

  coatings-14-01267




coatings-14-01267







Coatings 2024, 14(10), 1267; doi:10.3390/coatings14101267




Article



Ultrasound-Activated Multifunctional Bioactive Calcium Phosphate Composites for Enhanced Osteosarcoma Treatment



Mingjie Wang 1, Dong Xu 2,3,4, Chunfeng Xu 1, Menghong Li 1,5, Chang Du 2,3,4,* and Yuelian Liu 1,*





1



Department of Oral Cell Biology, Academic Centre for Dentistry Amsterdam (ACTA), University of Amsterdam and Vrije Universiteit Amsterdam, Amsterdam Movement Sciences, 1081 LA Amsterdam, The Netherlands






2



Department of Biomedical Engineering, School of Materials Science and Engineering, South China University of Technology, Guangzhou 510641, China






3



National Engineering Research Center for Tissue Restoration and Reconstruction, South China University of Technology, Guangzhou 510006, China






4



Key Laboratory of Biomedical Materials and Engineering of the Ministry of Education, and Innovation Center for Tissue Restoration and Reconstruction, South China University of Technology, Guangzhou 510006, China






5



Key Laboratory of Shaanxi Province for Craniofacial Precision Medicine Research, College of Stomatology, Xi’an Jiaotong University, Xi’an 710004, China









*



Correspondence: duchang@scut.edu.cn (C.D.); y.liu@acta.nl (Y.L.)







Citation: Wang, M.; Xu, D.; Xu, C.; Li, M.; Du, C.; Liu, Y. Ultrasound-Activated Multifunctional Bioactive Calcium Phosphate Composites for Enhanced Osteosarcoma Treatment. Coatings 2024, 14, 1267. https://doi.org/10.3390/coatings14101267



Academic Editor: Mosab Kaseem



Received: 1 September 2024 / Revised: 24 September 2024 / Accepted: 26 September 2024 / Published: 2 October 2024



Abstract

:

Bone defects caused by surgical interventions and the challenges of tumor recurrence and metastasis due to residual cancer cells significantly complicate the treatment of osteosarcoma (OS). To address these complex clinical challenges, we propose an innovative therapeutic strategy that centers on an ultrasound-activated multifunctional bioactive calcium phosphate (BioCaP) composite. A modified curcumin (mcur)-mediated wet biomimetic mineralization process was used to develop an anticancer-drug-integrated multifunctional BioCaP (mcur@BioCaP), exploring its potential biological effects for OS treatment activated by ultrasound (US). The mcur@BioCaP demonstrates a drug dose-dependent, tailorable alteration in its micro/nanostructure. The US stimulus significantly enhanced this composite to generate reactive oxygen species (ROS) in cancer cells. The results show that the OS cell viability of the mcur@BioCaP with US is 62.2% ± 6.3%, the migration distance is 63.9% ± 6.6%, and the invaded OS cell number is only 57.0 ± 3.7 OS cells per version, which were all significantly lower than US or mcur@BioCaP alone, suggesting that the anticancer, anti-migratory and anti-invasive effects of mcur@BioCaP on OS 143B cells were amplified by ultrasonic stimulation. This amplification can be attributed to the US-activated ROS production from the drug molecules, which regulates the wet biomimetic mineralization of the multifunctional composite. Furthermore, mcur@BioCaP with US increased calcium nodule formation by 1.8-fold, which was significantly higher than mcur@BioCaP or US group, indicating its potential in promoting bone regeneration. The anticancer and osteogenic potentials of mcur@BioCaP were found to be consistent with the mcur concentration in the multifunctional composite. Our research provides a novel therapeutic approach that leverages a multifunctional biomimetic mineral and ultrasonic activation, highlighting its potential applications in OS therapy.
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1. Introduction


