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Osteosarcoma (OS) is the most common malignant bone tumor in children and adolescents. Chemotherapy drugs play an integral role in OS treatment. Preoperative neoadjuvant chemotherapy and postoperative conventional adjuvant chemotherapy improve survival in patients with OS. However, the toxic side effects of chemotherapy drugs are unavoidable. Cardiotoxicity is one of the common side effects of chemotherapy drugs that cannot be ignored. Chemotherapy drugs affect the destruction of mitochondrial autophagy and mitochondria-associated proteins to cause a decrease in cardiac ejection fraction and cardiomyocyte necrosis, which in turn causes heart failure and irreversible cardiomyopathy. Biomaterials play an important role in nanomedicine. Biomaterials act as carriers to deliver chemotherapy drugs precisely around tumor cells and continuously release carriers around the tumor. It not only promotes anti-tumor effects but also reduces the cardiotoxicity of chemotherapy drugs. In this paper, we first introduce the mechanism by which chemotherapy drugs commonly used in OS cause cardiotoxicity. Subsequently, we introduce biomaterials for reducing cardiotoxicity in OS chemotherapy. Finally, we prospect biomaterial delivery strategies to reduce cardiotoxicity in OS.
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1 INTRODUCTION
Osteosarcoma (OS) is the most common malignancy in children and adolescents, accounting for 0.2 percent of all malignancies (Rossi and Del Fattore, 2023). In the US, approximately 4.4 patients per million children and adolescents have OS (Longhi et al., 2006). OS originates from mesenchymal stem cells and occurs in the long diaphyseal epiphysis in children and adolescents, more commonly in the distal femur, proximal tibia, and humerus (Brown et al., 2018; Dong et al., 2022). OS is highly aggressive and often causes pathological fractures and excruciating pain (Franchi, 2012). The prognosis of OS is poor because of its early metastasis and high drug resistance, and the lung is the most common metastatic organ for OS (Farnood et al., 2023). Although surgery and chemotherapy respond well to most malignancies, long-term survival in osteosarcoma is less than 30 percent (Luetke et al., 2014). The rarity of OS and the lack of reliable markers make OS difficult to diagnose and detect early (Beird et al., 2022). The high mortality rate of OS not only brings a heavy financial burden to the patient’s family but also brings great challenges to clinicians.
Surgical resection is usually an effective means of early OS treatment. Amputation is usually the classic treatment for OS, and although it can cure early OS, it can seriously affect the quality of life (Zhang et al., 2022). Neoadjuvant chemotherapy prior to surgical resection and adjuvant chemotherapy after surgery are usually essential (Khadembaschi et al., 2022a). Neoadjuvant chemotherapy reduces the volume of the primary tumor of OS, reduces the rate of OS metastasis, and increases the limb salvage rate of OS (Khadembaschi et al., 2022b). OS without metastasis has a 5-year survival rate of 70 percent (Bielack et al., 2010). Despite new advances in neoadjuvant chemotherapy, effective treatment of OS has not improved (Panez-Toro et al., 2023). This may be related to the fact that OS is resistant to chemotherapy. For chemotherapy-resistant metastatic patients, radiation therapy is another palliative option for prolonging the patient’s life (Ren et al., 2019). Unfortunately, OS cells are not sensitive to radiation therapy, which only prolongs OS survival by 6 months (Ren et al., 2019). Treatment of cases of unresectable metastatic or recurrent OS relies primarily on chemotherapy (Strauss et al., 2021). However, chemotherapy drugs have poor targeting (Panez-Toro et al., 2023). For children and adolescents, timely chemotherapy drugs can target tumor cells, but the side effects of chemotherapy drugs, especially cardiotoxicity, are still a big blow (Heng et al., 2020).
Biomaterials are widely used in various fields of nanomedicine and regenerative medicine because of their biohistocompatibility, targeting, and degradability (Quadros et al., 2021). Over the past few years, a variety of biomaterials have been developed for chemotherapy of malignancies (Xia et al., 2022a). Biomaterials have been developed to encapsulate various chemotherapy drugs and efficiently deliver them to tumor tissue, reducing off-target side effects and side effects of chemotherapy drugs (Zhang et al., 2022). In this article, we first introduce chemotherapy drugs applied to osteosarcoma. Second, we describe the mechanism of cardiotoxicity of chemotherapy drugs. Finally, we summarize and prospect biomaterials for reducing the cardiotoxicity of chemotherapy drugs in the treatment of osteosarcoma.
2 CARDIOTOXICITY OF FIRST-LINE CHEMOTHERAPY DRUGS FOR OSTEOSARCOMA
2.1 Doxorubicin
Doxorubicin (DOX) is an anthracycline chemotherapy drug used in solid tumors and hematologic malignancies. DOX is widely used and is one of the most commonly used chemotherapy drugs for intermediate and advanced tumors (Chatterjee et al., 2021). DOX plays an important role in cancers such as breast cancer (BC), hematologic tumors, and OS (Rawat et al., 2021). The main mechanism of action of DOX is to inhibit DNA replication and topoisomerase II (Top2) activity of tumor cells, resulting in DNA double-strand breaks that affect the proliferation ability of tumor cells (Corremans et al., 2019). DOX not only has a killing effect on tumor cells, but also has toxic side effects on normal tissue cell fluid, DOX is mainly manifested as nephrotoxicity, hair loss, liver toxicity, chemotherapy brain and bone marrow suppression, and other toxic side effects (Du et al., 2021). But what is more serious about DOX is its toxicity to the heart. Due to its dose-dependent nature, the clinical use of DOX is hampered by life-threatening cardiotoxicity, including cardiac dilation and heart failure (Wu et al., 2023). Studies have shown that DOX induces chronic heart failure beyond its cumulative dose (700 mg/m in adults and 300 mg/m in children) (Xu et al., 2020). Approximately 30 percent of patients develop acute cardiotoxicity following DOX administration, with ST-segment changes, tachycardia, and premature ventricular beats (Ahmad et al., 2022). Most of the symptoms of acute cardiotoxicity can be reversed, and once acute cardiotoxicity persists, it will induce chronic toxicity to the heart. Chronic cardiotoxicity occurs mainly weeks or even months after DOX administration, and the main symptoms are irreversible cardiomyopathy and even congestive heart failure (Koleini et al., 2019). The specific molecular mechanism of DOX cardiotoxicity remains unknown (Feng and Wu, 2023). Studies have shown that the cardiotoxicity of DOX is primarily associated with the destruction of mitochondrial autophagy and mitochondria-associated proteins (Wang et al., 2019). Mitochondrial damage affects mitochondrial substrate metabolism, mitochondrial respiratory chain, and myocardial ATP storage and utilization in tumor cells (Ling et al., 2022). Mechanisms such as oxidative stress, inflammation, iron diesis, imbalanced calcium balance, apoptosis, and autophagy are all implicated in the cardiotoxicity of DOX (Chen et al., 2022).
2.2 Platinum-based chemotherapy drugs
Platinum-based chemotherapy is one of the first-line treatments for solid tumors (Weiss and Christian, 1993). The most commonly used platinum chemotherapy drugs in clinical practice are cisplatin, carboplatin and oxaliplatin. Cisplatin is the more commonly used platinum-based chemotherapy agent in the treatment of OS than other platinum-based chemotherapy drugs (Qi et al., 2019). Cisplatin, also known as cis-diamine dichloroplatin, mainly binds to the N7 position on the purine ring and causes DNA damage to tumor cells by blocking cell division leading to apoptosis (Minerva et al., 2023). After DNA damage, tumors lose their ability to proliferate, thereby inducing oxidative stress, upregulating p53, mitogen-activated protein kinase (MAPK) and Jun N-terminal kinase (JNK) or Akt pathways, and inducing apoptosis (Gupta and Nebreda, 2015). Cisplatin also has a killing effect on normal tissue cells, mainly including hepatotoxicity, cardiotoxicity, neurotoxicity, etc. (Zhu et al., 2022). Cardiotoxicity with cisplatin alone has been reported to be rare (Jakubowski and Kemeny, 1988). Between 1980 and 2017, only five clinical studies reported cardiotoxicity from cisplatin (Hu et al., 2018). Cisplatin has relatively early cardiotoxic effects, mainly causing arrhythmias leading to ECG changes and chronic heart failure (Fukuhara et al., 2014). Yang et al. reported a decrease in left ventricular ejection fraction (LVEF) from 70% to 48% in a 53-year-old woman with cervical cancer after 3 weeks of cisplatin application (Hu et al., 2018). Although cisplatin alone has not been reported to cause cardiotoxicity, we cannot ignore this problem. The mechanism of cisplatin’s cardiotoxicity remains unknown. Most current views support that cisplatin promotes cardiomyocyte apoptosis by upregulating ROS and mitochondrial DNA disruption leading to mitochondrial dysfunction (Ma et al., 2020).
2.3 Methotrexate
Methotrexate is a folate analog that inhibits the activity of dihydrofolate reductase by competing with substrates, resulting in defects in purine and pyrimidine synthesis (Bidaki et al., 2017). Decreased purine and pyrimidine synthesis inhibit tumor cell proliferation, and as a result, methotrexate is also used as an antineoplastic drug (Malaviya, 2016). Methotrexate is mostly used in rheumatoid arthritis and rarely as an antitumor treatment alone (Zhao et al., 2022). Methotrexate is often used in combination with other chemotherapy drugs for antitumor therapy. For example, fluorouracil, doxorubicin, and methotrexate are used for gastric cancer, cyclophosphamide, methotrexate, and 5-fluoropyrimidine are used for advanced breast cancer, and methotrexate, vinblastine, doxorubicin, and cyclophosphamide are used for bladder cancer (Walling, 2006). The chemotherapy regimen in OS is methotrexate-DOX-cisplatin (Smrke et al., 2021). Methotrexate is excreted primarily through the kidneys, and nephrotoxicity is caused by methotrexate crystals in the tubular lumen, leading to tubular toxicity leading to acute kidney injury (Christensen et al., 2012). Methotrexate reduces inflammation, improves cardiovascular risk factors, reduces mortality, and generally has a protective effect on the heart (Bălănescu et al., 2019). However, high doses of methotrexate are toxic to the heart. Shah et al. reported a decrease in ejection fraction and an acute decline in biventricular function in a 54-year-old man with systemic sclerosis after taking methotrexate (Shah et al., 2022). The mechanism of action of methotrexate inducing cardiotoxicity is still very clear. Methotrexate-induced cardiac damage manifests as distortion of normal cardiac tissue structure, significant oxidative and nitrosizing stress, along with decreased glutathione concentration and decreased superoxide dismutase activity, which in turn affects myocardial function (Perez-Verdia et al., 2005; Al-Taher et al., 2020).
2.4 Ifosfamide/ifosfamide
Cyclophosphamide is an alkylating agent and immunosuppressant that is widely used in antitumor, organ transplantation, and anti-graft rejection reactions (Song et al., 2016). Cyclophosphamide is primarily used in combination chemotherapy regimens for lymphoma, leukemia, breast, lung, and neuroblastoma (Emadi et al., 2009; Iqubal et al., 2019). Cyclophosphamide binds to guanine residues of tumor cell DNA and causes tumor death (Veal et al., 2016). The pharmacological effects of cyclophosphamide depend on the metabolism of the drug, the dose administered, and the timing of administration (Huyan et al., 2011). The cardiotoxicity of cyclophosphamide is one of the important factors limiting its wide clinical application. Although the mechanism of cyclophosphamide cardiotoxicity has not been completely cleared, the current general consensus is mainly in the following aspects. Cyclophosphamide induces oxygen radical production and inflammation in cardiomyocytes, and its metabolites also reduce the production of endothelial nitric oxide synthase phosphorylation (Iqubal et al., 2019). Cyclophosphamide also induces activation of the p53 and p38 mitogen-activating protein kinase pathways, leading to cardiac apoptosis, inflammation, and hypertrophy (DeJarnett et al., 2014).
