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Purpose: Osteosarcoma poses significant clinical challenges due to its high recurrence, metastatic potential, and poor prognosis. 
Celastrol (CLT), known for its antitumor, immunomodulatory, and osteogenic regulatory properties, has garnered substantial interest. 
Developing a targeted CLT delivery system is critical to enable precise drug release, integrate photothermal therapy, remodel the tumor 
microenvironment, and improve post-surgical treatment and repair in osteosarcoma.
Methods: Using emulsion-induced interface assembly, we synthesized mesoporous polydopamine-polyethylene glycol (MPDA-PEG) 
nanospheres and loaded them with celastrol to fabricate the targeted system MPDA-PEG-CLT. We characterized the nanospheres’ 
physicochemical properties and evaluated MPDA-PEG-CLT’s efficacy in synergistic drug-photothermal therapy for osteosarcoma 
through in vitro and in vivo experiments.
Results: MPDA-PEG-CLT achieved a drug loading capacity of ~14% and a photothermal conversion efficiency of 37.6% under 808 
nm NIR irradiation, which enhanced celastrol release. The system induced osteosarcoma cell apoptosis, promoted bone marrow 
mesenchymal stem cell (BMSC) differentiation, and ameliorated the lesion microenvironment, resulting in efficient tumor ablation in 
mice.
Conclusion: MPDA-PEG-CLT significantly enhances celastrol’s targeted delivery efficiency, promotes mitochondrial apoptosis in 
osteosarcoma cells, synergizes with photothermal therapy to eradicate tumors, and improves the bone tissue microenvironment in 
lesions. This system offers a promising strategy for post-surgical osteosarcoma treatment and repair.
Keywords: photothermal therapy, mesoporous polydopamine, celastrol, mitochondrial apoptosis

Introduction
Osteosarcoma is a common primary malignant bone tumor characterized by high malignancy, strong metastatic propensity, and 
poor prognosis, posing persistent challenges to clinical treatment.1 Surgical intervention remains the primary treatment modality 
for osteosarcoma, yet outcomes remain suboptimal, with a 5-year survival rate below 20%. Adjuvant chemotherapy agents such 
as methotrexate (MTX), doxorubicin (ADR), and cisplatin (DDP) are employed to mitigate metastasis and recurrence post- 
surgery. However, the unique bone tissue microenvironment enhances tumor cell resistance to radiotherapy and chemotherapy, 
significantly compromising therapeutic efficacy.2 Hypoxia, acidic conditions, and cancer-associated fibroblasts (CAFs) in the 
tumor microenvironment remodel the extracellular matrix (ECM), increasing tissue density and creating physical barriers that 
impede drug penetration.3 In addition, the interaction of osteoblasts and osteoclasts in the tumor microenvironment may also 
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play a role in resistance mechanisms.4 It has led to drug resistance in osteosarcoma cells and triggered adverse side effects. 
Consequently, there is an urgent need to explore novel therapeutic strategies to improve osteosarcoma treatment outcomes.

Celastrol (CLT), a natural bioactive compound, has been demonstrated to play critical roles in immune and 
neurodegenerative diseases.5 Recent research indicates that CLT can induce apoptosis in tumor cells and influence 
osteosarcoma cell fate via pathways such as mevalonate and endoplasmic reticulum stress,6,7 positioning it as 
a promising candidate for osteosarcoma chemotherapy. Remarkably, CLT also regulates the bone tissue microenviron
ment by enhancing PGC-1α signaling, thereby promoting osteogenic differentiation of bone marrow mesenchymal stem 
cells (BMSCs).8 These exceptional biological properties suggest CLT’s potential for eradicating residual tumor cells and 
reconstructing lesion areas post-surgery. However, systemic administration of CLT is limited by severe organ toxicity, 
poor aqueous solubility, and low intestinal permeability, which diminishes the efficacy of oral administration and restricts 
its clinical applicability.9 Thus, developing strategies for precise targeted delivery of CLT that maximize therapeutic 
efficacy while minimizing side effects is a focal point of current research.

Nanoparticle delivery systems offer advantages such as targeted delivery, sustained release, and synergistic effects, 
effectively enhancing the antitumor activity of loaded drugs.10,11 Metal-organic frameworks (MOFs) exemplify this 
approach by addressing drug insolubility and enabling tumor microenvironment-responsive release, while macrophage- 
derived cellular vesicles (MCVs) leverage inherent tumor-homing capabilities for precision delivery.3,12 Among these, 
polydopamine (PDA) nanospheres are noted for their simplicity in synthesis, ease of modification, and broad application 
across chemistry, biology, medicine, and materials science.13–15 They can encapsulate various active agents such as 
chemotherapeutic drugs, photosensitizers, genes, and immunosuppressants via physical adsorption or chemical conjuga
tion, facilitating applications in chemotherapy, photodynamic therapy, and immunotherapy.16 Moreover, PDA micro
spheres exhibit excellent near-infrared (NIR)-induced photothermal effects. When integrated with targeted drug delivery, 
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they hold promise as a synergistic approach for osteosarcoma treatment, overcoming the limitations of traditional 
chemotherapy.17,18 Elevated temperatures at the tumor site can further enhance drug release and increase the sensitivity 
of tumor cells to the therapeutic agents.

PDA’s ability to bind aromatic drugs through non-covalent π-π and hydrogen bond interactions makes it an ideal 
carrier for CLT, forming innovative nano-targeted drug delivery systems,19 The mesoporous structure of PDA nano
spheres significantly improves the drug loading capacity (DLC), facilitating efficient loading of CLT. This design aligns 
with advanced nanocarrier strategies that leverage material properties (eg, MOF porosity, PDA π-π stacking) to optimize 
drug loading and controlled release.12

In this study, we synthesized folic acid-modified polydopamine (MPDA-PEG) nanospheres with mesoporous struc
ture and utilized it for CLT loading to develop a drug-photothermal combination therapy for postoperative osteosarcoma 
treatment. We characterized the photothermal efficiency, drug loading, and release kinetics of this nano-delivery system. 
The therapeutic efficacy and mechanisms of MPDA-PEG-CLT were investigated using in vitro cell cultures and in vivo 
mouse models. Importantly, MPDA-PEG-CLT facilitates targeted delivery of CLT, thereby mitigating organ toxicity and 
overcoming osteosarcoma resistance to traditional chemotherapeutics.