Osteosarcoma (OS) is one of the most prevalent bone malignancies with a high mortality rate among children and adolescents worldwide [1]. It typically exhibits an aggressive behavior and easily metastasizes to the lungs [2]. OS demonstrates a relative insensitivity to radiotherapy, making chemotherapy a critical component of treatment [3]. Standard clinical approaches for OS management include the surgical removal of lesion tissues, followed by adjuvant radio/chemotherapy to reduce the risk of recurrence [4]. Despite the clinical efficacy of high-dose conventional drug therapies, their adverse side effects are considerable [5]. Complications such as multidrug resistance and recurrence of OS are the primary cause of treatment failure, leading to further tumor progression and mortality [6]. Surgical intervention often results in bone defects, necessitating repair or reconstruction to minimize physical limitations of the patient [7,8]. Consequently, there is growing interest in developing multifunctional biomaterials capable of eradicating residual OS cells while promoting bone tissue regeneration [8,9,10,11,12,13], offering a novel approach to bone tumor treatment.



Sonodynamic therapy (SDT) is a safe and non-invasive treatment for malignant tumors, recently approved by the FDA for clinical use. SDT can effectively penetrate tissues up to 5 cm deep and offers higher biosafety compared to chemotherapy and photodynamic therapy [14,15]. Studies have shown that US can amplify the anticancer effects of Cur by activating the ROS generation [16]. Modulating intracellular ROS homeostasis has the potential to alter tumor cell behavior, enhancing chemotherapy efficacy, overcoming multidrug resistance, and promoting cell death [17,18]. Curcumin (Cur), a polyphenol phytoconstituent extracted from the turmeric plant, exhibits a wide range of biological activities, including anti-inflammatory, antioxidant, and antibacterial properties [19,20]. Studies have further demonstrated that Cur has potent preventative and therapeutic effects against various cancer cells [21,22,23,24]. Notably, Cur can reverse cell resistance [25,26], enhance chemotherapy sensitivity [21,27], and impede tumor invasion and metastasis [28]. Moreover, Cur has very low or even no toxicity on healthy osteoblasts, but can selectively kill osteosarcoma cell [29,30], underscoring its potential as a novel therapeutic agent for bone tumors [31,32]. Nevertheless, its poor solubility and instability in the physiological environment generate low bioavailability, which remains a significant obstacle to its widespread use [33].



In this study, we introduce a biomimetic multifunctional calcium phosphate material designed for the postoperative treatment of osteosarcoma, incorporating an amphiphilic prodrug (modified curcumin, mcur) with calcium phosphate particles. This innovative approach leverages the unique properties of Cur to enhance the therapeutic efficacy of the multifunctional material. The surface morphology of the multifunctional composite and its ROS generation in OS cells were investigated thoroughly. Additionally, we evaluated the osteogenic differentiation activity and US-enhanced anti-tumor effects of the multifunctional composite (mcur@BiCaP) on OS cells. We further explored the acoustodynamically mediated effect of the multifunctional composite on inhibiting migration and invasion activities of OS cells. Our findings highlight the potential of using US-activated multifunctional composites to improve therapeutic effects in OS cells, presenting an innovative strategy for the development of bone tumor treatment materials.




2. Materials and Methods


2.1. Materials


Ca(NO3)2·4H2O and (NH4)2HPO4 were purchased from Guangzhou Chemical Reagent Factory (Guangzhou, China). Simulated body fluid (SBF) solution was sourced from Sigma-Aldrich (St. Louis, MO, USA). The mcur was provided by Professor Chang Du’s group, and the synthesis methods are detailed in previous research [22]. Fetal bovine serum (FBS), Dulbecco’s Modified Eagle Medium (DMEM), and trypsin were supplied by Gibco BRL (Gaithersburg, MD, USA). The Alamar Blue assay kit was purchased from Beyotime Biotechnology (Shanghai, China).