Ifosfamide is more commonly used in chemotherapy for OS than cyclophosphamide (Spalato and Italiano, 2021). Similar to cyclophosphamide, ifosfamide is a cell-cycle, nonspecific antineoplastic agent that can be hydrolyzed by phosphoramidase to phosphamide mustard in humans for antitumor effects (Palmerini et al., 2020). The most common adverse effect of ifosfamide is central system toxicity, which occurs in nearly 20 percent of patients with severe hallucinations, confusion, or episodes of drowsiness and coma called ifosfamide encephalopathy (Lee Brink et al., 2020; Ilyas et al., 2021). The toxic effects of ifosfamide on the heart are also not fully understood. Similar to cyclophosphamide, ifosfamide induces oxygen radical production and inflammation in cardiomyocytes, inducing apoptosis in cardiomyocytes (Savani and Skubitz, 2019). Chemotherapy regimens of doxorubicin, cisplatin, ifosfamide, and/or high-dose methotrexate are considered first-line chemotherapy agents for OS (Marec-Berard et al., 2020). However, the cardiotoxicity of chemotherapy drugs is inevitable, and the development of biomaterials to deliver chemotherapy drugs to reduce cardiotoxicity is the development trend of OS therapy.
3 BIOMATERIALS REDUCE CARDIOTOXICITY OF OS CHEMOTHERAPY
3.1 Extracellular vesicles
Extracellular vesicles (EVs) are vesicle-like structures with a diameter of 30–150 nm produced by living cells (Lee and Kim, 2021). As an emerging mode of intercellular communication, EVs can deliver RNA, proteins, and other carriers to target cells, thereby regulating the proliferation and differentiation of target cells and affecting the structure and function of target cells (Chang et al., 2021). The advantage of EVs as delivery vehicles is that they can fuse membranes with target cells without destroying the carrier five, thereby releasing the carrier into the target cell (Xia et al., 2022b). EVs produced by cells from different sources have cell-homing effects at different locations in the body (Wiklander et al., 2015). This property makes EVs uniquely targeted. Chemical modifications also give EVs more precise targeting ability, and EVs have more systemic toxic side effects than other biological materials. Wei et al. used bone marrow-derived EVs to deliver DOX (EVs-Dox) to reduce the cardiotoxicity of DOX in OS therapy (Wei et al., 2022). The EVs loaded with DOX have a diameter of 178.1 nm. EVs-Dox is more toxic to tumor cells than DOX and much less toxic to cardiomyocytes than DOX. EVs-DOX can target OS cells in vivo, effectively inhibiting the proliferation and migration of OS cells. At 12 h in vivo, the concentration of EVs-DOX in cardiomyocytes was much lower than in the DOX group. This is mainly due to the fact that Evs can express SDF-1 protein, and the interaction of Stromal cell-derived factor-1 (SDF-1) and C-X-C motif chemokine receptor 4 (CXCR4) induces DOX-loaded EVs to tend to osteosarcoma sites, reducing the accumulation of cardiomyocytes and reducing the cardiotoxicity of DOX.
3.2 Liposomes
The FDA-approved DOX liposomal preparation, Caelyx, is significantly less cardiotoxic and well tolerated (De Sanctis et al., 2015). DOX liposomes reduce the expression of P-glycoprotein, which is the main mediator of DOX cardiotoxicity. OS also expresses CD44 receptors. Gazzano et al. made HA-Lsdox by coupling DOX liposomes with hyaluronic acid (HA) (Gazzano et al., 2019). HA is a donor to CD44, and the high expression of CD44 in OS makes it an ideal target to increase HA-Lsdox delivery to tumors. HA-Lsdox has a size range of 190 nm–204 nm and effectively releases DOX in vivo to promote apoptosis of tumor cells. HA-Lsdox can also promote sulfation and ubiquitination of P-glycoprotein, reducing the cardiotoxic effect of DOX. Nanomicelles can enhance the enhanced permeability and retention (EPR) effect of tumor cells, and the inert groups on the surface of nanomicelles can effectively reduce the uptake of drugs by other normal tissue cells, thereby effectively reducing the side effects of drugs (Riley et al., 2019). Chen et al. synthesized a photoresponsive DOX conjugated polymer (Poly-Dox-M) (Figure 1) (Chen et al., 2021). Nanomicelles indicate cross-linked polyethylene glycol (PEG), which is stable in vivo after self-assembly into Poly-Dox-M due to the inert nature of PEG. Poly-Dox-M has a diameter of 27 nm and a drug loading rate of 13.62%. The surface-inert PEG is decomposed by amide bond destruction after several minutes of UV irradiation, promoting the release of DOX by Poly-Dox-M. In vivo, experiments have shown that Poly-Dox-M accumulates in large numbers of tumor cells compared to DOX, while the heart, spleen, liver, lungs, and kidneys are very small. As a result, Poly-Dox-M reduces the toxic side effects caused by DOX. This may be due to the lack of ultraviolet light exposure to vital organs, and Poly-Dox-M cannot break down the DOX that releases its load, thus reducing the visceral toxicity of DOX. The cardiotoxic effects of DOX liposomes in reducing DOX have been clinically proven. Huang et al. demonstrated that ifosfamide combined with DOX liposomes for OS treatment can reduce cardiotoxicity compared with ifosfamide plus DOX (Huang et al., 2022). Yang et al. demonstrated that PEG-DOX clinically reduces the cardiotoxicity of DOX (Yang et al., 2020).