Materials and Methods
Material
Dopamine hydrochloride, Pluronic F127, 1,3,5-trimethylbenzene were purchased from Aladdin Biotechnology Co., 
Ltd. (Shanghai, China). Celastrol (CLT), NH2 · PEG · FA (97% average Mw 2000) were purchased from Shanghai 
McLaren Biochemical Technology Co., Ltd. Acetone, hydrogen peroxide (30%, H2O2), absolute ethanol and 
ammonia (25% ~ 28%, NH3 · H2O) were purchased from China Medicinal Chemical Reagent Co., Ltd. 
(Shanghai, China). Osteosarcoma cell line 143B was purchased from the Cell Bank of Type Culture Collection 
Committee of Chinese Academy of Sciences (Catalog No.: TCHu264). Dimethyl sulfoxide (DMSO) was purchased 
from Sigma-Aldrich (St. Louis, USA).4,6-diamidino-2-phenylindole (DAPI), calcein acetylmethoxy (AM) and 
propidium iodide (PI), and mitochondrial membrane potential and apoptosis detection kits (Mito-Tracker Red 
CMXRos and Annexin V-FITC) were purchased from Biyuntian Biotechnology Co., Ltd. (Shanghai, China). CCK- 
8 reagent was purchased from DojinDo, Japan. Cyanamide dye (CY5-amine) was purchased from Chongqing Yuqi 
Medical Technology Co., Ltd. (Chongqing, China). Rabbit polyclonal antibody to Cleaved-Caspase 3, Rabbit 
polyclonal antibody to Cleaved-Caspase 9, Rabbit polyclonal antibody to Bax, Rabbit polyclonal antibody to Bcl-2 
were purchased from Affinity Biotechnology Co., Ltd. (Jiangsu, China). Goat Anti-Rabbit IgG HampL antibody 
was purchased from Beijing Boosen Biotechnology Co., Ltd. (Beijing, China).

Cytochrome C Mouse Monoclonal Antibody (Cytochrome C), Tomo20, and Alexa Fluor ® 488 Conjugate, Alexa 
Fluor ® 594 Conjugate antibodies were purchased from Cell Signaling Technology (Danvers, USA). All chemicals were 
used as received without further purification.

Synthesis and Surface Modification of Mesoporous Polydopamine Nanospheres 
(MPDA)
MPDA nanospheres were synthesized using a modified emulsion induced interface assembly method,20 1.2 g F127, 1 
g dopamine hydrochloride, and 1.6 mL TMB were added and sonicated to form an emulsion in a mixture of 50 mL water and 
50 mL ethanol. Then, 2 mL of ammonia was added and stirred at 60 ° C for 3 h. The reaction products were collected by 
centrifugation and washed several times with water to obtain MPDA particles with a particle size of approximately 80 nm. 
Different sizes of MPDA can be achieved by changing the reaction temperature (20 ° C, ~ 200 nm). In order to improve the 
surface properties of MPDA and enable it to target osteosarcoma cells, MPDA was modified using NH2-PEG-FA (97% mean 
Mw 2000) and filtered through a dialysis bag with a molecular weight cut-off of 10,000 Da to remove excess NH2-PEG-FA, 
and the resulting MPDA-PEG nanospheres were placed at 4 ° C for subsequent experimental use.
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Characterization
Transmission electron microscopy (TEM) images of nanospheres as well as elemental analysis were taken on 
a transmission electron microscope (JEOL JEM-F200, Japan) by dropping the solution onto a carbon-coated copper 
mesh at an acceleration of 10 KV. Nanoparticle size as well as zeta potential were measured using a Malvern Zetasizer 
Nano ZS90 analyzer (Malvern Instruments, UK). Specific surface area as well as pore size distribution and pore volume 
of the samples were measured using a fully automated specific surface and porosity analyzer (Micromeritics ASAP 2460, 
USA). Fourier Transform Infrared Spectroscopy (FT-IR) was measured using a Fourier Transform Infrared Spectrometer 
(Thermo Fisher Scientific Nicolet iS20, USA). Raman spectroscopy was measured using a laser Raman spectrometer 
(Thermo Scientific DXR, USA) with an excitation wavelength of 532 nm. The photothermal effect test was performed 
using an 808 nm continuous near-infrared laser (Shenzhen Infrared Laser Technology Co., Ltd., China) with a spot size 
of 8 mm and 10 mm. Thermal imaging pictures were taken using a high-precision infrared thermal imager (guide
sensmart, China).

Biodegradability Test
Hydrogen peroxide solution (5 mM 10 mM) was mixed with MPDA suspension (100 μg/mL) and stirred for 24 hours, 
and samples were taken every 1 hour. Biodegradability was then evaluated using absorbance at 808 nm.

Photothermal Performance Determination
100 μL of MPDA-PEG (100 μg/mL) nanospheres were instilled into a 96-well plate. Temperature was measured with an 
infrared imager after irradiation with a 808 nm continuous near-infrared laser (2 W cm−2) for 5 min. The photothermal 
conversion efficiency (η) of MPDA-PEG nanospheres was determined according to a reported method.21 Detailed 
calculations are as follows:

In the above formula, h is the heat transfer coefficient, S is the surface area of the vessel, and ΔTmax is the 
temperature change of the nanoparticle suspension at the highest steady-state temperature. ΔTmaxs indicates the 
temperature change of the solvent (eg, H2O) at the maximum steady-state temperature; Qs indicates the heat associated 
with the near-infrared light absorbance of the solvent. I is the incident laser density (2w cm−2) and A is the absorbance of 
the nanospheres at 808 nm. τ is the sample system time constant and can be determined by linear curve fitting of the 
temperature cooling time to its ln ΔT/ΔTmax. ms and Cs are mass and heat capacity of the solvent (pure water), 
respectively.

CLT Load and Release Determination
In order to load CLT into the mesoporous channel of MPDA-PEG, 10 mg of MPDA-PEG nanospheres with 3 mg of CLT 
were dispersed into 3 mL of acetone and stirred at room temperature, and after evaporation of two-thirds volume of 
acetone, CLT-loaded MPDA-PEG nanospheres (MPDA-PEG-CLT) were collected by centrifugation and washed three 
times with deionized water to remove surface-adsorbed CLT. To determine the drug loading capacity (DLC) versus 
encapsulation efficiency of MPDA-PEG-CLT, 100 μL of MPDA-PEG-CLT was eluted with 400 μL of distilled water and 
the eluate was passed through a Sephadex G50 column three times. The UV absorption value (m2) of CLT in MPDA- 
PEG was also measured at 425 nm using a UV-Vis spectrophotometer. Then, 100 μL of MPDA-PEG-CLT was diluted 
with 400 μL of distilled water to directly determine the UV absorption value (m1) of total CLT, and the total amount of 
MPDA-PEG-CLT was m3. The encapsulation efficiency and drug loading rate were calculated according to the following 
formula:
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To investigate the release properties of CLT, 5 mg MPDA-PEG-CLT nanospheres were dispersed in 5 mL PBS. 
Samples were then transferred to dialysis bags which were dialyzed against 20 mL PBS buffer and shaken in a dark 
environment. Every hour, 2 mL of the solution was withdrawn from the solution and supplemented with 2 mL of fresh 
PBS. All drug release results were averaged over triplicate measurements. To investigate the effect of NIR irradiation on 
drug release performance, MPDA-PEG-CLT (1 mg mL−1) was incubated under NIR irradiation, and the release 
concentration of CLT was measured at 425 nm using a UV-Vis spectrophotometer.