2.2. Preparation of mcur@BioCaP


Mcur@BioCaP were prepared using a wet biomimetic mineralization process [34]. Briefly, core calcium phosphate particles were immersed in a five-fold concentrated simulated body fluid (SBF) solution at pH = 6 and 37 °C for 24 h. This step facilitated the formation of a thin layer of amorphous calcium phosphate on the surface of the core particles, serving as a substrate for further crystalline layer deposition. Following this phase, the particles were then immersed in a supersaturated calcium phosphate solution (containing 137 mM NaCl, 4 mM CaCl2·2H2O, and 2 mM Na2HPO4·2H2O) at 37 °C. This solution was buffered with TRIS (72 mM; pH 7.4) and included different concentrations of mcur (8, 16, 32, and 64 μg/mL). After 48 h, the products, coated with a crystalline calcium phosphate layer incorporating mcur, were designated as mcur@BioCaP-8, mcur@BioCaP-16, mcur@BioCaP-32, and mcur@BioCaP-64 based on the mcur concentration used in the coating solution.




2.3. Surface Morphology of mcur@BioCaP


The surface morphology of the samples was observed using Scanning Electron Microscopy (SEM, EVO LS15 ZEISS, Zeiss, Jena, Germany). The samples were placed on the copper sheets, sputter-coated with a thin layer of platinum to enhance conductivity and image quality. Following this, the samples were observed at an accelerating voltage of 5 kV to ensure high-resolution surface imaging.




2.4. US-Enhanced Drug Penetration


Mcur@BioCaP samples were embedded within agarose hydrogel (Sigma-Aldrich, St. Louis, MO, USA) to simulate the dynamics of drug penetration following US treatment, which utilized an optimized power density of 0.5 W/cm2 (WED-100, Welld, Shenzhen, China) at a frequency of 1 MHz for 1 min. Fluorescence imaging was captured using a fluorescence microscope at a wavelength of 405 nm. These images were acquired after treatment to visualize and assess the dispersion of the drug throughout the matrix. Quantitative analysis of drug penetration areas was meticulously conducted using ImageJ software version 1.54g.




2.5. US-Induced ROS Production in OS Cells


The ROS production in 143B cells was detected using the fluorescence probe DCFH-DA at a final concentration of 5 µM. Adherent 143B cells were subjected to various stimuli and cultured for another 24 h. Subsequently, the culture medium was replaced with fresh nutrients containing DCFH-DA. After culture for another 30 min, the cell samples were washed and observed using Laser Scanning Confocal Microscopy (LSCM), with all images captured under the same conditions. ROS production was quantified by ImageJ software version 1.54g for DCFH-DA, λex = 488 nm, λem = 520~530 nm.




2.6. Enhanced Anticancer Efficacy of mcur@BioCaP via Acoustodynamic Activation


MC3T3-E1 or 143B cells were seeded into 96-well plates at a density of 104 cells/cm2. After attachment, the cells were cultured with the extracts of BioCaP and mcur@BioCaP for 4 h. Subsequently, the bottom of 96-well plates was covered with approximately 10 mm agent gel and the working head of the US device (WED-100, Welld, Shenzhen, China) was kept at a 5 mm distance from the plate’s bottom. After applying US treatment for varying durations, the cells were cultured for an additional 24 h. Subsequently, the medium was replaced with a 10% Alamar Blue stock solution, and the absorption intensity was measured using a microplate reader.




2.7. Migration and Invasion Activity


The migration ability of OS cells was assessed using a scratch assay. The 143B cells were seeded into 6-well plates at a density of 5 × 105 per well. Once the cells reached a confluent state in complete medium, a 200 µL pipette tip was used to create a scratch; the pipette tip was placed next to the wall, and the tip was dragged to the other side of the well of the cell monolayer by applying gentle pressure. Subsequently, the cells were subjected to various stimuli and cultured for 24 h in a serum-free medium to mimic the migration conditions. The scratch width was then observed under a microscope (Olympus BX53, Tokyo, Japan), and the healing rate was quantified. Statistical analysis was conducted to evaluate the significance of differences in cell migration rates under different treatment conditions.