[image: Figure 1]FIGURE 1 | Schematic illustration of the self-assembly and responsive breakage of Poly-Dox micelles, and the process of tumor therapy. DOX self-assembles into photoresponsive polymeric micelles. After tail vein injection in mice, polymeric micelles can aggregate around tumor cells due to the EPR effect. Increase the concentration of DOX in tumor cells to achieve anti-tumor effect. Reproduced with permission from (Chen et al., 2021).
3.3 Nanoparticles
Wang et al. made PCP-PEG-ALD nanoparticles from aldehyde rubicin (ALD), positively charged proteins (PCP), and PEG (Wang et al., 2021). The solubility of ALD is extremely low, and poor bioavailability limits its clinical use (Gong et al., 2018). PCP-PEG-ALD nanoparticles have good biocompatibility. PCP-PEG-ALD nanoparticles have a diameter of 200 nm, which has a hihg encapsulation rate for ALD and can deliver ALDto tumor cells. PCP-PEG-ALD nanoparticles can kill tumor cells (survival rate 29%) without causing damage to normal cells (survival rate 95%). Compared with DOX-induced focal necrosis of cardiomyocytes, PCP-PEG-ALD nanoparticles only cause mild symptoms of myocardial stromal adiposia. Feng et al. used the principle that redox-sensitive nanoparticles containing disulfide bonds were used to respond to the redox potential of tumor cells, and coupled bone-targeted partial alendronate (ALN) with the CD44 ligand hyaluronic acid (HA) to form functionalized liposomes (ALN-HA-SS-L-L) for DOX delivery (Figure 2) (Feng et al., 2019). ALN-HA-SS-L-L is able to target bone tumors in vivo and break disulfide bonds within tumor cells to release DOX to achieve anti-tumor effects. ALN-HA-SS-L-L released 3% and 72% of DOX in the first 6 h and 23 h, respectively. In vivo experiments, free DOX treatment was confirmed to cause severe cardiotoxicity and liver and kidney damage, while ALN-HA-SS-L-L/DOX treatment reduced cardiotoxicity and inhibited lung metastases.
[image: Figure 2]FIGURE 2 | Alendronate (ALN) is coupled to the CD44 ligand hyaluronic acid (HA). The ALN-HA conjugate was conjugated to DSPE-PEG 2000–COOH to obtain functionalized lipid ALN-HA-SS-L by a bioreducible disulfide bonder (−SS−), which was inserted into a preformed liposome loaded with doxorubicin (DOX). ALN-HA-SS-L-L/DOX is significantly more cytotoxic to human OS MG-63 cells with high and rapid cell uptake. The antitumor effects of various liposomes are the same as those shown by in vivo/ex vivo imaging. In the in situ OS nude mouse model, ALN-HA-SS-L-L/DOX showed significant tumor growth inhibition and prolonged survival. Reproduced with permission from (Feng et al., 2019).
3.4 Hydrogels
Hydrogels are plastic, adherent, biocompatible, and biodegradable and widely used in tissue engineering and nanomedicine (Liang et al., 2023). Topical delivery systems for hydrogel drugs are able to deliver anticancer drugs directly to the target, reducing the toxic effects of chemotherapy drugs (Yoo et al., 2018). β-cyclodextrin (β-CD) can be used as a nanoscale drug carrier for anticancer drugs, enhancing the water solubility of drugs (Li et al., 2015). Sun et al. made DOX, cisplatin-loaded β-CD into nanoscale HP-β-CD drug-delivery hydrogels for combination chemotherapy for OS (Yoon et al., 2019). HP-β-CD hydrogels continuously release DOX and cisplatin for anti-tumor effects. In vitro experiments have confirmed that HP-β-CD hydrogel can reduce the proliferation rate of tumor cells. HP-β-CD hydrogel can reduce tumor volume in vivo for 4 weeks. Cao et al. used a hydrogel-microsphere (Gel-Mps) complex composed of collagenase (Col) and PLGA microspheres (Mps) to carry pioglitazone (Pio) and Dox to achieve combined chemotherapy for OS (Cao et al., 2023). Gel-MPS has a highly biodegradable, extremely efficient, and low-toxicity sustained drug release effect, showing an effective inhibitory effect on tumor proliferation. The average size of Mps is 3.97μm, and the load ratios of Dox and Pio are 3.79% and 13.69%, respectively. In vitro experiments, Gel-Mps was able to achieve sustained release of Dox and Pio within 20 days. In vivo experiments have shown that Gel-Mps can reduce the migration and proliferation of tumor cells. The Pio released by Gel-Mps can also reduce the expression of P-glycoprotein, and reduce cardiotoxicity and resistance to chemotherapy drugs.
3.5 Polymer brackets
OS often leads to increased destruction, often resulting in bone non-regeneration and severe pain (Whelan and Davis, 2018). Bioscaffolds can provide support around OS, providing a foundation for bone regeneration. He used poly(-lactide-collective) and polyethylene glycol (PEG) to make bioscaffolds for loading DOX (Figure 3) (He et al., 2022). The average diameter of the biological scaffold was (0.86 ± 0.03) mm and the length was (4.22 ± 0.26) mm, and the loading ratio of DOX was 78.0% ± 6.32%. In vitro experiments showed that the polymeric scaffold released about 26.4% of DOX within 2 hours, and was able to release all DOX within 15 days. Compared with DOX, DOX in stents can achieve in situ release around the tumor, reduce DOX accumulation in the heart, and reduce cardiotoxicity. Polymethyl methacrylate (PMMA) is a bone substitute with excellent formability, high mechanical strength, and appropriate biocompatibility (van Vugt et al., 2019). PMMA can release heat, causing thermal necrosis of tumor cells, resulting in local antitumor effects (Gaston et al., 2011). However, the thermal effects of PMMA often cause normal cell necrosis, and cement leakage also limits the widespread use of PMMA cement (Dolan et al., 2012). Wang et al. used carboxymethylcellulose (CMC) to increase the porosity of PMMA cement for enhanced cisplatin delivery (Wang et al., 2022). The addition of CMC reduces the compressive strength of PMMA. Bone cement has a porosity of 30–40 μm and a cisplatin loading rate of 16.6% ± 1.1%. Bone cement continuously releases cisplatin within 14 days to achieve the chemotherapy effect of bone cement.
