence was observed within the NPCs
following a 2-h labeling period with Cy5.5-conjugated FG@PEV. The red
fluorescence observed in NPCs incubated with FG@PEV indicated the
internalization of a small quantity of FG@PEV by the cells. After a 4-h
treatment, a reduction in the overlapping green and red fluorescence
and an increase in red fluorescence were observed within the cells,
suggesting the internalization of FG@PEV by the cells (Fig. 3D). The
presence of FG@PEV in the cytoplasm suggests a successful detachment
from the lysosome within the cells.

In order to investigate the impact of FG@PEV on NPCs, an exami-
nation of its activity and proliferative effects was conducted. Initially,
NPCs were incubated with PEV, and the viability of the cells was
monitored after a 24-h period. Subsequently, the toxicity of various
concentrations of PEV on NPCs was assessed using the CCK-8 kit
(Fig. 3E). Furthermore, NPCs were subjected to further incubation with
FG@PEV, and the toxicity of different concentrations of FG@PEV on
NPCs was determined using the CCK-8 kit (Fig. 3F). In accordance with
the findings, a concentration of 2 mg/mL of FG@PEV was selected for
further investigations. Subsequently, the impact of FG@PEV on the
proliferation of NPCs was assessed using a CCK-8 kit. The cell prolifer-
ation assay involved monitoring the quantity of NPCs at 1, 3, and 5 days
post FG@PEV treatment. The outcomes indicated a significant
enhancement in proliferation facilitated by FG@PEV (Figs. S5-S6).
Subsequently, We utilized the methods of FITC-annexin V/PI apoptosis
assay to verify the effect of PEVs on the apoptosis. The percentages of
NPCs apoptosis rates were determined to be 1.9 %, 25.2 %, 14.0 %, 12.0
%, and 5.8 % in the control, LPS, FG + LPS, PEV + LPS, and FG@PEV +
LPS groups, respectively (Fig. 3G). The results indicate that FG@PEV has
a significantly greater ability to reduce NP cell apoptosis (Fig. 3H).
Further, we quantified HyO»-induced ROS production by flow cytom-
etry. The percentages of DCF-positive NPCs were 1.05 %, 59.0 %, 30.3
%, 51.9 % and 23.0 in the control, H,O2, PEVs, FG and FG@PEV groups,
respectively (Fig. 31 and J). Together, these results suggest that FG@PEV
have a better antioxidant capacity than that of other groups. These
findings suggest that FG@PEV exhibits a greater capacity for scavenging
ROS and protecting the NPCs. It could reduce the proportion of
apoptosis in NPCs (Fig. 3H). The content of lactic acid produced by LDH
production in different groups of NPCs was further investigated after
culturing NPCs in vitro for 24 h and 48 h under LPS + ATP stimulation.
Lactate, a significant product of anaerobic glycolysis, exhibited an in-
crease in response to LPS stimulation, indicating a decrease in the
metabolizing capacity of reactive oxygen species. However, this effect
was mitigated by the addition of FG@QPEV (Fig. 3I).
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3.4. Effect of FG@QPEV on the inhibition of LPS + ATP stimulated
inflammation and pyroptosis

Activation of NLRP3 and cleavage of GSDMD are often considered as
markers of inflammation and pyroptosis, with elevated expression levels
observed in degenerated discs. According to western blot results, protein
expression levels of NLRP3, cleaved-caspasel, and GSDMD-N increased
after stimulation with LPS and ATP, while protein expression levels of
cells treated with FG@PEV decreased significantly (Fig. 4A). Immuno-
fluorescence analysis demonstrated a decrease in fluorescence quanti-
fication of NLRP3 and GSDMD in cells treated with FG@PEV, in
comparison to nucleus pulposus cells stimulated with LPS + ATP
(Fig. 4B-D). Following this, we conducted a quantitative polymerase
chain reaction (qPCR) analysis to further evaluate the alterations in
cellular pyroptosis-related marker genes (ASC, NLRP3, IL-1p, and
Caspase-1). The findings revealed a decrease in pro-inflammatory
mRNA levels subsequent to the administration of FG@PEV treatment,
indicating the inhibitory effect of FG@PEV on NPCs inflammation
(Fig. 4E) and inhibited pyroptosis of NPCs by the classical inflamma-
some pathway. Moreover, the gene expression patterns in the three
groups exhibited differential characteristics in principal component
analysis (PCA), aligning with the results obtained from RNA-seq
sequencing (Figs. S7-S8). In the LPS and FG@PEV groups, a total of
22,151 genes were identified, out of which 753 genes exhibited differ-
ential expression (|log2|fold change R1, p < 0.05) (Fig. 4F). Following
high expression, FG@QPEV demonstrated a mitigating effect on the in-
flammatory stimuli of GSDMD and NLRP3 in the LPS + ATP treatment
(Fig. 4G). In order to investigate the subsequent pathway responses
following FG@QPEV administration, we conducted an analysis of the
differentially expressed genes (DEGs) utilizing the clusterprofile pack-
age for KEGG pathway enrichment analysis. The outcomes revealed a
significant emphasis on the TNF signaling pathway, NF-kappa B, MAPK
signaling pathway, inflammation-related pathway, as well as pathways
such as ECM-receptor interaction (Fig. 4H). Gene set enrichment anal-
ysis (GSEA) was employed to determine the impact of FG@PEV treat-
ment on various cellular processes. Our findings indicate that the
addition of FG@PEV treatment effectively enhances cellular reactive
oxygen species metabolism, suppresses inflammatory responses, inhibits
adipose synthesis, and promotes adipocyte differentiation processes
when compared to the LPS group (Fig. 41).