The Transwell assay was employed to assess the invasiveness of OS cells. Thus, 5 × 104 143B cells were seeded into the upper chamber of Transwell plates (BD Bioscience, Franklin Lakes, NJ, USA) coated with 0.3 mg/mL Matrigel under serum-free conditions. The lower chamber was filled with DMEM supplemented with 10% fetal calf serum (FCS, Hyclone, Santa Clara, CA, USA; GE Healthcare Life Sciences, Chicago, IL, USA) and 50 µg/mL fibronectin (BD Biosciences, Franklin Lakes, NJ, USA) to serve as a chemoattractant. The cells were then subjected to various stimuli. After 24 h, the cells on the upper chamber were gently removed using a cotton swab. In contrast, cells that had migrated to the lower membrane were fixed and stained with 0.1% crystal violet for 5 min at room temperature. Stained cells were then photographed using an inverted microscope (Zeiss AG, Oberkochen, Germany). The area covered by the migrated cells was quantified using Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA). The invasion rate was calculated based on the percentage of the area positively stained for crystal violet. This procedure was replicated in at least three independent experiments for each condition.




2.8. Osteogenic Differentiation Activity of mcur@BioCaP


Osteogenic differentiation was evaluated through the measurement of alkaline phosphatase (ALP) activity and the mineralization of the extracellular matrix (ECM). MC3T3 E1 (ATCC, Manassas, VA, USA) cells were cultured in DMEM supplemented with 10% fetal bovine serum and 1% Penicillin–Streptomycin–Fungizone (Gibco, Grand Island, NY, USA) in an incubator at 37 °C under atmosphere of 5% CO2. After cell attachment, MC3T3-E1 cells were treated with US stimuli and mcur@BioCaP extract containing 10 mM of β-glycerophosphate, 100 nM dexamethasone, and 0.2 mM ascorbic acid with the medium changed every 2 days. The ALP activity, an important marker of osteogenic differentiation, was assessed using an Alkaline Phosphatase Assay Kit (Biyotime, Shanghai, China) on day 7. Subsequently, the formation of ECM-mineralized calcium nodules in response to different stimuli was visualized using Alizarin Red Staining (ARS) on day 14. For quantitative analysis, the ARS was extracted with a Cetylpyridinium chloride solution for 2 h at room temperature and its concentration was measured using a UV spectrophotometer at a wavelength of 405 nm. Unless otherwise specified, BioCaP or mcur@BioCaP (200 mg) were incubated in the growth medium at 37 °C for 7 days to prepare the extracts for biological evaluation.




2.9. Statistical Analysis


All data are presented as the mean ± standard deviation (SD). Statistical analysis was performed using one-way analysis of variance (ANOVA), with significance levels indicated as follows: * p < 0.05, ** p < 0.01. A p-value of less than 0.05 was deemed to denote statistical significance.