[image: Figure 3]FIGURE 3 | The schematic illustration of the DOX-loaded implant for intratumoral chemotherapy. Preparation of the DOX-loaded implant. DOX, PLGA, PEG are made of degradable polymer scaffolds, and polymer scaffolds can continuously release DOX into the tumor to achieve anti-tumor effects. After 20 days, tumor cells were observed to shrink. Reproduced with permission from (He et al., 2022).
4 CONCLUSION AND OUTLOOK
As one of the most important organs of the human body, the role of the heart cannot be ignored. Although the cardiotoxicity of chemotherapy drugs is not fully understood, it has been agreed that they affect the ejection fraction of the heart and cardiomyocyte function, and thus cause heart failure and cardiomyocyte death by inhibiting mitochondrial activity. Although chemotherapy drugs have achieved good results in the treatment of advanced tumors, the adverse effects of chemotherapy drugs are often unbearable and painful for patients. Chemotherapy drugs kill tumor cells as well as normal tissue cells. This is a puzzle that clinicians cannot solve. How to reduce the toxicity of chemotherapy drugs remains a difficult problem for clinicians. The emergence of biomaterials has made great strides in tissue engineering and nanomedicine. Biomaterial delivery strategies have made major breakthroughs in bone regeneration, anti-tumor, tissue repair, and regenerative medicine. Nanoparticles, hydrogels, scaffolds, etc., based on PLGA, PEG, chitosan, gelatin, alginate, bioactive glass, etc., have been designed for anti-tumor treatment, and their effects have been confirmed in preclinical studies. Although biomaterial delivery strategies have achieved good results in preclinical studies, few have been truly applied clinically. At present, albumin paclitaxel chemotherapy drugs are widely used in clinical practice as a mature chemotherapy drug. However, other nanomaterials for delivery are still only in their initial stages. Preclinical research still needs to address the biological activity of biomaterials in vivo meet the persistence of antitumor therapy and reduce the side effects of chemotherapy drugs. Future research still needs to further develop biomaterials to reduce the cardiotoxicity of chemotherapy drugs. Based on the results achieved in current preclinical studies, we believe that sooner or later the toxic effects of biomaterials in reducing the toxicity of chemotherapy drugs will be applied to the clinic on a large scale.
AUTHOR CONTRIBUTIONS
YH: Writing–original draft. JeW: Writing–review and editing. JaW: Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article.
ACKNOWLEDGMENTS
We would like to express our appreciation to everyone who was involved in the drafting and preparation of the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ahmad, N., Ullah, A., Chu, P., Tian, W., Tang, Z., and Sun, Z. (2022). Doxorubicin induced cardio toxicity through sirtuins mediated mitochondrial disruption. Chemico-biological Interact. 365, 110028. doi:10.1016/j.cbi.2022.110028
 Al-Taher, A. Y., Morsy, M. A., Rifaai, R. A., Zenhom, N. M., and Abdel-Gaber, S. A. (2020). Paeonol attenuates methotrexate-induced cardiac toxicity in rats by inhibiting oxidative stress and suppressing TLR4-induced NF-κB inflammatory pathway. Mediat. Inflamm. 2020, 8641026. doi:10.1155/2020/8641026
 Bălănescu, A. R., Bojincă, V. C., Bojincă, M., Donisan, T., and Bălănescu, S. M. (2019). Cardiovascular effects of methotrexate in immune-mediated inflammatory diseases. Exp. Ther. Med. 17, 1024–1029. doi:10.3892/etm.2018.6992
 Beird, H. C., Bielack, S. S., Flanagan, A. M., Gill, J., Heymann, D., Janeway, K. A., et al. (2022). Osteosarcoma. Nat. Rev. Dis. Prim. 8, 77. doi:10.1038/s41572-022-00409-y
 Bidaki, R., Kian, M., Owliaey, H., Babaei Zarch, M., and Feysal, M. (2017). Accidental chronic poisoning with methotrexate; report of two cases. Emerg. (Tehran, Iran. 5, e67.
 Bielack, S., Jürgens, H., Jundt, G., Kevric, M., Kühne, T., Reichardt, P., et al. (2010). “Osteosarcoma: The COSS experience,” in Pediatric and adolescent osteosarcoma ed . Editors N. Jaffe, O. S. Bruland, and S. Bielack (Boston, MA, USA: Springer US), 289–308.
 Brown, H. K., Schiavone, K., Gouin, F., Heymann, M.-F., and Heymann, D. (2018). Biology of bone sarcomas and new therapeutic developments. Calcif. Tissue Int. 102, 174–195. doi:10.1007/s00223-017-0372-2
 Cao, J., Du, X., Zhao, H., Zhu, C., Li, C., Zhang, X., et al. (2023). Sequentially degradable hydrogel-microsphere loaded with doxorubicin and pioglitazone synergistically inhibits cancer stemness of osteosarcoma. Biomed. Pharmacother. 165, 115096. doi:10.1016/j.biopha.2023.115096
 Chang, W.-H., Cerione, R. A., and Antonyak, M. A. (2021). “Extracellular vesicles and their roles in cancer progression,” in Cancer cell signaling: Methods and protocols ed . Editor M. Robles-Flores (New York, NY, USA: Springer US), 143–170.
 Chatterjee, S., Hofer, T., Costa, A., Lu, D., Batkai, S., Gupta, S. K., et al. (2021). Telomerase therapy attenuates cardiotoxic effects of doxorubicin. Mol. Ther. J. Am. Soc. Gene Ther. 29, 1395–1410. doi:10.1016/j.ymthe.2020.12.035
 Chen, J., Qian, C., Ren, P., Yu, H., Kong, X., Huang, C., et al. (2021). Light-responsive micelles loaded with doxorubicin for osteosarcoma suppression. Front. Pharmacol. 12, 679610. doi:10.3389/fphar.2021.679610
 Chen, Y., Shi, S., and Dai, Y. (2022). Research progress of therapeutic drugs for doxorubicin-induced cardiomyopathy. Biomed. Pharmacother. 156, 113903. doi:10.1016/j.biopha.2022.113903
 Christensen, A. M., Pauley, J. L., Molinelli, A. R., Panetta, J. C., Ward, D. A., Stewart, C. F., et al. (2012). Resumption of high-dose methotrexate after acute kidney injury and glucarpidase use in pediatric oncology patients. Cancer 118, 4321–4330. doi:10.1002/cncr.27378
 Corremans, R., Adão, R., De Keulenaer, G. W., Leite-Moreira, A. F., and Brás-Silva, C. (2019). Update on pathophysiology and preventive strategies of anthracycline-induced cardiotoxicity. Clin. Exp. Pharmacol. Physiology 46, 204–215. doi:10.1111/1440-1681.13036
