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Abstract

:

This novel radiolabeled chitosan nanoparticle, facilitated with curcumin, increased doxorubicin cytotoxicity and radiosensitivity to MG-63 osteosarcoma cells in a three-dimensional model. Delivery of the anti-epidermal growth factor receptor (EGFR) targeted carboxymethyl chitosan nanoparticles, directly labeled with Na131I (ICED-N), achieved deep tumor penetration in a three-dimensional model. Of three kinetic models, the Higuchi model more closely matched the experimental curve and release profiles. The anti-EGFR targeting resulted in a 513-fold greater targeting efficacy to MG-63 (EGFR+) cells than the control fibroblast (EGFR−) cells. The curcumin-enhanced ICED-N (4 × 0.925 MBq) fractionated-dose regime achieved an 18.3-fold increase in cell cytotoxicity compared to the single-dose (1 × 3.70 MBq) doxorubicin-loaded nanoparticle, and a 13.6-fold increase in cell cytotoxicity compared to the single-dose Na131I nanoparticle. Moreover, the ICED-N fractionated dose increased cells in the G2/M phase 8.78-fold, indicating the cell cycle arrest in the G2/M phase is associated with DNA fragmentation, and the intracellular damage is unable to be repaired. Overall, the results indicate that the fractionated dose was more efficacious than a single dose, and curcumin substantially increased doxorubicin cytotoxicity and amplified osteosarcoma cell radiosensitivity to Na131I.
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1. Introduction


Curcumin is a powerful and versatile small natural molecule that has the ability to interact with various molecular targets associated with the treatment of cancer [1]. Curcumin, a natural polyphenol derived from the turmeric plant that is certified as ‘Generally Recognized As Safe’ (GRAS) by the FDA [2], has gained attention for its potential as a radiosensitizer in cancer treatment. Radiation therapy (RT) is widely acknowledged as one of the most effective non-surgical methods for managing malignant tumors; however, its efficacy is impeded by various adverse effects that affect multiple organs (including the skin), damage to healthy tissues caused by radiation, and the development of significant radioresistance in cancer cells [3,4]. Multiple processes are associated with the development of radioresistance, such as epigenetic modifications and the activation of survival signaling pathways [5]. However, research has shown that curcumin can enhance the radiosensitivity of cancer cells, making them more susceptible to the effects of ionizing radiation, and in so doing increase cytotoxicity [6]. Several studies have investigated the radiosensitizing effects of curcumin, and established curcumin enhanced the sensitivity of cells to radiation, leading to increased cell death and reduced tumor growth when combined with radiation therapy. Moreover, curcumin enhances radiation therapy by damaging the DNA in cancer cells, preventing them from growing and dividing.



Furthermore, curcumin’s anticancer properties have shown promise against osteosarcoma. Studies have investigated analogs of small curcumin molecule, which are synthetic or modified versions designed to enhance its bioactivity, stability, and solubility [7,8]. These analogs have shown they improve the effectiveness of curcumin in inhibiting osteosarcoma cell proliferation, inducing apoptosis (programmed cell death), and preventing metastasis. In addition, utilizing nanoparticles as carriers for curcumin can enhance its delivery to osteosarcoma cells. Furthermore, nanoparticles provide a targeted delivery system, improving curcumin’s bioavailability, allowing for controlled release, increasing therapeutic effectiveness, and reducing potential side effects [9,10].



One of the most significant oncogenic pathways in human cancer is the phosphatidylinositol-3-kinase (PI3K)/Akt and the mammalian target of rapamycin (mTOR) signaling pathways. Increasing evidence suggests that, in osteosarcoma, these pathways are hyperactivated and contribute to apoptosis, angiogenesis, cell cycle progression, inhibition, invasion, metastasis, tumorigenesis, and chemoresistance [11]. Akt is a protein kinase that facilitates cellular viability, while the pro-apoptotic protein Bad is a protein that induces programmed cell death, often known as apoptosis. The efficacy of curcumin-loaded nanoparticles in inducing apoptotic cell death in U2OS human osteosarcoma cells has been shown through the specific targeting of the Akt–Bad signaling pathway. The utilization of curcumin, when encapsulated inside nanoparticles, effectively directs its action towards this specific pathway through the inhibition of Akt activation and the modulation of Bad activity. Moreover, the observed increase in apoptotic cell death in U2OS human osteosarcoma cells can be attributed to the inhibition of Akt and the modification of Bad [12].