3. Results


3.1. Preparation and Morphology Characterization of mcur@BioCaP


In this study, we fabricated a series of mcur@BioCaP composites mediated by different mcur concentrations through biomimetic mineralization. Flake-like crystals precipitated uniformly on the scaffold surfaces, resulting in a homogeneous calcium phosphate (CaP) coating. Specifically, mcur@BioCaP composites were prepared in the mineralization solutions with mcur concentrations of 8, 16, 32, and 64 µg/mL, designated as mcur@BioCaP-8, mcur@BioCaP-16, mcur@BioCaP-32, and mcur@BioCaP-64, respectively. Subsequent analysis revealed distinct differences in the morphology and micro/nano-structure of the BioCaP coatings, influenced by the presence of mcur (Figure 1A). Notably, mcur@BioCaP exhibited significantly higher surface crystal densities compared to pure BioCaP, likely due to enhanced nucleation and growth facilitated by the organic matrix (mcur) [35,36]. However, the introduction of mcur led to a morphological shift from flake-like to curved structures in the mcur@BioCaP-8, mcur@BioCaP-16, and mcur@BioCaP-32 samples, with an exception noted in the mcur@BioCaP-64 (Figure 1B). Moreover, the size of the crystals in the mcur@BioCaP series was found to be positively correlated with the mcur concentration. This size modulation is ascribed to the amphiphilic nature of mcur, which enables self-assembly into nanoparticles (NPs) at the critical micelle concentration (CMC) [37]. Below a CMC of approximately 65 µg/mL, mcur exists as individual molecules that interact with BioCaP to influence crystal growth and morphology. In contrast, above this CMC, mcur molecules form NPs that do not significantly impact the crystal structure, resulting in plate-like crystals. These findings highlight how the presence of mcur in the biomimetic mineralization process can modify the surface density, size, and morphology of BioCaP crystals without altering their phase. Given the implications of nano/micro-structural properties of CaP particles [38,39,40] on cell toxicity, drug delivery, osteoblast proliferation, and osteoconductivity, the ability to tailor the size of mcur@BioCaP offers valuable opportunities for optimizing bioactivities across various applications. The unique crystal modulation by mcur in the mcur@BioCaP-64 composites is indicative of the potential role of nanoparticle self-assembly in biomimetic mineralization.




3.2. US-Enhanced Drug Penetration of mcur@BioCaP


The mcur@BioCaP samples embedded within a gel matrix were utilized to simulate the drug penetration following US intervention. As shown in Figure 2A, there was a notable enhancement in the area exhibiting fluorescence, indicative of increased drug penetration post-US treatment. Quantitative analysis showed that the fluorescence area in the control group shows a modest enhancement in fluorescence coverage of 2.2% after 1 min (Figure 2B). In contrast, the group subjected to US treatment showcased a significant increase in fluorescence area by 22.3% over the same period. This evidence demonstrates that US treatment significantly enhances the drug penetration capability. Such a pronounced enhancement is expected to contribute to the improved therapeutic efficacy of the mcur@BioCaP composite in biological environments.




3.3. US-Activated ROS Production in OS Cells


Modulating the balance of intracellular ROS has been identified as a strategy to influence tumor cell dynamics, potentially enhancing the effectiveness of chemotherapy, overcoming multidrug resistance, and inducing cell death [17,18]. Studies have indicated that US can enhance the anticancer properties of Cur by activating ROS production [16]. In the present study, we present a biomimetic multifunctional material for postoperative OS treatment, which integrates mcur with calcium phosphate particles. This approach exploits the unique properties of Cur to amplify the therapeutic efficacy of the biomaterial. Therefore, we explored the generation of ROS in 143 cells using the fluorescence probe DCFH-DA by CLSM. Similar to the BioCaP group, both the US and BioCaP + US groups did not produce green fluorescence in 143B cells. The mcur@BioCaP group produced weak green fluorescence, attributed to the photoluminescence phenomenon of mcur drug. It suggested that mcur entered the 143B cells. As a contrast, the stronger green fluorescence was observed within the 143B cells of the mcur@BioCaP+US group when subjected to US stimulation (Figure 3). These analyses indicate that US can effectively stimulate ROS generation in the mcur@BioCaP group.




3.4. Enhanced Anticancer Activity of mcur@BioCaP via Acoustodynamic Activation


The viability of OB and OS cells exposed to US was evaluated using an Alamar Blue assay. When US exposure was within 0~2 min, OB cells exhibited favorable bioactivity (Figure 4A). However, prolonging US exposure to 2.5 and 3 min reduced the activity to 77.01% and 20.61%, respectively. In contrast, OS cells maintained favorable bioactivity with US exposure within 0~1 min (Figure 4B). An inhibitory effect on OS cell viability was observed at a US duration of 1.5 min, with cell viability decreasing to 22.38% at 2 min. US exposure for 1 min had no impact on the activity of both cell types; thus, it was chosen as the duration to evaluate the enhanced anticancer effect of mcur@BioCaP by US. According to our study, mcur@BioCaP-16 and mcur@BioCaP-32 notably decreased the viability of 143B cells to 63.81% and 49.75%, respectively. In contrast to 143B cells, OB cells treated with mcur@BioCaP-32 exhibited a cell viability of 88.61%, while the viability of those treated with mcur@BioCaP-16 exceeded 98%. The optimized mcur@BioCaP-16 was selected for further biological evaluation. As shown in Figure 4C, various stimuli did not affect the biological activity of OB cells. However, the mcur@BioCaP-16+US group exhibited lower activity in 143B cells (Figure 4D). These results revealed that US stimulation can significantly enhance the inhibitory activity of mcur@BioCaP-16 on OS cells.