In vitro Cell Viability Assay
143B cells (human osteosarcoma cell line) were cultured in DMEM medium containing 10% (v/v) fetal bovine serum. 
MSCs (mouse bone marrow stromal cells) were cultured in MEM medium containing 10% (v/v) fetal bovine serum. 
Cells were incubated in 96-well culture plates for 24 hours. Subsequently, cells were treated with different concentrations 
of MPDA-PEG nanoparticle dispersions and incubated for 24 hours. Finally, cell viability was determined using CCK-8 
assay.

Cellular Uptake Assay
Cy5-modified MPDA-PEG nanospheres were prepared in cell uptake experiments by mixing 20 mg MPDA-PEG 
nanospheres with 5 mg CY5-amine in a dimethylsulfoxide (DMSO)/PBS (v/v, 1/99) solution and magnetically agitated 
in the dark for 24 hours. The cellular uptake capacity of Cy5-modified MPDA-PEG-CLT nanospheres was determined by 
inverted fluorescence microscopy. 143B cells were cultured with MSCs cells in 24-well plates for 12 h and co-incubated 
with Cy5-modified MPDA-PEG nanospheres for 4 h. Cells were then stained with DAPI for 15 min before fluorescent 
images were taken using an inverted fluorescence microscope.

Vitro PTT And Chemotherapeutic Assay
143B cells were seeded in 96-well plates and incubated for 24 h before group treatment. For the MPDA-PEG + Laser and 
MPDA-PEG- CLT + Laser groups, 143B cells were treated with MPDA-PEG/MPDA-PEG-CLT nanospheres for 4 h and 
irradiated with a near-infrared laser (808 nm, 2Wcm−2) for 5 min. The treatment effect was then measured after an 
additional 24 hours of incubation. In order to determine the therapeutic effect of MPDA-PEG, CLT, and MPDA-PEG- 
CLT groups, MPDA-PEG, free CLT, and MPDA-PEG-CLT nanospheres were added to 143B cells and the therapeutic 
effect was determined after 24 h of direct incubation.

Live/Dead Cell Viability Assay
143B cells were cultured with MSCs cells in 24-well plates for 12 h, in which CLT, MPDA-PEG, and MPDA-PEG-CLT 
were added for 4 h, and then the MPDA-PEG + Laser and MPDA-PEG- CLT + Laser groups were irradiated for 5 min 
under 808 nm laser irradiation. Following this, cells were stained with calcein-am and propidium iodide (PI) for 15 min. 
Images of cellular fluorescence were taken using an inverted fluorescence microscope.

Cell Cycle and Apoptosis Assays
Cells were seeded into 6-well plates and co-incubated with CLT, MPDA-PEG, and MPDA-PEG-CLT for 4 h. Then the 
MPDA-PEG + Laser and MPDA-PEG- CLT + Laser groups were irradiated for 5 min under 808 nm laser irradiation and 
placed in a cell incubator for 24 h. Cells used for cell cycle analysis were digested with trypsin (Hyclone), washed twice 
with phosphate buffered saline (PBS), and fixed in 70% ethanol overnight at 4 ° C. Cells were centrifuged at 500 g for 
5 min, washed twice with cold PBS, and centrifuged. Cell cycle analysis was performed by fluorescence-activated cell 
sorting after treatment with RNase A (0.1 mg/mL) and staining with propidium iodide (PI, 0.05 mg/mL; 4A Biotech 
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Beijing, China) for 30 min at 37 ° C. For analysis of apoptosis, cells were trypsinized followed by two PBS washing 
steps. Cells were stained using Annexin V/PI assay kit (4A Biotech, Beijing, China) for 5 min at room temperature. 
Apoptotic cells were determined using a flow cytometer (Beckman Coulter). All experiments were repeated at least three 
times.

Mitochondrial Membrane Potential and Apoptosis Detection
143B cells were cultured in 24-well plates for 12 h, in which CLT, MPDA-PEG, and MPDA-PEG-CLT were added for 
co-incubation for 4 h, and then the MPDA-PEG + Laser and MPDA-PEG-CLT + Laser groups were irradiated for 5 min 
under 808 nm laser irradiation. Following this, they were placed in a cell incubator for an additional 12 hours. Then, the 
changes of mitochondrial membrane potential and apoptosis in each group were detected by mitochondrial membrane 
potential and apoptosis detection kit.

Western Blotting
Protein samples were extracted using cell lysis buffer (P0013, Beyotime, Shanghai, China) supplemented with proteinase 
(04693159001, Roche, Switzerland) and phosphatase inhibitors (4906837001, Roche). Then, 1/5 volume of loading 
buffer was added into the cell lysis at 100 °C for 10 min. Protein samples were separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis and then transferred onto polyvinylidene fluoride membranes. Blots were blocked in 
5% bovine serum albumin for 2 h at 25 °C, then incubate the membrane with specific antibodies against Caspase 3 
(Affinity,1:1000, #AF7022), Caspase 9(Affinity,1:1000, #AF5240), Bax (Affinity,1:1000, #AF0120) and Bcl-2 
(Affinity,1:1000, #AF6139) at 4 °C overnight. Blots were incubated with a secondary antibody conjugated to horseradish 
peroxidase (Bioss, 1:5000, #bs-0295G) for 2 h at 25 °C. Finally, each membrane was exposed to ECL (SQ202, Epizyme, 
Shanghai, China).

Immunofluorescence Detection of Mitochondrial Apoptosis in Osteosarcoma Cells
143B cells were cultured in 24-well plates for 12 h, in which CLT, MPDA-PEG, and MPDA-PEG-CLT were added 
for co-incubation for 4 h, and then the MPDA-PEG + Laser and MPDA-PEG- CLT + Laser groups were irradiated 
for 5 min under 808 nm laser irradiation. Cells were then washed three times with phosphate-buffered saline 
(PBS) and fixed in 4% paraformaldehyde for 15 min. Following three additional PBS washes, 0.5% Triton X-100 
(in PBS) was used for 20 min at room temperature. Goat serum was blocked for 30 minutes after three additional 
PBS washes and then incubated overnight at 4°C with Cytochrome C (HUABIO, 1:100, M1701-9) and Tomo20 
(Cell Signaling Technology, 1:100, 42406) antibodies. Fluorescent secondary antibodies (Alexa Fluor ® 488 
Conjugate (Cell Signaling Technology, 1:100, 4408S), Alexa Fluor ® 594 Conjugate (Cell Signaling 
Technology, 1:100, 8889S)) were instilled after 3 washes with TBST the following day and incubated for 
1 hour at room temperature in a humidified chamber. After washing three times again with TBST, cells were 
stained with DAPI for 15 min before taking fluorescence images of the cells using a confocal laser scanning 
microscope.