Surgical resection was the main therapy for osteosarcoma until 1970 [13,14]. The present strategy for treating newly diagnosed osteosarcoma involves administering neoadjuvant chemotherapy, followed by surgical excision of the main tumor and any clinically apparent metastatic disease. Additionally, after surgery, adjuvant chemotherapy is administered. Furthermore, after multiagent chemotherapy regimens were introduced in the 1970s, localized osteosarcoma patients’ long-term survival rates rose from 20% to 70% [15,16]. However, multidrug resistance, rapid clearance rate, non-targeted administration, and adverse effects have diminished conventional chemotherapies efficacy [17]. Anticancer, immunotherapy, gene therapy, metabolic diseases, neurological disorders, theranostics, and tissue regeneration are just a few of the areas where nanoparticle drug delivery methods have attracted considerable research interest [18,19,20,21]. Specifically, studies employing novel nanoparticle-based targeted drug delivery to combat osteosarcoma, which may effectively counteract rapid elimination and multidrug resistance, demonstrate promise [22,23,24,25]. The two most researched types of nanoparticles are liposomes and polymeric nanoparticles. Chitosan, a polymeric-based nanoparticle, has great promise for biomedical and clinical treatments; to enhance chitosan’s qualities, such as its solubility or biodegradability, a number of derivatives of chitosan have been created [26,27].



Although osteosarcoma therapy has substantially improved, the overall survival of patients with recurrence or metastasis remains low [28]. Therefore, finding new treatment targets for osteosarcoma is critical. Additionally, combination therapy involving doxorubicin and curcumin co-encapsulated in lipid-coated polymeric nanoparticles is being investigated for its potential effectiveness against human osteosarcoma [29]. This approach leverages nanoparticulate drug delivery systems to enhance the therapeutic outcomes of these drugs: (i) Doxorubicin is a potent chemotherapy drug commonly used in cancer treatment, including osteosarcoma [30,31]. It belongs to the anthracycline class of drugs and effectively inhibits DNA replication and RNA transcription within cancer cells. (ii) Curcumin is a bioactive compound found in turmeric. It has shown promise in inhibiting cancer cell growth, inducing apoptosis, and preventing tumor progression. (iii) Utilizing nanoparticles as a drug delivery system offers several advantages, including improved drug solubility, controlled release, enhanced bioavailability, and targeted drug delivery to tumor sites [32].



This study hypothesizes that the co-administration of doxorubicin and curcumin within Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR) in a three-dimensional (3D) model could potentially result in a synergistic augmentation of their respective anti-cancer properties (Figure 1A). The low attachment 3D spheroid cell culture technique is the most often used 3D strategy for generating osteosarcoma spheroids to research cell behavior and drug resistance [33]. Doxorubicin impedes the process of DNA replication, but it does not specifically target cells. Therefore, anti-epidermal growth factor receptor targeting ligands were conjugated to the ICED-N, enabling the doxorubicin to target MG-63 osteosarcoma cells selectively [34]. Conversely, curcumin has the potential to increase the anti-cancer properties of doxorubicin, alleviate its adverse effects, and additionally augment the sensitivity of cancer cells to radiation. Moreover, we show how the targeted co-encapsulation of doxorubicin and curcumin has the potential to augment the overall therapeutic effectiveness in the management of osteosarcoma while concurrently mitigating non-specific impacts and diminishing systemic toxicity.