3.5. Migration and Invasion of OS Cells Retarded by US-Enhanced mcur@BioCaP


The migration and invasion of tumor cells are closely associated with cancer metastasis, significantly impacting tumor progression and therapeutic outcomes. Cur has been shown to reverse cellular resistance [25,26] and impede the processes of tumor invasion and metastasis [28]. We performed scratch assays to evaluate the anti-migratory effect of different stimulus on 143B cells. The scratch assay results demonstrated rapid healing of the scratches in the control group, indicating a high migratory capability of 143B cells (Figure 5A, B). Healing observed in both the US stimulation and BioCaP groups closely mirrored that of the control group, suggesting that neither US stimulation alone nor BioCaP significantly alter the migration of 143B cells. Conversely, migration activity in the mcur@BioCaP group was notably suppressed. Furthermore, the addition of ultrasonic stimulation to the mcur@BioCaP group markedly improved its anti-migration on 143B cells, indicating that ultrasonic stimulation enhances the anti-migratory effect of mcur@BioCaP on OS cells.



Furthermore, the invasive ability of 143B cells was evaluated using Transwell cell invasion assays, with Transwell coated in a Matrigel matrix. The control group exhibited a deep purple color, indicating a high invasiveness of 143B cells (Figure 5C,D). The purple intensity in both the US stimulation and BioCaP groups was essentially similar to that of the control group, implying that neither US stimulation alone nor BioCaP impact the invasiveness of 143B cells. In the mcur@BioCaP groups, a diminished purple intensity suggested a decrease in 143B cells’ invasiveness, attributable to mcur. Notably, in the mcur@BioCaP+US groups, the purple intensity was further reduced, indicating that US stimulation amplified the anti-invasive effect of mcur on 143B cells. These results demonstrate that ultrasonic stimulation significantly enhances the anti-migratory and anti-invasive effect of mcur@BioCaP on 143B cells.




3.6. Osteogenic Differentiation Induced by mcur@BioCaP


The osteogenic differentiation of OB cells was evaluated using ALP staining, with ALP activity serving as a crucial marker of early osteoblast differentiation. As shown in Figure 6A, the mcur@BioCaP-16 treatment significantly stimulated ALP activity in OB cells over a 7-day period. Notably, the mcur@BioCaPgroup demonstrated a higher increase in ALP activity compared to both the control and BioCaP groups, indicating a better osteogenic effect (Figure 6B). The anticancer and osteogenic potentials of mcur@BioCaP were consistent with the concentration of mcur in the composites. Achieving a balance between biosafety and anticancer efficacy in anticancer-drug-integrated tissue repair materials is a critical consideration for clinical applications. This study underscores the potential of Cur-integrated calcium phosphate materials to facilitate bone formation and concurrently eliminate cancer cells within a specific concentration range, highlighting their significance in the development of Cur-based multifunctional therapeutic materials for treating bone tumors.



Osteogenic differentiation of OB cells under different stimuli was further assessed through ARS staining, a late-stage marker of osteoblast differentiation. After 14 days of treatment, both the control and BioCaP groups exhibited a staining of ARS mineralization nodules (Figure 6C). In contrast, the mcur@BioCaP group demonstrated significantly enhanced mineralization formation (Figure 6D). Among all samples, the mcur@BioCaP+US group showed the highest osteogenic activity, enhancing mineralization by 1.68 times compared to the BioCaP group and by 1.2 times compared to the mcur@BioCaP group. These results suggest that US treatment further enhances the osteogenic properties of Cur-based multifunctional therapeutic materials.