3.5. FG@PEV promotes free fatty acid metabolism after induction of
cellular inflammation models

To gain a deeper understanding of the inhibitory effects of FG@PEV
on inflammation and pyroptosis, we conducted metabolomics analysis
to evaluate its impact on myeloid cell metabolism. Principal Component
Analysis (PCA) was employed to compare metabolite profiles among the
Con, LPS + ATP, and LPS + ATP + FG@PEV groups, revealing signifi-
cant differences (Fig. S9). Notably, lipid and lipid-like molecules were
found to be the predominant metabolites detected in the cells (Fig. 5A).
The Venn diagram (Fig. S10) was used to observe the metabolites Con
and the common differential metabolites between the LPS + ATP
treatment and LPS + ATP + FG@PEV. Metabolites meeting the criteria
of (|logFC| > 1, p < 0.05 and VIP >1) were considered as differentially
significant metabolites. A total of 740 differentially significant metab-
olites were identified, and their expression levels were depicted using
volcano plots (Fig. 5B). A total of 8 metabolites within 3 lipid metabolic
pathways were found to exhibit alterations in degenerative NPCs treated
with FG@PEV, as depicted in the heatmap. The results suggest that
FG@PEV may enhance the biosynthesis of unsaturated fatty acids, as
well as the metabolism of fatty acids and glycerophospholipids (Fig. 5C).
The results of KEGG enrichment and pathway analyses indicated that the
introduction of FG@PEV had a notable impact on the metabolic path-
ways related to glycine, serine, and threonine, as well as protein
digestion and absorption, and glutathione metabolism in myelin cells.
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Fig. 4. FG@PEV inhibits LPS-stimulated inflammatory and pyroptosis responses in NPC. (A) Western blot analysis showing NLRP3,Caspase-1,GSDMD-N protein levels in various groups. (B) Immunofluorescence
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IL-1B, and Caspase-1) expression in NPCs by RT-PCR; n = 5 per group.(F) Heatmap showing inflammation-associated differentially expressed genes in NPCs. (G) Venn diagrams of differentially expressed genes detected
in NPCs after LPS + ATP or LPS + ATP + FG@PE treatments (|log2FC|>1; p < 0.05). (H) KEGG enrichment analysis of differentially expressed genes between LPS + ATP and LPS + ATP + FG@PE groups. (I) Gene set
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These findings suggest that FG@PEV exerts its influence on these diverse
pathways (Fig. 5D). Next, we integrated transcriptomic and metab-
olomic analyses (Fig. 5E), and the results suggested that FG@PEV could
promote fatty acid metabolic processes. We confirmed this by examining
fatty acid metabolism, and the results showed that myeloid fatty acids
(FAA) peaked after 24 h after normal culture (Fig. 5F). Stimulation of
NPCs by LPS + ATP was observed under the amount of FAA produced in
Con, LPS + ATP, LPS + ATP + PEV, LPS + ATP + FG, and LPS + ATP +
FG@PEV, and FG@PEV reduced the accumulation of FAA. The findings
indicate that FG@PEV may enhance the involvement of fatty acid
metabolism in NPs, as evidenced by the increased levels of fatty acids
induced by LPS + ATP stimulation (Fig. 5G).