 De Sanctis, R., Bertuzzi, A., Basso, U., Comandone, A., Marchetti, S., Marrari, A., et al. (2015). Non-pegylated liposomal doxorubicin plus ifosfamide in metastatic soft tissue sarcoma: Results from a phase-II trial. Anticancer Res. 35, 543–547.
 DeJarnett, N., Conklin, D. J., Riggs, D. W., Myers, J. A., O'Toole, T. E., Hamzeh, I., et al. (2014). Acrolein exposure is associated with increased cardiovascular disease risk. J. Am. Heart Assoc. 3, e000934. doi:10.1161/JAHA.114.000934
 Dolan, E. B., Haugh, M. G., Tallon, D., Casey, C., and McNamara, L. M. (2012). Heat-shock-induced cellular responses to temperature elevations occurring during orthopaedic cutting. J. R. Soc. Interface 9, 3503–3513. doi:10.1098/rsif.2012.0520
 Dong, Z., Liao, Z., He, Y., Wu, C., Meng, Z., Qin, B., et al. (2022). Advances in the biological functions and mechanisms of miRNAs in the development of osteosarcoma. Technol. Cancer Res. Treat. 21, 15330338221117386. doi:10.1177/15330338221117386
 Du, J., Zhang, A., Li, J., Liu, X., Wu, S., Wang, B., et al. (2021). Doxorubicin-induced cognitive impairment: The mechanistic insights. Front. Oncol. 11, 673340. doi:10.3389/fonc.2021.673340
 Emadi, A., Jones, R. J., and Brodsky, R. A. (2009). Cyclophosphamide and cancer: Golden anniversary. Nat. Rev. Clin. Oncol. 6, 638–647. doi:10.1038/nrclinonc.2009.146
 Farnood, P. R., Pazhooh, R. D., Asemi, Z., and Yousefi, B. (2023). Targeting signaling pathway by curcumin in osteosarcoma. Curr. Mol. Pharmacol. 16, 71–82. doi:10.2174/1874467215666220408104341
 Feng, J., and Wu, Y. (2023). Endothelial-to-Mesenchymal transition: Potential target of doxorubicin-induced cardiotoxicity. Am. J. Cardiovasc. drugs drugs, devices, other interventions 23, 231–246. doi:10.1007/s40256-023-00573-w
 Feng, S., Wu, Z.-X., Zhao, Z., Liu, J., Sun, K., Guo, C., et al. (2019). Engineering of bone- and CD44-dual-targeting redox-sensitive liposomes for the treatment of orthotopic osteosarcoma. ACS Appl. Mater. interfaces 11, 7357–7368. doi:10.1021/acsami.8b18820
 Franchi, A. (2012). Epidemiology and classification of bone tumors. official J. Italian Soc. Osteoporos. Mineral Metabolism, Skeletal Dis. 9, 92–95.
 Fukuhara, H., Yagi, M., Ando, K., and Tomita, Y. (2014). Long-term administration of single-agent carboplatin (auc 4) for advanced testicular seminoma safely achieved complete response in an 80-year-old man with chronic heart failure: A case report. Can. Urological Assoc. J. = J. de l'Association des urologues du Can. 8, E931–E933. doi:10.5489/cuaj.2089
 Gaston, C. L., Bhumbra, R., Watanuki, M., Abudu, A. T., Carter, S. R., Jeys, L. M., et al. (2011). Does the addition of cement improve the rate of local recurrence after curettage of giant cell tumours in bone? The journal of bone and joint surgery. Br. volume 93, 1665–1669. doi:10.1302/0301-620X.93B12.27663
 Gazzano, E., Buondonno, I., Marengo, A., Rolando, B., Chegaev, K., Kopecka, J., et al. (2019). Hyaluronated liposomes containing H2S-releasing doxorubicin are effective against P-glycoprotein-positive/doxorubicin-resistant osteosarcoma cells and xenografts. Cancer Lett. 456, 29–39. doi:10.1016/j.canlet.2019.04.029
 Gong, J., Yan, J., Forscher, C., and Hendifar, A. (2018). Aldoxorubicin: A tumor-targeted doxorubicin conjugate for relapsed or refractory soft tissue sarcomas. Drug Des. Dev. Ther. 12, 777–786. doi:10.2147/DDDT.S140638
 Gupta, J., and Nebreda, A. R. (2015). Roles of p38α mitogen-activated protein kinase in mouse models of inflammatory diseases and cancer. FEBS J. 282, 1841–1857. doi:10.1111/febs.13250
 He, P., Xu, S., Guo, Z., Yuan, P., Liu, Y., Chen, Y., et al. (2022). Pharmacodynamics and pharmacokinetics of PLGA-based doxorubicin-loaded implants for tumor therapy. Drug Deliv. 29, 478–488. doi:10.1080/10717544.2022.2032878
 Heng, M., Gupta, A., Chung, P. W., Healey, J. H., Vaynrub, M., Rose, P. S., et al. (2020). The role of chemotherapy and radiotherapy in localized extraskeletal osteosarcoma. Eur. J. cancer 125, 130–141. doi:10.1016/j.ejca.2019.07.029
 Hu, Y., Sun, B., Zhao, B., Mei, D., Gu, Q., and Tian, Z. (2018). Cisplatin-induced cardiotoxicity with midrange ejection fraction: A case report and review of the literature. Medicine 97, e13807. doi:10.1097/MD.0000000000013807
 Huang, G., Hua, S., Liu, H., Zhou, H., Chen, X., Wang, Z., et al. (2022). Efficacy of ifosfamide combined with liposome doxorubicin on osteosarcoma and its effects on serum IL-10, TNF-α, and IFN-γ in patients with osteosarcoma. Am. J. Transl. Res. 14, 1288–1296.
 Huyan, X. H., Lin, Y. P., Gao, T., Chen, R. Y., and Fan, Y. M. (2011). Immunosuppressive effect of cyclophosphamide on white blood cells and lymphocyte subpopulations from peripheral blood of Balb/c mice. Int. Immunopharmacol. 11, 1293–1297. doi:10.1016/j.intimp.2011.04.011
 Ilyas, S., Tabasum, R., Iftikhar, A., Nazir, M., Hussain, A., Hussain, A., et al. (2021). Effect of Berberis vulgaris L. root extract on ifosfamide-induced in vivo toxicity and in vitro cytotoxicity. Sci. Rep. 11, 1708. doi:10.1038/s41598-020-80579-5
 Iqubal, A., Iqubal, M. K., Sharma, S., Ansari, M. A., Najmi, A. K., Ali, S. M., et al. (2019). Molecular mechanism involved in cyclophosphamide-induced cardiotoxicity: Old drug with a new vision. Life Sci. 218, 112–131. doi:10.1016/j.lfs.2018.12.018
 Jakubowski, A. A., and Kemeny, N. (1988). Hypotension as a manifestation of cardiotoxicity in three patients receiving cisplatin and 5-fluorouracil. Cancer 62, 266–269. doi:10.1002/1097-0142(19880715)62:2<266::aid-cncr2820620207>3.0.co;2-y
 Khadembaschi, D., Jafri, M., Praveen, P., Parmar, S., and Breik, O. (2022a). Does neoadjuvant chemotherapy provide a survival benefit in maxillofacial osteosarcoma: A systematic review and pooled analysis. Oral Oncol. 135, 106133. doi:10.1016/j.oraloncology.2022.106133
 Khadembaschi, D., Jafri, M., Praveen, P., Parmar, S., and Breik, O. (2022b). Does neoadjuvant chemotherapy provide a survival benefit in maxillofacial osteosarcoma: A systematic review and pooled analysis. Oral Oncol. 135, 106133. doi:10.1016/j.oraloncology.2022.106133