4. Discussion


To tackle the significant challenges of post-surgical OS treatment, including bone defects, potential cancer recurrence and metastasis, we developed an innovative therapeutic solution based on a multifunctional biomaterial (mcur@BioCaP) that can be enhanced by US stimulation. This multifunctional biomimetic mineral was developed through a drug-molecule-mediated wet biomimetic mineralization process. The mcur@BioCaP exhibited a drug-dose-dependent, customizable change in its micro/nanostructure (Figure 1A,B). Penetration capacity plays an important role in post-surgical OS treatment. In this study, mcur@BioCaP subjected to 1 min US showed a significant increase in fluorescence area by 22.3% over the same period, which was 10 times higher than that of the group without US stimuli (Figure 2A,B). Moreover, US also illustrates the synergistic efficiency of OS and OB cells. In vitro anticancer characteristics play a key role in assessing the anticancer potential of biomaterials. The combination of US and mcur@BioCaP demonstrated markedly inhibited OS cell viability than the mcur@BioCaP or US group (Figure 4C,D). This enhancement is ascribed to ROS production from the integrated drug molecule, activated by US (Figure 3A,B).



Curcumin has been reported to inhibit OS development via various mechanisms, including apoptosis and some miRNA expression, metastasis, etc. [41]. Meanwhile, curcumin induces apoptosis through intrinsic and extrinsic pathways via different targets, such as p53, Bax, Fas, and Bcl-2 [42]. However, its anticancer efficiency is still not as strong as that of clinically used drugs. The inclusion of curcumin in chemotherapy is a promising strategy, as it has been reported that curcumin protects normal tissues from doxorubicin and cisplatin toxicities [43,44]. Curcumin has been proven to be a safe antioxidant (maximum 12 g/day) [44], and therefore curcumin has the potential to improve the synergistic effect, reverse chemoresistance and protect healthy tissues [43,45]. Although it seems curcumin is a drug with great synergistic effort with chemotherapy, there is limited in vivo and clinical research about this strategy in the treatment of OS. Further strategies are still required. Therefore, mcur@BioCaP with US was designed in this study to achieve a sustained release of mcur and with facilitated penetration capacity to avoid tumor migration and invasion in the long run, and promote osteogenesis in the drug-releasing period.



Metastasis is still regarded the most difficult challenge in OS post-surgical treatment, with only 30% survival rates in the diagnosed OS patients [46]. Modified curcumin analog is regarded as a promising OS treatment agent, as it inhibits metastasis and migration in human OS cell lines. One of the key steps in tumor metastasis is migration, which is driven by actin polymerization-mediated cell membrane protrusion and extracellular matrix interaction (ECM), which then facilitate cells’ migration from one side to another [47,48]. Thereafter, to commence the metastasis process, the tumor cells adhere to the ECM and invade surrounding tumor tissues, then propelling into the blood vessels and lymphatic system [47]. The current study revealed that the combination of US and mcur@BioCaP showed a significantly inhibited wound closure compared to the US or mcur@BioCaP treatments alone for human 143B OS cell lines (Figure 5A,B). Moreover, this pattern can also be observed in the Transwell invasion study, where the combination of US and mcur@BioCaP substantially decreased the number of invaded OS cells (Figure 5C,D).