Extraction and Culture of Bone Marrow Stromal Cells
Primary BMSCs were extracted and cultured as described22 and cultured in α-MEM containing 10% fetal bovine serum 
(ExCell Bio, China). The medium was changed in half every 2 to 3 days. BMSC were passaged once on day 7 or 8 after 
inoculation, and cells were re-inoculated at 1.5×105 cells/cm2 for osteoblast differentiation experiments.

Osteoblast Differentiation Assays
Alkaline phosphatase (AP) activity and expression were examined for osteoblast differentiation and, in brief, BMSCs 
were replated overnight in 24-well plates. The following day, cells were treated with celastrol (0.4 μM) for three days. 
AP staining assay was performed using the BCIP/NBT alkaline phosphatase chromogen kit. Quantitative real-time PCR 
(qPCR) was performed to detect osteoblast marker gene expression.
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Mineralization Assay
Bone nodule formation was tested as previously described.23 Briefly, cells were grown to confluence in complete growth 
medium and cultured in osteogenic medium containing 50 mg/L ascorbic acid and 10 mM sodium β-glycerophosphate 
for 14 days. Bone nodule formation was observed microscopically and mineralization was detected and quantified by 
Alizarin Red S staining, and mineralization was quantified by absorbance assay after de-staining using pure water.

Quantitative PCR
Total RNA was extracted following treatment of cells using Trizol (Invitrogen, CA, USA). cDNA was synthesized from 
extracted total RNA by reverse transcription reaction kit instructions (TAKARA, Japan). Synthesized cDNAs were 
diluted 5-fold and kept at −20 ° C until used as templates and primer sets for qPCR (Table 1). Relative mRNA expression 
levels of the housekeeping gene Gapdh were normalized using the 2−ΔΔCT method.

In vivo Treatment
143B cell line was inoculated subcutaneously into nude mice to prepare a subcutaneous osteosarcoma tumor model, and 
100 μL of CY5-modified MPDA-PEG nanoparticle suspension (4 mg mL−1) was injected into the tail vein to photograph 
the targeted aggregation effect of MPDA-PEG nanospheres in nude mice at different time periods using a small animal 
fluorescent intravital imager.

When the tumor volume reached 80 mm3, mice were divided into 6 groups (n=5): control group, CLT group, MPDA- 
PEG-CLT group, MPDA-PEG + 2 w cm−2 laser group, and MPDA-PEG-CLT + 2 w cm−2 laser group. Mice in the CLT 
group received 100 μL (0.6 mg mL − 1) of free CLT intravenously. Mice in the MPDA-PEG-CLT, MPDA-PEG + 
2w cm−2 laser, and MPDA-PEG-CLT + 2w cm− 2 laser groups were injected intravenously with 100 μL of MPDA-PEG 
/MPDA-PEG-CLT nanoparticle suspension (4 mg mL−1). Tumors were exposed to an 808 nm NIR laser 4 hours after 
injection. Temperature at the tumor site was recorded with an infrared camera. Tumor size and mouse weight were 
measured every other day. On the 14th day, the mice were sacrificed, and the tumors and main organs (heart, liver, lung, 
and kidney) were dissected and stained with hematoxylin and eosin (HampE) for histological analysis.

Statistical Analysis
All data in this paper are expressed as mean result ± SD. Unpaired student’s t -test was used for comparison between two 
testing groups and a probability (P) less than 0.05 was considered statistical significance.

Results and Discussion
Preparation and Characterization of MPDA-PEG
MPDA nanospheres with mesoporous structures were prepared by adopting and modifying the reported emulsion- 
induced interface assembly method.20,21 Scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) images are shown in Figure 1A and B. The particle size distribution of MPDA nanospheres is uniform, the 
mesopores are arranged radially, and the main components are composed of C, N, and O elements (Figure 1C). TEM 
images show that the mesopore size of MPDA is ~15-20nm.

Table 1 Sequences of Primers Used for qRT-PCR (Mouse)

Primer Forward Reverse

GAPDH GCACAGTCAAGGCCGAGAAT GCCTTCTCCATGGTGGTGAA

Alp ACACCAATGTAGCCAAGAATGTCA GATTCGGGCAGCGGTTACT

Runx2 CCGGTCTCCTTCCAGGAT GGGAACTGCTGTGGCTTC

Col1 GAGCGGAGAGTACTGGATCG GCTTCTTTTCCTTGGGGTTC
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MPDA-PEG nanospheres with different diameters were then characterized by Fourier transform infrared spectro
scopy (FT-IR) and Raman spectroscopy. The FT-IR spectrum is shown in Figure 1D, with peaks around 3400 cm−1 

attributed to stretching vibrations of N-H and O-H hydroxyl groups, and a clear peak at 1616 cm−1 is stretching vibration 
of C = C double bond of aromatic ring.24 These functional groups endow the MPDA-PEG nanospheres with active 
surface modification. As shown in Figure 1E, Raman spectroscopy was used to provide information on the disordered 
and defective structure of MPDA-PEG nanospheres. Two strong peaks centered at 1350 and 1560 cm−1 were observed, 
and the vibration signal at 1350 cm−1 was attributed to the sp2 carbon of the 2D hexagonal structure lattice (D-band) 
while the vibration signal at 1560 cm−1 corresponded to the sp2 carbon of the aromatic structure ring (G-band) in plane.25 

This indicates that the obtained mesoporous polydopamine nanospheres may have a high-density vacancy structure.
In order to enhance the stability and dispersibility of MPDA in physiological media and achieve the purpose of 

applying it to organisms in the future, MPDA was functionalized with PEG using NH2·PEG under alkaline conditions 
(pH 12.0) through Michael addition/Schiff base reaction. As shown in Figure 1F, the Zeta potential of PEG-modified 
MPDA (MPDA-PEG) nanospheres changed from −31mV to −16mV, proving that PEG was successfully modified on the 
surface of MPDA nanospheres, which helps to prolong the circulation time of loaded drugs. As shown in Figure 1G, the 
particle size of the modified MPDA-PEG nanospheres and MPDA nanospheres did not change much (~80nm). In 