3.6. Effect of FG@PEV on NP cell metabolis

The tissues affected by IVDD exhibit a reduction in extracellular
matrix (ECM) matrix and an increased presence of degradation markers,
such as matrix metalloproteinase (MMP). To investigate the impact of
FG@PEV on nucleus pulposus (NP) cells, we utilized western bolt and
immunofluorescence to analyze the expression of genes related to both
ECM matrix synthesis and degradation. Western blot analysis confirmed
that the addition of FG@PEV resulted in an enhanced protein expression
level of anabolic genes (Col2, sox9, aggrecan) and a decreased protein
expression level of catabolic genes (mmp3, mmp1l3, adamts5) in LPS-
stimulated NPCs compared to cells treated with LPS + ATP (Fig. 6 A).
Immunofluorescence confirmed that FG@PEV enhanced the fluores-
cence intensity of Col2 and MMP13 and decreased the fluorescence in-
tensity of Col2 and MMP13 in LPS-stimulated NPCs compared with LPS
group (Fig. 6B and C). Furthermore, The results of QPCR were consistent
with those of western blot (Fig. 6D). In light of the available data, it can
be inferred that FG@PEV exerts an inhibitory effect on the degradation
of the extracellular matrix (ECM).

3.7. FG@PEYV delays disc degeneration in the rat IVDD model

FG@PEV has been shown to enhance fatty acid metabolism and
suppress inflammation and pyroptosis in myeloid cells. In order to
ascertain the impact of FG@PEV on delaying IVDD in rats, we created a
rat IVDD model by puncturing the rat tail. Initially, we employed
manual palpation to confirm the appropriate caudal intervertebral plane
for puncture in 8-week-old rats, followed by the injection of FG@PEV
into the intervertebral disc one week later (Fig. 7 A). The intervertebral
discs were excised at weeks 4 and 8 following FG@PEV injection. Sub-
sequently, the disc heights and indices were quantified and computed
from CT images (Fig. 7B). The regeneration of the nucleus pulposus (NP)
was visualized using magnetic resonance imaging (MRI), and the disc’s
signal intensity was assessed as an indicator of high water content in the
NP, based on the observation of T2-weighted signals after the 4th and
8th weeks of FG@PEV injection (Fig. 7C). The statistical analysis
revealed a progressive decrease in T2-weighted signals in the IVDD
group, while the FG@PEV group exhibited a lesser degree of degener-
ation and maintained relatively stable T2-weighted signals (Fig. 7D and
E). These findings indicate that FG@PEV has the potential to delay
intervertebral disc degeneration (IVDD) and restore disc structure.
Furthermore, micro-computed tomography (micro-CT) and disc height
index (DHI) analyses were conducted to assess disc gap height (Fig. 7F).
Study findings indicate that the Control group showed no significant
changes in intervertebral space height throughout the study duration.
Conversely, the IVDD group exhibited intervertebral disc degeneration
(IVDD) with decreased height at weeks 4 and 8. Interestingly, this trend
was not evident in the FG@PEV group. Micro-CT results were consistent
with MRI findings (Fig. 7G and H), implying that FG@PEV treatment
could effectively maintain disc height and hinder IVDD progression.
Subsequently, confirmation was sought through the utilization of H&E
and S&O staining techniques, which revealed that the control group
displayed typical disc tissue morphology (Fig. 7I and J). The findings
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demonstrated a significant restoration of intervertebral disc structure in
the IVD injected with FG@QPEYV, as compared to the IVDD group (Fig. 7K-
L). These results provide evidence that FG@PEV exhibits a notable ca-
pacity to effectively impede the progression of intervertebral disc
degeneration in an in vivo setting.

3.8. FG@PEV delays cellular pyroptosis and maintains ECM matrix
homeostasis

Immunofluorescence was employed to ascertain the expression of
NLRP3 and GSDMD across various groups. Notably, the expression
levels of NLRP3 and GSDMD were considerably elevated in the IVDD
group as compared to the SHAM group (Fig. 8 A- B). However, the
administration of FG@PEV treatment resulted in a significant reduction
in the expression levels of NLRP3 and GSDMD when compared to the
IVDD group. The data presented in this study indicate that FG@PEV has
the ability to inhibit pyroptosis in myeloid cells. Intervertebral disc
degeneration (IVDD) involves reduced extracellular proteoglycans and
heightened expression of matrix-degrading enzymes like matrix metal-
loproteinases (MMPs). Our findings demonstrate that the delivery of
FG@PEV leads to a decrease in MMP13 expression, while also main-
taining the expression levels of COL2 (Fig. 8C and D). These results
suggest that FG@PEV can effectively alleviate myeloid cell pyroptosis in
vivo, thereby preserving the homeostasis of the extracellular matrix
(ECM). Additionally, FG@PEV shows promising therapeutic potential in
mitigating the progression of IVDD.