2. Results


2.1. Physiochemical Properties and Characterization of Curcumin-Loaded Nanoparticles


To evaluate the size, polydispersity index (PDI) and zeta potential (mV) of the Na131I, ICED-N, ICD-N, IC-N, and C-N nanoparticles, dynamic light scattering (DLS) was carried out. Figure S1A illustrates the z-average diameter (nm) over a period of 14 days. Na131I ranged from ~1474 to 5882 nm, ICED-N ranged from ~229 to ~439 nm, ICD-N ranged from ~195 to 408 nm, IC-N ranged from ~95 to 247 nm, and C-N ranged from 57 to 134 nm. All experiments were carried out using CMCS nanoparticles within 24 h of fabrication. Hence, the ICED-N 258 nm average diameter was within a similar size range as Jiang et al., who studied the uptake of various chitosan nanoparticles (~250 nm diameter) in murine macrophage cells [35].



Furthermore, the polydispersity index of the Na131I was 0.85, and the ICED-N had a PDI of 0.22 (Figure S1B), indicating that the ICED-N has a good, narrow, uniform size [36]. Moreover, the stability of the ICED-N over 14 days is shown in Figure S1C. Figure S1B indicates the Na131I PDI is significantly different (p ≤ 0.001) compared to the ICED-N, which remained relatively stable over the 14 days. Similarly, the Na131I zeta potential was significantly different (p ≤ 0.001) compared to the ICED-N zeta potential.



Additionally, the ICED-N zeta potential was approximately −12 mV, and C-N was approximately −10 mV (Figure S1D). The presence of COO− groups’ accounts for the ICED-N negative surface charge, and is a result of the hydrogen bonding between the carboxyl group of the CMCS nanoparticle and the curcumin hydroxyl group. The ICED-N negative surface charge prevents electric repulsion that can initiate nanoparticle aggregation and indicates it has good particle stability [37]. Furthermore, the ICED-N spherical shape, size, and distribution morphology were further verified by a Transmission Electron Microscopy (TEM) image, indicating nanoparticles having a smooth and uniform surface (Figure 1B).




2.2. Radioactive Properties of Curcumin-Loaded Nanoparticles


The Na131I radiolabeled ICED-N radiochemical purity (RCP) illustrated in Figure 2A indicates that the radiochemical purity over 3 days was >95%. In addition, the radioactive encapsulation efficiency (Figure 2B) after 1 day was ~98% and ~95% at 3 days, still within the 95% requirement set by the World Health Organization Consultation Document standard [38]. After 1 day, the ICED-N radioactivity stability was ~98% radioactive stability and ~96% after 3 days (Figure 2C). The radiolabeling yield (Figure 2D) indicates a good radiolabeling yield of 99.92% at 1 h and 99.2% at 12 h.




2.3. Quantification of Carboxymethyl Chitosan Nanoparticles (CMCS) and Anti-Human EGFR Antibody Surface Coverage


The determination of the nanoparticle surface density of the anti-EGFR ligands was conducted by spectrofluorimetry in order to quantify the Alexa Fluor 647-labeled anti-human EGFR nanoparticle coverage [39]. To confirm the presence of 50 mg of carboxymethyl chitosan (CMCS), a chitosan derivative with amphiprotic ether properties containing −COOH and −NH2 functional groups and solubility in water yielded around 5.54 × 1019 molecules × mg CMCS nanoparticle. This corresponds to a surface area of approximately 9.80 × 106 nm2 and a volume of 4.09 × 108 nm3 of 50 mg CMCS nanoparticles. Furthermore, applying 1 μg of anti-human EGFR antibody led to 4.49 × 1012 molecules of Alexa Fluor 647-labeled anti-human EGFR introduced onto the surface of nanoparticles. In addition, the bonding intensity between anti-EGFR ligands and nanoparticles was directly proportional to the number of ligands supplied during the production process (Table 1). This study utilized 50 mg of CMCS and 1 μg of anti-human EGFR antibody in the fabrication of the ICED-N. The quantification of carboxymethyl chitosan and anti-human EGFR antibody surface coverage calculations are shown in the supplement.