Figure 1 Characterization of MPDA nanoparticles. (A) SEM images of MPDA nanoparticles, ~ 80 nm: (i) scale bar at 200 nm, (ii) scale bar at 100 nm and (iii) scale bar at 50 nm. 
(B)TEM images of MPDA nanoparticles, ~ 80 nm: (i) scale bar at 200 nm, (ii) scale bar at 100 nm) and (iii) scale bar at 50 nm. (C) Elemental analysis profile of MPDA 
nanoparticles. (D) FT-IR spectra of MPDA-PEG nanoparticles of different sizes. (E) Raman spectra of MPDA-PEG nanoparticles of different sizes. (F) Zeta potential of MPDA 
nanoparticles before and after PEG modification. (G) Particle size of MPDA nanoparticles before and after PEG modification. (H) Biostability of MPDA nanoparticles in different 
media for different time periods before and after PEG modification. (I) Particle size of MPDA-PEG nanoparticles treated in physiological medium (FBS) for 2 and 14 days.
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addition, as shown in Figure 1H, PEG-modified MPDA nanospheres showed good stability in physiological medium 
(FBS) for a long time (~ 14 days); in addition, PEG-modified MPDA nanospheres treated in FBS for different times were 
tested for particle size, and it was found that the particle size of MPDA nanospheres treated for 2 days and 14 days did 
not change much (Figure 1I), which indicated that PEG-modified MPDA nanospheres had good long-term stability in 
physiological medium (FBS) and would be conducive to further biological applications.

Photothermal Effect of MPDA-PEG
In recent years, nanomaterials with high NIR absorption and photothermal conversion efficiency have been widely 
used in PTT.26 In this study, to investigate the photothermal effect of MPDA-PEG nanospheres, we synthesized PEG- 
modified MPDA nanospheres (approximately 80 and 200 nm in diameter, defined as MPDA-PEG-80 and MPDA-PEG 
-200, respectively) for comparison (TEM images are shown in Figure 1B, and FT-IR and Raman spectra are shown in 
Figure 1D and E). Then, MPDA-PEG (100 μg mL −1) was irradiated with a near-infrared laser at 808 nm, 2 W cm−2 

for 5 min, and temperature changes were recorded using an infrared thermal imager. As shown in Figure 2A and B, 
MPDAPEG-200 nanospheres could increase the temperature from 18 ° C to 66.5 ° C (ΔT = 48.5 °C), while MPDA- 
PEG-80 nanospheres increased the temperature from 18 ° C to 42.5 ° C (ΔT = 24.5 °C). In addition, MPDA-PEG had 
a better photothermal effect compared to PBS (Figure 2C). The above results showed that MPDA-PEG nanospheres 
had enhanced photothermal effects with increasing size, but in tumor hyperthermia applications, the intratumor 
temperature is generally controlled at 39.5–45.0°C, which is more likely to cause cell necrosis.27 Temperature may 
be reduced appropriately in combination with other antineoplastic therapy. When the temperature exceeds 45°C, the 
normal tissue cells in the body will also be damaged. In summary, we selected MPDA-PEG-80 nanospheres for the 
next study.

In order to detect the excellent photothermal effect of MPDAPEG-190, the photothermal stability of MPDA-PEG 
nanospheres was first examined by repeated exposure to near-infrared laser irradiation (808 nm, 2 W cm−2) for three 
cycles. Almost no loss in thermal fatigue resistance was observed during the 3 NIR laser exposure cycles (Figure 2D). 
Secondly, we calculated the photothermal conversion efficiency (η) of MPDA-PEG nanospheres, and as shown in 
Figure 2E, the η value of MPDA-PEG was 37.6%. In addition, MPDA-PEG nanospheres were thus demonstrated to 
have good photothermal stability.

Tumor tissue is in an acidic microenvironment with excessive hydrogen peroxide,28 and H2O2 is also widely 
distributed in macrophages and major organs.29 Therefore, the biodegradability of MPDA-PEG nanospheres was studied 
in the presence of hydrogen peroxide. The results showed that the absorption of MPDA-PEG at 808nm decreased with 
the extension of reaction time and the increase of H2O2 concentration (Figure 2F and G). These results indicate that 
MPDA-PEG nanospheres have good biodegradability.

Celastrol Loading and Release
Due to the poor water solubility of celastrol, significant organ toxicity with poor intestinal permeability, its application is 
limited.6,30,31 MPDA-PEG has mesoporous structure and is an ideal drug delivery carrier for celastrol, which can solve 
the in vivo toxicity caused by the inability of celastrol to target tumors.

Therefore, we investigated the celastrol loading capacity of MPDA-PEG-190 nanospheres. As shown in Figure 3A, 
the successful loading of celastrol was confirmed by FT-IR spectroscopy. Celastrol spectra showed characteristic 
absorptions at 1718 and 1244 cm−1, which were attributed to symmetric or asymmetric stretching of C=O and C-O, 
respectively. After celastrol was loaded into MPDA-PEG particles, the new peaks were located at 1718 cm−1 and 
1244 cm−1, confirming that celastrol had loaded into MPDA-PEG. Nitrogen adsorption-desorption isotherm experi
ments of MPDA-PEG and celastrol-loaded MPDA-PEG (MPDA-PEG-CLT) nanospheres (Figure 3B and C) showed 
that the specific surface area and pore volume of MPDA-PEG nanospheres decreased from 286 m2 g−1 and 0.32 cm3 

g−1 to 44 m2 g−1 and 0.12 cm3 g−1, respectively, due to successful loading of celastrol into the mesoporous channel of 
MPDA-PEG nanospheres. Subsequently, the encapsulation efficiency and drug loading rate of MPDA-PEG nano
spheres were further calculated. It was found that MPDA-PEG could effectively load celastrol molecule (DLC, 15%). 
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Therefore, the mesoporous structure is able to significantly improve the anticancer drug loading (DLC) of MPDA- 
PEG.