4. Discussion

In this study, a novel composite hydrogel was synthesized by
combining fibrin and platelet extravasated vesicles, demonstrating its
potential to effectively mitigate disc degeneration through the syner-
gistic interaction of both components. In comparison to other carrier-
based composite hydrogels [33-35], FG@QPEV demonstrates ease of
acquisition and convenience in preparation, alongside superior biolog-
ical functionalities. FG can inhibit the generation of peroxides [36],
synergizing with PEV to exert antioxidative effects within the interver-
tebral disc, thereby promoting disc repair. Additionally, FG can interact
with various plasma proteins and cells to withstand biochemical and
biomechanical disruptions, facilitating wound healing [37]. Firstly,
FG@PEV effectively reinstates the equilibrium between ECM synthesis
and catabolism by suppressing the inflammatory microenvironment
within the medulla oblongata. Secondly,FG@PEV corrects disruptions in
cellular fatty acid metabolism, subsequently impeding nucleus pulposus
cell pyroptosis and thereby mitigating disc degeneration. Ultimately, the
injection of FG@PEYV into the intervertebral discs of rats was performed
and subsequently validated.

The mechanical strength and ductility of fibrin hydrogel are rela-
tively low, but the activation of anti-inflammatory cytokines by FG
contributes to its anti-inflammatory effects [38,39]. The scaffolding
structure formed by fibrin gel provides stable support to the wound,
facilitating tissue regeneration and repair [40]. Given the limitations of
the injection site, it is crucial to maintain the hydrogel in a low viscosity
state, which facilitates delivery and minimizes the force and shear
required for injection [41,42]. At non-optimal temperatures, the bio-
polymers in the hydrogel may experience a substantial increase in vis-
cosity [43]. The study findings indicate that fibrin hydrogels possess
attributes of low modulus, temperature insensitivity, and low viscosity.
Furthermore, examination through scanning electron microscopy
revealed the presence of large pores in FG@PEV, which facilitate
nutrient exchange and create a conducive environment for cell prolif-
eration [44]. FG@PEV demonstrates superior biocompatibility and
larger pores, and the amalgamation of high biocompatibility, strong cell
adhesion, and substantial porosity enables easy infiltration of cells into
the hydrogel, ultimately promoting tissue regeneration [45]. PEVs have
been identified as playing significant roles in hemostasis,
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immunomodulation, and pro-angiogenic processes [46]. Furthermore,
multiple studies have indicated that PEVs exhibit elevated levels of
growth factors, thereby showcasing their considerable potential in the
realm of tissue repair and regeneration [47]. Moreover, PEVs possess a
size range of 100-200 nm and possess a phospholipid bilayer structure,
rendering them highly permeable across bodily tissue barriers and
readily internalized by tissues or cells [48]. The actin network plays an
important role in various cellular processes including endocytosis and
motility [49]. By employing specific inhibitors, we obstructed a partic-
ular mechanism of endocytosis [50-52]and observed that the uptake of
FG@PEV nanoparticles with a diameter of 100-120 nm by NPCs pri-
marily occurred through actin-mediated endocytosis. Lysosomes play a
pivotal role in cellular function [53]. To demonstrate that FG@PEV is
not degraded within lysosomes and can escape them with the aid of
delivery carriers, we utilized Cy5.5 as a model protein to visualize
intracellular delivery. The findings of this study indicate that a signifi-
cant proportion of FG@PEV particles have the ability to evade lysosomal
degradation within NPCs. This study also provides evidence that
FG@PEV particles can be shielded from lysosome-mediated degrada-
tion, allowing for the release of PEV into the cytoplasm. Furthermore,
flow cytometry results demonstrate the effective inhibition of ROS
production by FG@PEV hydrogel. Additionally, numerous studies have
consistently demonstrated that the suppression of ROS can effectively
alleviate inflammation [54], thereby promoting the therapeutic poten-
tial of FG@PEV hydrogel in the context of disc degeneration. The
aforementioned findings suggest that the FG@QPEV hydrogel exhibits
favorable mechanical characteristics and holds significant promise for
mitigating disc degeneration.