2.4. Entrapment and Loading Efficiency of Curcumin and Doxorubicin


Curcumin’s low bioavailability and water solubility hinder its therapeutic use; however, encapsulating in CMCS nanoparticles improves its solubility and stability. Curcumin entrapment efficiency was 85.48%, with a loading efficiency of 67.35%, and doxorubicin entrapment efficiency was 37.61%, with a loading efficiency of 42.26% (Table 2).




2.5. Release Profile and Mathematical Modelling of Release Kinetics of Curcumin- and Doxorubicin-Loaded ICED-N


2.5.1. Release Profile of Curcumin- and Doxorubicin-Loaded ICED-N


The ICED-N cumulative release of curcumin and doxorubicin was assessed at pH 7.4 over a period of 120 h (Figure 3). At 48 h, it was observed that ~58% of the doxorubicin was released, and at 120 h, ~74% was released. The drug release profile of nanoparticles can be illustrated through three primary phases: desorption, swelling, and erosion. The results confirm that the majority of the doxorubicin release occurs in 120 h, and the slower release after 48 h is because of the slower drug molecule diffusion through the chitosan matrix. The ICED-N CMCS molecular weight (MW) of 543.5 g/mol results in a deceased doxorubicin release than lower MW nanoparticles, as verified by Shi et al., who recorded an initial doxorubicin burst and a minor increase in drug release over 3 days [40,41]. Similarly, the in vitro release characteristics of ICED-N loaded with DOX exhibit an initial burst in the first 12 h, followed by a controlled release of DOX. The burst discharge has been attributed to DOX release from the NP outer surface and diffusion out of the ICED-N matrices that involve doxorubicin desorption and the polymeric CMCS nanoparticles.



In addition, linear regression analysis of the doxorubicin release profile plotted against the square root of time resulted in a high coefficient of determination (R2 = 0.98). The curcumin release profile was similar to that of doxorubicin, although the percentage release was lower. At 24 h, ~26% was released, ~48% at 48 h, and ~53% at 120 h. The release data of curcumin and doxorubicin from ICED-N were analyzed using zero-order, Higuchi, and Korsmeyer–Peppas models to assess the processes and kinetics of release [42,43,44].




2.5.2. Higuchi Mathematical Modelling of Release Kinetics of Curcumin- and Doxorubicin-Loaded ICED-N


The Higuchi model is one of the most applied mathematical models for drug release kinetics. Drug release occurs from a permeable matrix when the amount of drug loaded exceeds its solubility limit, and enables accurate prediction of release rates [45]. The results of the Higuchi mathematical model determined a curcumin R2 value of 0.9864 and a doxorubicin R2 value of 0.9809 (Figure 4), indicating that Fickian diffusion and polymer relaxation mechanisms underlie the drug release process from the ICED-N. The accurate fitting of both curcumin and doxorubicin to the Higuchi kinetic release model suggests that the release is maintained during diffusion, as evidenced by the highest correlation coefficient value [46].



Out of the three drug release kinetic models applied (Figure 4, Figures S2 and S3, Tables S1 and S2), the Higuchi model was deemed better suited due to its minimal deviation from the experimental curve and the resulting release profile. The Higuchi model yielded a coefficient value, R2, which was very close to 1, suggesting that it is most suitable for accurately representing the release process of curcumin (R2 = 0.9864) and doxorubicin (R2 = 0.9809) from ICED-N.





2.6. Dose Response Cytotoxicity of Curcumin and Doxorubicin in Human Osteosarcoma Cell Proliferation


A dose-response MTT assay in vitro cytotoxicity study investigated the impact of C and C-N on MG-63 osteosarcoma cells (Figure 5A). Additionally, Figure 5B illustrates the relationship between D and D-N concentrations and cell viability. The results confirmed that MG-63 cell development was inhibited by both C and C-N. A curcumin concentration of 100 μg/mL was loaded into the C-N, resulting in a viability of ~46%; in comparison, the same concentration of C resulted in ~68% viability, indicating that the C-N reduced the cell viability ~1.5-fold more than C. The greater toxicity of C-N relative to C could be due to the enhanced bioavailability achieved through nano-encapsulation [47]. Furthermore, the delayed release of C-N leads to a prolonged release, resulting in elevated curcumin concentrations and increased toxicity.