 Koleini, N., Nickel, B. E., Edel, A. L., Fandrich, R. R., Ravandi, A., and Kardami, E. (2019). Oxidized phospholipids in Doxorubicin-induced cardiotoxicity. Chemico-biological Interact. 303, 35–39. doi:10.1016/j.cbi.2019.01.032
 Lee Brink, A., Bowe, C., and Dains, J. E. (2020). Risk factors for ifosfamide-related encephalopathy in adult cancer patients: An integrative review. J. Adv. Pract. Oncol. 11, 368–380. doi:10.6004/jadpro.2020.11.4.4
 Lee, J. Y., and Kim, H. S. (2021). Extracellular vesicles in regenerative medicine: Potentials and challenges. Tissue Eng. Regen. Med. 18, 479–484. doi:10.1007/s13770-021-00365-w
 Li, S., Sun, W., Wang, H., Zuo, D., Hua, Y., and Cai, Z. (2015). Research progress on the multidrug resistance mechanisms of osteosarcoma chemotherapy and reversal. Tumor Biol. 36, 1329–1338. doi:10.1007/s13277-015-3181-0
 Liang, J., Wang, Z., Poot, A. A., Grijpma, D. W., Dijkstra, P. J., and Wang, R. (2023). Enzymatic post-crosslinking of printed hydrogels of methacrylated gelatin and tyramine-conjugated 8-arm poly(ethylene glycol) to prepare interpenetrating 3D network structures. Int. J. bioprinting 9, 750. doi:10.18063/ijb.750
 Ling, G., Wang, X., Tan, N., Cao, J., Li, W., Zhang, Y., et al. (2022). Mechanisms and drug intervention for doxorubicin-induced cardiotoxicity based on mitochondrial bioenergetics. Oxidative Med. Cell. Longev. 2022, 7176282. doi:10.1155/2022/7176282
 Longhi, A., Errani, C., De Paolis, M., Mercuri, M., and Bacci, G. (2006). Primary bone osteosarcoma in the pediatric age: State of the art. Cancer Treat. Rev. 32, 423–436. doi:10.1016/j.ctrv.2006.05.005
 Luetke, A., Meyers, P. A., Lewis, I., and Juergens, H. (2014). Osteosarcoma treatment - where do we stand? A state of the art review. Cancer Treat. Rev. 40, 523–532. doi:10.1016/j.ctrv.2013.11.006
 Ma, W., Wei, S., Zhang, B., and Li, W. (2020). Molecular mechanisms of cardiomyocyte death in drug-induced cardiotoxicity. Front. Cell Dev. Biol. 8, 434. doi:10.3389/fcell.2020.00434
 Malaviya, A. N. (2016). Landmark papers on the discovery of methotrexate for the treatment of rheumatoid arthritis and other systemic inflammatory rheumatic diseases: A fascinating story. Int. J. rheumatic Dis. 19, 844–851. doi:10.1111/1756-185X.12862
 Marec-Berard, P., Laurence, V., Occean, B. V., Ray-Coquard, I., Linassier, C., Corradini, N., et al. (2020). Methotrexate-etoposide-ifosfamide compared with doxorubicin-cisplatin-ifosfamide chemotherapy in osteosarcoma treatment, patients aged 18-25 years. J. Adolesc. young adult Oncol. 9, 172–182. doi:10.1089/jayao.2019.0085
 Minerva, A. B., Verma, S., Chander, G., Jamwal, R. S., Sharma, B., et al. (2023). Cisplatin-based combination therapy for cancer. J. Cancer Res. Ther. 19, 530–536. doi:10.4103/jcrt.jcrt_792_22
 Palmerini, E., Setola, E., Grignani, G., D'Ambrosio, L., Comandone, A., Righi, A., et al. (2020). High dose ifosfamide in relapsed and unresectable high-grade osteosarcoma patients: A retrospective series. Cells 9, 2389. doi:10.3390/cells9112389
 Panez-Toro, I., Muñoz-García, J., Vargas-Franco, J. W., Renodon-Cornière, A., Heymann, M. F., Lézot, F., et al. (2023). Advances in osteosarcoma. Curr. Osteoporos. Rep. 21, 330–343. doi:10.1007/s11914-023-00803-9
 Perez-Verdia, A., Angulo, F., Hardwicke, F. L., and Nugent, K. M. (2005). Acute cardiac toxicity associated with high-dose intravenous methotrexate therapy: Case report and review of the literature. Pharmacother. J. Hum. Pharmacol. Drug Ther. 25, 1271–1276. doi:10.1592/phco.2005.25.9.1271
 Qi, L., Luo, Q., Zhang, Y., Jia, F., Zhao, Y., and Wang, F. (2019). Advances in toxicological research of the anticancer drug cisplatin. Chem. Res. Toxicol. 32, 1469–1486. doi:10.1021/acs.chemrestox.9b00204
 Quadros, M., Momin, M., and Verma, G. (2021). Design strategies and evolving role of biomaterial assisted treatment of osteosarcoma. Mater. Sci. Eng. C 121, 111875. doi:10.1016/j.msec.2021.111875
 Rawat, P. S., Jaiswal, A., Khurana, A., Bhatti, J. S., and Navik, U. (2021). Doxorubicin-induced cardiotoxicity: An update on the molecular mechanism and novel therapeutic strategies for effective management. Biomed. Pharmacother. 139, 111708. doi:10.1016/j.biopha.2021.111708
 Ren, T., Zheng, B., Huang, Y., Wang, S., Bao, X., Liu, K., et al. (2019). Osteosarcoma cell intrinsic PD-L2 signals promote invasion and metastasis via the RhoA-ROCK-LIMK2 and autophagy pathways. Cell death Dis. 10, 261. doi:10.1038/s41419-019-1497-1
 Riley, R. S., June, C. H., Langer, R., and Mitchell, M. J. (2019). Delivery technologies for cancer immunotherapy. Nat. Rev. Drug Discov. 18, 175–196. doi:10.1038/s41573-018-0006-z
 Rossi, M., and Del Fattore, A. (2023). Molecular and translational research on bone tumors. Int. J. Mol. Sci. 24, 1946. doi:10.3390/ijms24031946
 Savani, M., and Skubitz, K. M. (2019). Long-term outcome after doxorubicin and ifosfamide overdose in a patient with osteosarcoma and BARD1 mutation. J. Pediatr. hematology/oncology 41, e94–e96. doi:10.1097/MPH.0000000000001264
 Shah, S., Haeger-Overstreet, K., and Flynn, B. (2022). Methotrexate-induced acute cardiotoxicity requiring veno-arterial extracorporeal membrane oxygenation support: A case report. J. Med. case Rep. 16, 447. doi:10.1186/s13256-022-03644-9
 Smrke, A., Anderson, P. M., Gulia, A., Gennatas, S., Huang, P. H., and Jones, R. L. (2021). Future directions in the treatment of osteosarcoma. Cells 10, 172. doi:10.3390/cells10010172
 Song, Y., Zhang, C., Wang, C., Zhao, L., Wang, Z., Dai, Z., et al. (2016). Ferulic acid against cyclophosphamide-induced heart toxicity in mice by inhibiting NF-κB pathway. eCAM 2016, 1261270. doi:10.1155/2016/1261270
 Spalato, M., and Italiano, A. (2021). The safety of current pharmacotherapeutic strategies for osteosarcoma. Expert Opin. drug Saf. 20, 427–438. doi:10.1080/14740338.2021.1881060
 Strauss, S. J., Frezza, A. M., Abecassis, N., Bajpai, J., Bauer, S., Biagini, R., et al. (2021). Bone sarcomas: ESMO-EURACAN-GENTURIS-ERN PaedCan clinical practice guideline for diagnosis, treatment and follow-up. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 32, 1520–1536. doi:10.1016/j.annonc.2021.08.1995