Prior research has demonstrated that the application of lipopoly-
saccharide (LPS) and ATP mimicry to nucleus pulposus cells can effec-
tively replicate the inflammatory and focal conditions observed in
intervertebral disc degeneration [55,56]. Our transcriptome findings
align with this, as LPS and ATP stimulation induced the activation of
inflammation-related pathways, namely NF-kappap, MAPK, and TNF,
within the nucleus pulposus. Additionally, this stimulation resulted in
the activation of markers associated with focal death, such as NLRP3 and
GSDMD activity. Furthermore, it has been observed that the presence of
LPS and adenosine triphosphate (ATP) in the inflammatory milieu in-
duces the generation of ROS while impeding the metabolic pathways
associated with fatty acids. Moreover, our investigation involving his-
tochemical analysis of degenerated intervertebral discs has confirmed
the heightened expression of NLRP3 in degenerated tissues. Hence, the
effectiveness of therapeutic approaches lies in the inhibition of the in-
flammatory microenvironment, enhancement of metabolic function in
nucleus pulposus cells, and suppression of cellular pyroptosis. Previous
research has demonstrated a close association between juxtaposition
and inflammatory responses, which is mediated by cysteoaspartic en-
zymes (such as caspase —1/-4/-5/-11) and the GSDMD family, also
known as secondary necrosis [57]. Furthermore, transcriptome analysis
has indicated that the FG@PEV intervention can impede the pathway
linked to LPS + ATP-induced inflammation and juxtaposition of
medulloblasts. Moreover, the application of FG@PEV treatment
exhibited a significant reduction in the expression levels of genes asso-
ciated with pyroptosis in myeloid cells, namely NLRP3, GSDMD,
caspase-1, IL-1f, and IL-18. Additionally, the analysis of transcriptional
enrichment indicated that FG@PEV treatment effectively stimulated the
metabolic process of fatty acids in myeloid cells. It is worth noting that
lipid metabolism plays a crucial role in the generation of various
bioactive lipid molecules, which serve as pivotal initiators and intrinsic
regulators of pyroptosis. These bioactive lipid molecules have been
found to facilitate pyroptosis by disrupting the intrinsic pathways
involved in the production of ROS, endoplasmic reticulum (ER) stress,
mitochondrial dysfunction, lysosomal disruption, and expression of
associated molecules [58]. Recent research has demonstrated that the
activation of NLRP3 inflammasome can induce lipid accumulation and
pyroptosis in hepatocytes through the stimulation of free fatty acids
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[59]. Hence, we conducted a comprehensive examination of the out-
comes through metabolomics, revealing that FG@PEV intervention
facilitated the breakdown of fatty acid metabolites while impeding the
process of fatty acid synthesis. This finding was further substantiated by
our experimental data, which indicated a reduction in fatty acid syn-
thesis within NPCs upon the addition of FG@PEV treatment. Conse-
quently, it can be inferred that FG@PEV possesses the potential to
hinder the demise of nucleus pulposus cells by rectifying the disorder in
fatty acid metabolism, thereby retarding the progression of disc
degeneration.

In the in vitro evaluation, FG@QPEV demonstrated the ability to
impede the apoptosis of nucleus pulposus cells and retard the degener-
ation of intervertebral discs by upholding the homeostasis program of
the ECM. The degeneration of intervertebral discs is distinguished by the
degradation of proteoglycans and dehydration, resulting in diminished
height of the intervertebral disc and alterations in its structure [60]. For
this investigation, we employed a model of nucleus pulposus degener-
ation induced through intradiscal puncture [60,61]. The injection of
FG@PEV hydrogel into the degenerated intervertebral disc (IVD)
demonstrated its beneficial effects in restoring disc degeneration,
repairing annulus fibrosus defects, and maintaining the morphology of
NP tissues. The presence of inflammatory vesicles GSDMD and NLRP3
was found to be closely associated with cellular pyroptosis in the nucleus
pulposus. Immunohistochemistry results indicated that FG@PEV could
alleviate cellular pyroptosis in the nucleus pulposus by inhibiting the
expression levels of GSDMD and NLRP3. In addition, FG@PEV can
maintain the balance of ECM synthesis and catabolism by alleviating NP
cell pyroptosis and delaying the degeneration of NP tissues.

5. Conclusion

In summary, we have successfully synthesized a novel hydrogel that
demonstrates promising potential in mitigating disc degeneration. The
hydrogel formulation involved the incorporation of platelet vesicles into
a fibrin-based matrix, resulting in a hydrogel with favorable attributes
such as tissue regenerative repair, biocompatibility, biodegradability,
and sustained release properties. Furthermore, our FG@PEV hydrogel
exhibited the ability to rectify aberrant fatty acid metabolism in myeloid
cells, thereby impeding cellular pyroptosis. Additionally, this hydrogel
formulation effectively suppressed inflammatory responses and upheld
the homeostasis of ECM in nucleus pulposus cells.
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