In addition, increasing the concentrations of C and C-N regulated the cell viability. The 50% inhibition concentration (IC50) value for C after 24 h treatment was 410 μg/mL and 156 μg/mL for C-N, verifying that the IC50 of C and C-N values were significantly different (p < 0.05). Additionally, the MTT assay in vitro study (Figure 5B) illustrates that the increase in doxorubicin concentration governs the rate of MG-63 cell inhibition. Furthermore, after 24 h of treatment, the IC50 D-N concentration of 6.58 μg/mL was similar to the D concentration of 6.49 μg/mL. Cell death or cell growth arrest is dependent on the doxorubicin concentration and length of treatment [48,49]. Rimann et al. investigated the biological significance of three-dimensional (3D) cell culture in the context of in vitro drug development [50]. Verifying that the 3D culture doxorubicin IC values were greater than the 2D culture values, the IC value for 3D Saos-2 was 0.3 μM, and 0.12 μM in the 2D culture.




2.7. Curcumin, Doxorubicin, and Radiation-Induced Cytotoxicity in 3D Human Osteosarcoma Spheroid


The 3D MG-63 tumor spheroid liquid-based scaffold-free method, non-adherent surface stimulates cell-to-cell adhesion to form a 3D spheroid [51,52]. At 72 h, in the single-dose treatment group (Figure 6A), the C-N resulted in ~54% viability, and the D-N in ~57% viability. The CD-N combination achieved ~40% cell viability, and the ICED-N achieved ~16%. In comparison, the 4 × fractionated-dose treatment groups at 72 h achieved the following (Figure 6B). The C-N resulted in ~49% viability, and the D-N had a viability of ~55%. The CD-N resulted in ~28% viability, a 1.9-fold decrease in cell viability compared to the fractionated dose of D-N. Markedly, the fractionated-dose ICED-N resulted in significantly greater cytotoxicity, achieving ~3% cell viability (p ≤ 0.01). These results noticeably show that the ICED-N fractionated-dose regime resulted in cytotoxicity that is more significant to MG-63 cells than the single-dose treatment. Notably, at 72 h, the fractionated-dose ICED-N (4 × 0.925 MBq) achieved a ~5.3-fold reduction in MG-63 cell viability compared to the single-dose ICED-N. Having established that the fractionated-dose ICED-N treatment was the most effective, we assessed the efficacy of curcumin.



Figure 6C illustrates the viability of MG-63 cells after 72 h of single treatment with I-N, resulting in ~41% cell viability, and 72 h of 4 × fractionated-dose I-N treatments achieving ~33% cell viability. Markedly, the addition of curcumin to the platforms increased cytotoxicity, resulting in decreased cell viability. For instance, after 72 h of treatment with a single dose of IC-N, the cell viability was reduced to ~27%, a 1.2-fold decrease when compared to the I-N ~41% cell viability. Moreover, after 72 h of treatment with a single dose of ICED-N, the single dose achieved ~16% cell viability (p ≤ 0.05). In comparison, the fractionated ICED-N dose (4 × 0.925 MBq) after 72 h of treatment achieved a 5.3-fold more significant reduction of ~3% cell viability than the single-dose ICED-N (p ≤ 0.001). These results confirm that curcumin enhances Na131I cytotoxicity in MG-63 cells [53]. Additionally, curcumin augmented doxorubicin treatment is shown in Figure 6B. A fractionated dose of D-N resulted in ~55% viability, whereas the combination of CD-N resulted in a 1.9-fold more significant decrease in cell viability of ~28% (p ≤ 0.001). In fact, curcumin’s ability to improve doxorubicin absorption and decrease drug efflux in vivo has been validated by research led by Ma et al. [54].




