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Abstract

Objective: This study aims to design a novel nanomaterial integrating the ultrasonic piezoelectric
effect with Schottky heterojunction properties. By leveraging the material's strong adsorption capacity for
reactive oxygen species (ROS), we explore whether it can reduce the excessive accumulation of ROS in
intervertebral discs, thereby inhibiting the expression of inflammatory factors and delaying intervertebral

disc degeneration (IVDD).

Methods:(1) Material Design and Synthesis: Hydrothermal synthesis was used to prepare SrTiO3 with
oxygen vacancies (SrTiOv), which was then uniformly mixed with Ti3C2Tx MXene synthesized via
liquid-phase methods using ball milling. The composite material, oxygen-vacancy strontium titanate and
titanium carbide (SrTiOv-TiCx, S-T), was synthesized through inert gas heat treatment. The microstructure
of S-T was characterized using scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). High-resolution transmission electron microscopy (HRTEM) was employed to analyze the
heterojunction interface between SrTiOv and TiCx in S-T. X-ray diffraction (XRD) was used to examine
the crystal structure of S-T, while X-ray photoelectron spectroscopy (XPS) analyzed its elemental
composition and chemical bonding. Atomic force microscopy (AFM) was utilized to characterize the
ultrasonic response properties of S-T. The band structure of S-T was investigated using ultraviolet-visible
(UV-Vis) absorption spectroscopy and ultraviolet photoelectron spectroscopy (UPS). First-principles
calculations were conducted to analyze the adsorption energy of ROS on the S-T surface.(2) Material
Toxicity Testing: The optimal cell concentration of the material was determined using the Cell Counting
Kit-8 (CCK-8) assay. The optimal concentration of S-T-loaded chitosan (CS) was injected into the
intervertebral discs of rats, which were then euthanized. The heart, liver, spleen, lungs, and kidneys were
harvested for hematoxylin and eosin (HE) staining to observe visceral morphology and inflammatory cell
changes, assessing potential visceral toxicity. Blood serum and whole blood were collected for
hematological and biochemical tests to evaluate hematotoxicity.(3) Cell Experiments: Cells were divided
into groups: blank control (NC group), modeling group (LPS group), material treatment group (S-T group),
and ultrasound + material group (US+S-T group). Lipopolysaccharide (LPS) was used to induce
inflammation in nucleus pulposus (NP) cells. Transcriptome sequencing was performed to examine protein
expression profiles before and after treatment. Western blot (WB) and immunofluorescence (IF) were used
to detect the expression of inflammatory proteins in NP cells across different groups. ROS levels in NP
cells were measured using an ROS assay kit.(4) Animal Experiments: Male Sprague-Dawley (SD) rats
were randomly divided into five groups: NC group, LPS group, hydrogel group (CS group), and
ultrasound-intervened hydrogel-loaded material group (US+CS+S-T group). The LPS, CS, and

US+CS+S-T groups underwent [IVDD modeling via needle puncture. Subsequently, 10 pL of LPS, CS, or



CS+S-T was injected into the 6th—8th caudal intervertebral discs of the LPS, CS, and US+CS+S-T groups,
respectively. Ultrasound stimulation was applied to the US+CS+S-T group. Magnetic resonance imaging
(MRI) was used to assess modeling efficacy and therapeutic outcomes. Finally, histological evaluation was
performed using hematoxylin and eosin (HE) staining and Safranin O/Fast Green (S-O) staining to further

assess the therapeutic effects of S-T.

Results:SEM and TEM revealed the microstructural integration of S-T.HRTEM confirmed atomic
bonding between SrTiOv and TiCx in S-T, indicating enhanced structural stability. Density of states (DOS)
analysis showed that the oxygen adsorption energy of S-T increased by 53% and 24% compared to SrTiOv
and TiCx, respectively.CCK-8 assays determined the optimal cell concentration of the material to be 100
ppm.The DCFH-DA probe demonstrated an 89% reduction in excessive ROS accumulation in the US+S-T
group compared to the LPS group, though the total ROS levels showed no significant difference (p >
0.05).WB assays revealed a 74% reduction in matrix metalloproteinase-13 (MMP13) expression in the
US+S-T group compared to the modeling group, with statistical significance (p < 0.05). Additionally,
p-p65 and NLRP3 expression levels decreased by 56% and 72%, respectively, in the US+S-T group
compared to the LPS group (p < 0.05).IF assays quantitatively analyzed MMP13 expression in NP cells
under different interventions, showing a significant reduction in the US+S-T group compared to the LPS
group (p < 0.05).Transcriptomic analysis indicated that signaling pathways, including NLRP3 and MMP13,
were suppressed, leading to inhibition of key factors involved in extracellular matrix (ECM) degradation,
thereby mitigating inflammation and treating IVDD.Post-euthanasia MRI evaluation showed that the
US+CS+S-T group restored 78% of NP tissue integrity compared to the NC group. Quantitative analysis of
MRI grayscale values revealed a statistically significant difference between the US+CS+S-T and LPS

groups (p < 0.05).

Conclusion: The newly designed nanomaterial S-T, featuring a Schottky heterojunction structure and
ultrasonic piezoelectric properties, exhibits excellent biocompatibility and ROS adsorption capacity. By
scavenging excessive ROS in the nucleus pulposus, it effectively suppresses the expression of

inflammatory factors, thereby delaying the progression of [VDD.

Keywords: Intervertebral disc degeneration; Ultrasonic piezoelectric therapy; SrTiOv-TiCx; ROS;

Inflammation
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