 van Vugt, T. A. G., Arts, J. J., and Geurts, J. A. P. (2019). Antibiotic-loaded polymethylmethacrylate beads and spacers in treatment of orthopedic infections and the role of biofilm formation. Front. Microbiol. 10, 1626. doi:10.3389/fmicb.2019.01626
 Veal, G. J., Cole, M., Chinnaswamy, G., Sludden, J., Jamieson, D., Errington, J., et al. (2016). Cyclophosphamide pharmacokinetics and pharmacogenetics in children with B-cell non-Hodgkin's lymphoma. Eur. J. cancer 55, 56–64. doi:10.1016/j.ejca.2015.12.007
 Walling, J. (2006). From methotrexate to pemetrexed and beyond. A review of the pharmacodynamic and clinical properties of antifolates. Investig. new drugs 24, 37–77. doi:10.1007/s10637-005-4541-1
 Wang, P., Wang, L., Lu, J., Hu, Y., Wang, Q., Li, Z., et al. (2019). SESN2 protects against doxorubicin-induced cardiomyopathy via rescuing mitophagy and improving mitochondrial function. J. Mol. Cell. Cardiol. 133, 125–137. doi:10.1016/j.yjmcc.2019.06.005
 Wang, S., Li, B., Zhang, H., Chen, J., Sun, X., Xu, J., et al. (2021). Improving bioavailability of hydrophobic prodrugs through supramolecular nanocarriers based on recombinant proteins for osteosarcoma treatment. Angew. Chem. Int. Ed. 60, 11252–11256. doi:10.1002/anie.202101938
 Wang, Z., Nogueira, L. P., Haugen, H. J., Van Der Geest, I. C., de Almeida Rodrigues, P. C., Janssen, D., et al. (2022). Dual-functional porous and cisplatin-loaded polymethylmethacrylate cement for reconstruction of load-bearing bone defect kills bone tumor cells. Bioact. Mater. 15, 120–130. doi:10.1016/j.bioactmat.2021.12.023
 Wei, H., Chen, F., Chen, J., Lin, H., Wang, S., Wang, Y., et al. (2022). Mesenchymal stem cell derived exosomes as nanodrug carrier of doxorubicin for targeted osteosarcoma therapy via SDF1-CXCR4 Axis. Int. J. nanomedicine 17, 3483–3495. doi:10.2147/IJN.S372851
 Weiss, R. B., and Christian, M. C. (1993). New cisplatin analogues in development. A review. A Rev. Drugs 46, 360–377. doi:10.2165/00003495-199346030-00003
 Whelan, J. S., and Davis, L. E. (2018). Osteosarcoma, chondrosarcoma, and chordoma. J. Clin. Oncol. official J. Am. Soc. Clin. Oncol. 36, 188–193. doi:10.1200/JCO.2017.75.1743
 Wiklander, O. P., Nordin, J. Z., O'Loughlin, A., Gustafsson, Y., Corso, G., Mäger, I., et al. (2015). Extracellular vesicle in vivo biodistribution is determined by cell source, route of administration and targeting. J. Extracell. vesicles 4, 26316. doi:10.3402/jev.v4.26316
 Wu, L., Wang, L., Du, Y., Zhang, Y., and Ren, J. (2023). Mitochondrial quality control mechanisms as therapeutic targets in doxorubicin-induced cardiotoxicity. Trends Pharmacol. Sci. 44, 34–49. doi:10.1016/j.tips.2022.10.003
 Xia, Y., Yang, R., Hou, Y., Wang, H., Li, Y., Zhu, J., et al. (2022b). Application of mesenchymal stem cell-derived exosomes from different sources in intervertebral disc degeneration. Front. Bioeng. Biotechnol. 10, 1019437. doi:10.3389/fbioe.2022.1019437
 Xia, Y., Yang, R., Zhu, J., Wang, H., Li, Y., Fan, J., et al. (2022a). Engineered nanomaterials trigger abscopal effect in immunotherapy of metastatic cancers. Front. Bioeng. Biotechnol. 10, 890257. doi:10.3389/fbioe.2022.890257
 Xu, S., Wang, Y., Yu, M., Wang, D., Liang, Y., Chen, Y., et al. (2020). LongShengZhi capsule inhibits doxorubicin-induced heart failure by anti-oxidative stress. Biomed. Pharmacother. 123, 109803. doi:10.1016/j.biopha.2019.109803
 Yang, Y. K., Xu, H. R., Huang, Z., Li, Y., and Niu, X. H. (2020). Effectiveness and safety of polyethylene glycol liposome doxorubicin in the treatment of osteosarcoma. Zhonghua zhong liu za zhi Chin. J. Oncol. 42, 692–696. doi:10.3760/cma.j.cn112152-20190510-00300
 Yoo, Y., Yoon, S. J., Kim, S. Y., Lee, D. W., Um, S., Hyun, H., et al. (2018). A local drug delivery system based on visible light-cured glycol chitosan and doxorubicin⋅hydrochloride for thyroid cancer treatment in vitro and in vivo. Drug Deliv. 25, 1664–1671. doi:10.1080/10717544.2018.1507058
 Yoon, S. J., Moon, Y. J., Chun, H. J., and Yang, D. H. (2019). Doxorubicin·Hydrochloride/Cisplatin-Loaded hydrogel/nanosized (2-hydroxypropyl)-beta-cyclodextrin local drug-delivery system for osteosarcoma treatment in vivo. Nanomater. (Basel, Switz. 9, 1652. doi:10.3390/nano9121652
 Zhang, H., Zhu, J., Fang, T., Li, M., Chen, G., and Chen, Q. (2022b). Supramolecular biomaterials for enhanced cancer immunotherapy. J. Mater. Chem. 10, 7183–7193. doi:10.1039/d2tb00048b
 Zhang, Z., Tan, X., Jiang, Z., Wang, H., and Yuan, H. (2022a). Immune checkpoint inhibitors in osteosarcoma: A hopeful and challenging future. Front. Pharmacol. 13, 1031527. doi:10.3389/fphar.2022.1031527
 Zhao, Z., Hua, Z., Luo, X., Li, Y., Yu, L., Li, M., et al. (2022). Application and pharmacological mechanism of methotrexate in rheumatoid arthritis. Biomed. Pharmacother. = Biomedecine Pharmacother. 150, 113074. doi:10.1016/j.biopha.2022.113074
 Zhu, Y., Hu, Y., Tang, C., Guan, X., and Zhang, W. (2022). Platinum-based systematic therapy in triple-negative breast cancer. Biochimica biophysica acta. Rev. cancer 1877, 188678. doi:10.1016/j.bbcan.2022.188678
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Hou, Wang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1284406-g003.gif
pecsnn

implnt






OPS/xhtml/nav.xhtml
Contents

		Cover

		Engineered biomaterial delivery strategies are used to reduce cardiotoxicity in osteosarcoma		1 Introduction

		2 Cardiotoxicity of first-line chemotherapy drugs for osteosarcoma		2.1 Doxorubicin

		2.2 Platinum-based chemotherapy drugs

		2.3 Methotrexate

		2.4 Ifosfamide/ifosfamide





		3 Biomaterials reduce cardiotoxicity of OS chemotherapy		3.1 Extracellular vesicles

		3.2 Liposomes

		3.3 Nanoparticles

		3.4 Hydrogels

		3.5 Polymer brackets





		4 Conclusion and outlook

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-14-1284406-g001.gif





OPS/images/fphar-14-1284406-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