Next, we evaluated the release behavior of celastrol from MPDA-PEG-CLT nanospheres. The results showed that 
MPDA-PEG-CLT nanospheres released about 18% of celastrol within 24 hours (Figure 3D). This result suggested that 
MPDA-PEG nanospheres can prevent premature and excessive release of celastrol molecules, thereby achieving 
a sustained in vivo release effect. To further understand the effect of NIR irradiation on the release properties of 
celastrol, we irradiated MPDA-PEG-CLT nanoparticle dispersions with 808 nm laser (2 W cm−2, 5 min) at 2-hour 
intervals. As shown in Figure 3D, the MPDA-PEG-CLT nanospheres finally released nearly 86% of free celastrol 
molecules. The drastic release of celastrol is mainly due to a rapid increase in temperature under NIR radiation which 
leads to its escape from the mesoporous channel of MPDA-PEG nanospheres.32

Figure 2 Determination of thermal conversion efficiency of MPDA nanoparticles. (A) Photothermal effect temperature change of MPDA-PEG nanoparticles irradiated with 
808 nm laser for 5 min. (B) Infrared imaging of MPDA-PEG nanoparticles irradiated with 808 nm laser at different times (red arrows in the picture are indicated by the 
temperature measurement point). (C) Maximum temperature change of MPDA-PEG during NIR laser irradiation. (D) Temperature change of MPDA-PEG suspension (100 
μg mL − 1) after 3 cycles of laser irradiation (808 nm, 2 W cm − 2). (E) -Ln (ΔT/ΔTmax) linear time data. (F and G) Degradation of MPDA-PEG nanoparticles in different 
concentrations of hydrogen peroxide (5 mm/10 mm).
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The above results showed that MPDA-PEG-CLT exhibits NIR-responsive drug release behavior, and the increase in 
temperature could promote the release of chemotherapeutic drugs at the tumor site, increase the bioavailability of CLT, 
reduce side effects, and produce a synergistic therapeutic effect.33,34

Extracorporeal Chemo-Photothermal Therapy
Through previous studies, we found that MPDA-PEG nanospheres have excellent photothermal effect and excellent CLT 
loading and sustained release capabilities. Next, we further investigated its biological application value. First, the 
biocompatibility of MPDA-PEG and free CLT on 143B and BMSCs was determined by CCK-8 and live-dead staining 
assay. The results showed that cell viability decreased with increasing CLT concentration after incubation of 143B cells 

Figure 3 Determination of Drug Loading and Biological Application of MPDA-PEG-CLT Nanoparticles. (A) FT-IR spectra of CLT, MPDA-PEG and CLT-loaded MPDA-PEG 
nanoparticles. (B) Nitrogen adsorption-desorption isotherms and (C) pore size distribution curves of MPDA-PEG and CLT-loaded MPDA-PEG. (D) CLT release properties 
of MPDA-PEG-CLT with or without NIR irradiation (808 nm, 2 W cm − 2, 5 min) in different media for 2 h intervals. (E) Cell survival rate of 143B cells incubated with 
different concentrations of CLT for 24 h. (F) Images of 143B cells co-stained with calcein (green fluorescence, living cells) and propidium iodide (PI, red fluorescence, dead 
cells), green fluorescent precursor compounds incubated with different concentrations of CLT. (G) In vitro cytotoxicity of MPDA-PEG at various concentrations. Data are 
mean ± sd. N = 3. ns: No significant difference. (H) Images of 143B cells co-stained with calcein (green fluorescence, viable cells) and propidium iodide (PI, red fluorescence, 
dead cells), green fluorescent precursor compounds incubated with different concentrations of MPDA-PEG. Scale bar is 100 μm. p < 0.05, p < 0.01 compared to 0 μg/L 
group. (I) Images of calcein (green fluorescence, living cells) and propidium iodide (PI, red fluorescence, dead cells), green fluorescent precursors of 143B cells incubated 
with different nanoparticles. Scale bar is 100 μm. (J) WB was used to detect the protein expression of FRα in osteosarcoma cell lines; (K) immunohistochemistry was used 
to detect the expression of FRα in osteosarcoma tissues; (L) 143B cell-specific uptake of MPDA-PEG-CY5 fluorescence map with a scale bar of 100 μm.
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with different concentrations of CLT (0.1–10 μg mL−1) for 24 hours (Figure 3E and F). However, MPDA-PEG (5–200 
μg mL−1) was incubated with 143B cells and BMSCs cells for 24 hours. As shown in Figure 3G and H, the cell survival 
rate was above 95% in all groups even at high concentration (200 μg mL−1), indicating good biocompatibility of MPDA- 
PEG.

To further investigate the synergistic therapeutic effect of MPDA-PEG-CLT nanospheres with photothermal therapy, 
we incubated 143B cells using MPDA-PEG, free CLT, and MPDA-PEG-CLT, MPDA-PEG + 2 w cm−2 laser, and 
MPDA-PEG-CLT + 2 w cm−2 laser, respectively. As shown in Figure 3I, the survival rate of cells incubated with blank 
control and MPDA-PEG was more than 95%, indicating that blank MPDA-PEG had little harm to cancer cells. However, 
compared with free CLT, the cytotoxicity of MPDA-PEG-CLT group was significantly reduced, which may be related to 
the sustained release of MPDA-PEG-CLT and significantly improved the toxic side effects caused by free CLT. However, 
the treatment effect was more obvious in the MPDA-PEG + 2 w cm−2 laser group as well as the MPDA-PEG-CLT + 2 
w cm−2 laser group, and almost all 143B cells died. In summary, MPDA-PEG-CLT nanospheres have a good synergistic 
therapeutic effect with near-infrared hyperthermia.

In addition, the specific targeting of MPDA-PEG-CLT nanospheres to osteosarcoma is essential for in vivo and 
in vitro treatment. Folate receptors have been found to be overexpressed in most tumors35 and also play an important role 
in drug targeted delivery in osteosarcoma as a surface modifiers of nanomaterials.36–38 Our experimental results also 
showed that folate receptor presented high expression in clinical samples of osteosarcoma as well as osteosarcoma cell 
lines (Figure 3J and K). Therefore, in the previous preparation of MPDA-PEG-CLT nanospheres, we used Fol-PEG-NH2 

to surface modify MPDA in order to achieve specific targeting of osteosarcoma cells. To verify whether MPDA-PEG- 
CLT nanospheres could be ingested by cells, we incubated 143B cells, BMSCs cells with Cy5-modified MPDA-PEG for 
4 h to conduct cell uptake assay. The results showed that the red fluorescence signal emitted by MPDA-PEG-Cy5 could 
be observed in osteosarcoma 143B cells (Figure 3L), while the red fluorescence signal was significantly reduced in 
BMSCs cells. This indicated that MPDA-PEG-CLT could be effectively taken up by osteosarcoma cells.

MPDA-PEG-CLT Leads to Mitochondrial Dysfunction in Osteosarcoma Cells
Studies have shown that celastrol has good antitumor effects and inhibits the progression of a variety of tumors including 
glioma, leukemia, melanoma, pancreatic cancer, lung cancer, prostate cancer, breast cancer, and colorectal cancer. The 
specific mechanism are mainly manifested in the following aspects: it can cause mitochondrial dysfunction and enhance 
glycolysis, thereby inducing tumor cell death; it can regulate the metastasis of liver cancer cells by inhibiting the 
phosphorylation of Thr567 at the linker protein ezrin between the cytoskeleton and the cell membrane mediated by 
protein serine/threonine kinase (ROCK2); and it plays an anti-tumor role by regulating the PI3K/AKT pathway, NFκB 
signaling pathway], and MAPK signaling pathway.