In vitro osteogenesis capacity plays a key role in assessing an anticancer biomaterial for OS treatment. In this study, we co-precipitated mcur in BioCaP and combined it with US to investigate the osteogenic efficiency of the new strategy. A blank control group without any treatment was included; the combination of mcur@BioCaP and US showed the highest osteogenic activity, enhancing calcium nodule formation by 1.68 times compared to the BioCaP group and by 1.2 times compared to the mcur@BioCaP group. The significantly increased osteogenesis of US might be attributed to the mechanical stress of US. Osmotic stress, fluid shear, pressure and stretch induce the extracellular ATP release in some cell types [49,50]. Osteoblasts are also included, where the extracellular release of ATP is activated via both inductive and constitutive mechanisms [51]. It has been demonstrated that the secretion of extracellular ATP promotes osteogenesis in rat calvarial cells in vitro [52]. These findings highlight novel therapeutic strategies for the post-surgical comprehensive management of bone tumors, leveraging the integrated-drug multifunctional biomaterials to improve treatment outcomes.




5. Conclusions


mcur@BioCaP was synthesized by the wet biomimetic mineralization technique with the presence of mcur in the mineralization system. A morphological examination exhibited an mcur-dose-dependent, tailorable alteration in its micro/nanostructure. The combination of mcur@BioCaP with US inhibits OS cell viability, tumor migration and tumor invasion to 62.2% ± 6.3%, 63.9% ± 6.6%, and 57.0 ± 3.7 OS cells per version respectively; these values were significantly lower than those of mcur@BioCaP or US used alone. Meanwhile, after 1 min US treatment, mcur@BioCaP showed a fluorescence coverage of 22.3%, which was 10 times higher than that of mcur@BioCaP alone, indicating that US significantly facilitated the mcur penetration of mcur@BioCaP. Moreover, the results of osteogenic differentiation confirmed that the combination of mcur@BioCaP with US stimuli effectively promotes calcium nodule formation by 1.2 times compared to the mcur@BioCaP group. In conclusion, our study highlights the anticancer and osteogenesis characteristics of the combination of mcur@BioCaP and US, making it a promising candidate for OS treatment requiring osteogenesis and inhibition of tumor metastasis.
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Figure 1. Surface morphology of BioCaP and different mcur@BioCaP crystals. (A) SEM images of mcur@BioCaP coating synthesized in the mineralization solutions containing different mcur concentration, scale bar = 5 µm. (B) Crystal morphology of the mcur@BioCaP, scale bar = 1 µm. 
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Figure 2. Ultrasound enhances drug penetration of mcur@BioCaP. (A) The change in fluorescence intensity observed by CLSM, scale bar = 100 µm. (B) Quantitative analysis of the fluorescence intensity change. Statistical difference ** p < 0.01. 
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Figure 3. Ultrasound-induced ROS production in OS cells. (A) ROS production in OS cells observed by CLSM, scale bar = 100 µm. (B) Quantitative analysis of intracellular ROS after US treatment. Statistical difference ** p < 0.01. 
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Figure 4. US-enhanced anticancer activities of mcur@BioCaP. (A) Cell viability of OB cells after treatment with US, n = 6. (B) Cell viability of OS cells after treatment with US, n = 6. (C) Cell viability of OB cells following treatment with mcur@BioCaP and 1 min of US exposure, n = 6. (D) Cell viability of OS cells following treatment with mcur@BioCaP and 1 min US, n = 6. Statistical difference ** p < 0.01. 
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Figure 5. US-mediated retardation of migration and invasion in OS cells. (A) Migration of OS cells under the influence of US treatment, scare bar = 100 µm. (B) Quantitative analysis of OS cell migration following US treatment. (C) Invasion of OS cells facilitated by US treatment, scare bar = 100 µm. (D) Quantitative analysis of OS cell invasion post US treatment. Statistical difference * p < 0.05, ** p < 0.01. 
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Figure 6. Osteogenic differentiation of OB cells treated by different stimulus. (A) ALP staining of OB cell samples treated with mcur@BioCaP-16 on day 7, bar = 500 µm. (B) ALP activity of OB cells, n = 6. (C) ARS staining of OB cells samples treated with mcur@BioCaP-16 after US treatment at day 14. (D) RAS activity of OB cells, n = 6. Statistical difference ** p < 0.01. 
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