We found that MPDA-PEG-CLT could arrest the cell cycle of osteosarcoma cells in G2/S phase after incubation with 
osteosarcoma cells (Figure 4A and B), and MPDA-PEG-CLT could also promote osteosarcoma cell apoptosis (Figure 4C 
and D), but the cell cycle arrest and the number of apoptotic cells induced by MPDA-PEG-CLT treatment group were 
decreased compared with the free CLT group, consistent with the previous results, which may be caused by the slow and 
continuous release of MPDA-PEG-CLT. It has been found that mitochondria undergo remodeling of mitochondrial 
structure and increased outer membrane permeability during apoptosis, and Cyt C is involved in the process of apoptosis 
by releasing irreversible activation of downstream caspases proteins.39 Next, we examined the effect of MPDA-PEG- 
CLT on mitochondrial function in osteosarcoma cells. It was found that MPDA-PEG-CLT was able to enhance 
mitochondrial outer mode permeability (Figure 4E) and decrease mitochondrial membrane potential (Figure 4F) in 
143B cells. In addition, we found that MPDA-PEG-CLT treatment of 143B cells enhanced Caspases 3, Caspases 9 
protein expression levels, increased protein expression levels of pro-apoptotic protein Bax and decreased protein 
expression levels of anti-apoptotic protein Bcl2 (Figure 4G). In the meantime, MPDA-PEG-CLT treatment of 143B 
cells also promoted cytochrome c (Cytochrome C) release from mitochondria to the cytoplasm (Figure 4H). Taken 
together, our results demonstrate that MPDA-PEG-CLT can regulate osteosarcoma fate by promoting mitochondrial 
apoptosis in osteosarcoma cells.
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MPDA-PEG-CLT Promotes Osteogenic Differentiation of BMSCs
Bone defects caused by osteosarcoma erosion and surgical intervention are inevitable, making it difficult for the body to 
complete self-repair, and bringing persistent severe pain and lifelong disability to patients. The commonly used clinical 
treatment is bone transplantation and inorganic material filling, but due to the limited source of bone graft and the 
insufficient biological activity of inert material, repair failure and revision problems exist for a long time, it is urgent to 
remodel the bone tissue microenvironment in the lesion area in order to promote bone repair after osteosarcoma surgery. 
Therefore, we preliminarily investigated the mechanisms involved in the regulation of developmental differentiation of 
BMSC by MPDA-PEG-CLT.

Figure 4 Effect of different treatment groups on osteosarcoma cell function. (A) Cell cycle detection by flow cytometry after incubation of 143B cells with MPDA-PEG, CLT, 
MPDA-PEG-CLT, MPDA-PEG + Laser, MPDA-PEG-CLT + Laser, MPDA-PEG-CLT + Laser and (B) Results statistics. Figure A red areas: G0/G1 and G2 phase; Figure 
A shadow areas: S phase.(C) Apoptosis detection by flow cytometry after incubation of 143B cells with MPDA-PEG, CLT, MPDA-PEG-CLT, MPDA-PEG + laser, MPDA-PEG- 
CLT + laser, MPDA-PEG-CLT + laser, and MPDA-PEG-CLT + laser. (D) Results statistics. * p < 0.05. ** p < 0.01. *** p < 0.001. VS Blank group.ns: No significant difference. 
(E) Fluorescence pattern of propidium iodide (PI, red fluorescence) staining after incubation of 143B cells with MPDA-PEG, CLT, MPDA-PEG-CLT, MPDA-PEG + Laser, 
MPDA-PEG-CLT + Laser, MPDA-PEG-CLT + Laser. The scale bar is 50μm. (F) Fluorescence maps of mitochondrial membrane potential (Mito Tracker Red CMXRos) and 
apoptosis (Annexin V-FITC) staining after incubation of 143B cells with MPDA-PEG, CLT, MPDA-PEG-CLT, MPDA-PEG + Laser, MPDA-PEG-CLT + Laser. The scale bar is 
50μm.(G) WB was used to detect the protein expression of caspase3, caspase9, BAX, and Bcl2 in each group after MPDA-PEG, CLT, MPDA-PEG-CLT, MPDA-PEG + Laser, 
MPDA-PEG-CLT + Laser treatment of 143B cells with MPDA-PEG, CLT, MPDA-PEG-CLT + Laser, MPDA-PEG-CLT + Laser. (H) Immunofluorescence was used to detect the 
localization of Cytochrome C in each group after treatment of 143B cells with MPDA-PEG, CLT, MPDA-PEG-CLT, MPDA-PEG + Laser, MPDA-PEG-CLT + Laser, and MPDA- 
PEG-CLT + Laser. The scale bar is 50μm.
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It has been found that CLT has an inhibitory effect on lipid accumulation and adipogenesis in human adipose-derived 
stem cells (hADSCs).40 In addition, CLT can also modulate the function of bone marrow-derived endothelial progenitor 
cells (BM-EPCs).41 Moreover, CLT regulates the differentiation of bm-mscs by activating the AMPK/SIRT1-PGC-1α 
signaling pathway, and in addition, celastrol attenuates bone loss and bone marrow adipose tissue (MAT) accumulation in 
ovariectomized (OVX) and aged mice.8

Consistent with previous reports, MPDA-PEG-CLT promoted osteogenic differentiation of BMSCs, as shown by 
increasing osteoblast-specific alkaline phosphatase (AP) activity in BMSCs (Figure 5A), upregulating expression of 
osteoblast marker genes Alpl, Col1α1, Runx2, and Sp7 (Figure 5B), and increasing alizarin red-stained bone nodule 
formation (Figure 5C). These results suggest that CLT can regulate the bone tissue microenvironment, promote 
osteogenic differentiation of BMSCs, enhance the body ‘s own repair function, and improve the bone defect caused 
by osteosarcoma.

Figure 5 Effect of MPDA-PEG-CLT on osteogenic differentiation of BMSCs. (A) Expression levels of osteogenesis-related genes (ALP, Runx2, colα1) in MPDA-PEG-CLT as 
well as CLT-treated BMSC. Osteogenic differentiation ability was evaluated by (B) ALP staining and (C) Alizarin red staining. *p < 0.05. **p < 0.01. ***p < 0.001. The scale bar 
is 50μm.
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In vivo Chemo-Photothermal Therapy
Subsequently, we further investigated the photothermal effect of MPDA-PEG on tumor-bearing mice. First, we injected 
143B tumor-bearing mice (n=3) with 100 μL of MPDA-PEG-CY5 dispersion (4 mg mL−1) via the tail vein to investigate 
the distribution and targeting of MPDA-PEG-CLT nanospheres in mice, and performed in vivo fluorescence imaging of 
nude mice at 0 h, 4 h, 12 h, and 24 h after injection. As shown in Figure 6A, the MPDA-PEG-CY5 nanospheres 
fluorescence signal began to concentrate at the tumor location in nude mice at 4 hours after injection and peaked at 
24 hours, indicating that MPDA-PEG was able to enrich in the tumor area with time. In addition, 143B tumor-bearing 
mice were randomly divided into 2 groups of 3 mice each and injected with 100 μL MPDA-PEG-CLT dispersion (4 mg 
mL−1) per mouse and PBS in the control group. Tumor areas were completely exposed to 808 nm laser light (2 W cm−2) 
for 5 min at 6 h post-injection. The changes in tumor temperature were monitored using an infrared camera. As shown in 
Figure 6B, after 5 min of irradiation, tumor temperature rapidly increased from 28.6 °C to 46.7 °C (ΔT = 18.1 °C) in 
mice injected with MPDA-PEG-CLT, as compared with PBS-treated controls that did not increase by more than 8 °C 
after laser irradiation.

Figure 6 In Vivo Therapeutic Efficacy Assessment of MPDA-PEG-CLT. Fluorescence in vivo imaging (A) and regional temperature infrared imaging (B) of the tumor area 
were recorded at different time points after intravenous injection of MPDA-PEG- CLT nanoparticles. (C) Photos and weight of tumors dissected from each group on the 
14th day after photothermal treatment. (D) Tumor volume curves of 143B tumor-bearing mice with different treatments. (E) Body weight curves of mice of each group. 
Data are means ± sd. N = 5. **p < 0.01, ***p < 0.001 and “ns” represents no significance. (F) Detection of liver function and renal function in mice of different treatment 
groups. (G) H&E staining images of major organs (heart, liver, lung, and kidney) and tumor tissues dissected from each group on the 14th day after photothermal treatment 
(40 X). The scale bars are 50 μm.
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We have previously demonstrated that MPDA-PEG-CLT has good antitumor effects in vitro, and next we evaluated 
osteosarcoma therapeutic effects in mice. When the tumor volume of 143B tumor-bearing nude mice reached 80 mm3, 
they were randomly divided into 6 groups of 5 mice each. Following a 4-hour suspension of MPDA-PEG-CLT particles 
injected via the tail vein, the tumor area was placed in 808 nm near-infrared light. As shown in Figure 6C, the control 
group showed rapid tumor growth. In comparison, tumor growth was decreased to different extents in the free CLT, 
MPDA-PEG-CLT, and MPDA-PEG + 2 W cm−2 laser groups (5 min). At the same time, irradiation of mice with MPDA- 
PEG-CLT + 2 W cm−2 laser for 5 min resulted in the highest degree of tumor ablation, and the therapeutic effect was the 
best, indicating that the synergistic treatment of PTT and celastrol was effective. In addition, the above results were 
consistent with the trend of tumor growth curves recorded (Figure 6D).

In addition, no significant weight loss was observed in any of the mouse groups (Figure 6E), and in addition, neither 
MPDA-PEG nor MPDA-PEG-CLT nanoparticles caused significant increases in liver and kidney parameters at 48 hours 
after injection compared with the control group (Figure 6F), suggesting that MPDA-PEG microspheres do not cause 
systemic toxicity. To further confirm the biocompatibility of MPDA-PEG nanospheres, mice were sacrificed and 
dissected on day 14 post-treatment for histological analysis of their tumors and major organs. As shown in Figure 6G, 
there was no significant organ damage and inflammation in each group compared with the control group, further 
verifying the safety and low toxicity of MPDA-PEG-CLT nanospheres. These results suggest that MPDA-PEG-CLT 
nanospheres can be used as an effective nanoplatform for chemo-photothermal therapy of tumors in vivo with relatively 
low systemic toxicity.

In summary, the MPDA-PEG delivery celastrol system prepared in this study has good safety and efficacy. In terms of 
drug loading capacity, MPDA achieves significantly higher drug loading (up to 15–20%) than liposomes, PLGA 
nanoparticles, or micelles by virtue of its mesoporous structure and π-π stacking and hydrophobic interactions with 
Cel, overcoming the bottleneck that the latter is often limited by the loading capacity of the material itself (usually < 
5%).42 At the same time, its stability benefits from the shielding effect of PEG, avoiding problems such as easy micelle 
dissociation and easy oxidative hydrolysis of liposomes, ensuring the integrity in blood circulation.43 In terms of crucial 
drug release controllability, MPDA-PEG has inherent dual pH/NIR response release characteristics and can trigger drug 
release more accurately in the tumor microenvironment or cells, reduce off-target toxicity, and improve treatment 
efficiency compared with PLGA nanoparticles, gold nanoparticles, or unmodified MSNs, which mainly rely on passive 
diffusion drug release.44 Regarding targeting, PEGylation confers its excellent “stealth” properties and long blood 
circulation time, laying the foundation for passive targeting (EPR effect), and its ease of modification also facilitates 
the attachment of targeting ligands to achieve active targeting, with comparable results but is usually easier and 
economical to prepare liposomes than antibody-modified liposomes.45 In addition, a major highlight of MPDA-PEG is 
its inherent additional function, the efficient photothermal conversion ability, which allows it to achieve chemotherapy- 
photothermal synergistic therapy, while traditional single-loaded systems such as liposomes, PLGA, or common micelles 
usually require additional composite functional materials (eg, gold nanoparticles or magnetic particles) to achieve similar 
multifunctionalization.46 Overall, MPDA-PEG as a novel nanocarrier has some advantages in delivering celastrol, but 
further studies are still needed to assess its transformability.

Conclusion
In summary, our study developed an MPDA-PEG nanodelivery system loaded with celastrol, which has the potential to 
be a new chemotherapeutic drug, for the chemo-photothermal synergistic treatment of osteosarcoma. The results showed 
that the MPDA-PEG nanospheres had good photothermal effect and excellent celastrol loading capacity. In addition, we 
verified that MPDA-PEG-CLT nanospheres have better therapeutic effect on osteosarcoma by in vitro and in vivo 
experiments, with less side effects and better therapeutic effect than single drug therapy and PTT therapy. Finally, we 
found that MPDA-PEG-CLT nanospheres could promote osteogenic differentiation of BMSCs in vitro, which may 
provide ideas for the application of MPDA-PEG-CLT nanospheres in the repair of bone defects caused by osteosarcoma 
invasion. Our study demonstrated that MPDA-PEG nanospheres are expected to play an important role in the synergistic 
treatment of osteosarcoma and bone defect repair with traditional Chinese medicine components such as celastrol as 
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novel chemotherapeutic drugs, and their good biocompatibility and degradability can reduce the adverse reactions of 
chemotherapeutic drugs in clinical treatment.
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