2.8. Anti-Human EGFR Specifically Targets Human Osteosarcoma


The epidermal growth factor receptor (EGFR) is overexpressed in osteosarcoma and is a common genetic abnormality related to osteosarcoma [55]. Therefore, EGFR is a prospective therapeutic target in this research for the treatment of osteosarcoma. In order to evaluate the targeting of MG-63 cells, the anti-EGFR-targeted ICED-N immunofluorescence was measured by fluorescent live cell imaging microscopy to determine cellular binding/uptake to the MG-63 cells. Both the fibroblast (EGFR−) and MG-63 (EGFR+) cells were labeled with DAPI (blue channel), a fluorescent dye that has an affinity for DNA. Figure 7A illustrates fibroblast cells and the MG-63 nucleus stained blue. Additionally, conjugating Alexa Fluor 647 to anti-EGFR targeting ligands enabled the EGFR labelling efficacy to be visualized. As can be seen in Figure 7A, the ICED-N effectively targeted the MG-63 (EGFR+) cells (red channel), confirming that fluorescent live cell imaging verified good, effective binding to the MG-63 cells. In addition, there was minimal binding of the ICED-N to the control fibroblast (EGFR−) cells; in contrast, the MG-63 (EGFR+) cells revealed a strong fluorescence (red channel). As a result, the live cell imaging microscopy confirmed that the EGFR targeted ICED-N has a 513-fold greater targeting efficacy to MG-63 (EGFR+) cells than the control fibroblast (EGFR−) cells (Figure 7B).




2.9. Time-Dependent Study of Nanoparticle Penetration in 3D Human Osteosarcoma Tumor Spheroids


The 3D MG-63 spheroid assessed the radiosensitization capacity of ICED-N, delivering a co-administration of curcumin and doxorubicin in the ICED-N. Previously, a comparison was conducted between the penetration of doxorubicin into monolayer cells (2D) and 3D MG-63 cellular spheroids, revealing that the doxorubicin penetration into the 3D spheroids occurred at a much slower rate in comparison to monolayer cells. At 1 h of treatment, the monolayer cells had an intracellular fluorescence intensity of 3.72 × 107 a.u. In comparison, at 1 h, the fluorescent intensity of the 3D cells was 4.74 × 106 a.u, revealing that the monolayer fluorescent intensity at 1 h treatment was 7.8-fold greater than the 3D cells. Furthermore, after 3 h treatment, the monolayer fluorescent intensity was ~11.3-fold greater than the 3D cells, confirming that the penetration of the less dense monolayer cells was quicker than the denser osteosarcoma spheroids. This study revealed that the utilization of a 3D MG-63 model with an artificial microenvironment is valuable for assessing the multicellular resistance that closely resembles the chemotherapy resistance often seen in solid tumors such as osteosarcoma [56]. At 72 h, the greatest degree of ICED-N penetration of the spheroids was detected (Figure 8A), illustrating that the intracellular fluorescence intensity of the ICED-N exhibits a pronounced fluorescence signal, suggesting significant penetration into the spheroid structure (p ≤ 0.01). The ICED-N mean fluorescence intensity after 72 h of treatment was ~3.4-fold greater than at 6 h treatment (Figure 8B).




2.10. Curcumin Enhances Radiation-Induced Cell Apoptosis/Programmed Cell Death Incidence Level in Human Osteosarcoma


The caspase-3 activity fluorometric assay results are shown in Figure 9. The ICED-N fractionated-dose (4 × 0.925 MBq) caspase-3 activity was 1.1-fold greater than the ICED-N single-dose (3.70 MBq) caspase-3 activity after 72 h treatment. The caspase-3 activity of the single-dose ICED-N in comparison to the Na131I was 1.6-fold higher, and the caspase-3 activity of the Na131I was similar to the I-N (Figure 9A). However, the caspase-3 activity of the single-dose IC-N resulted in 1.2-fold higher programmed cell death than the I-N, suggesting curcumin increased radiosensitivity, inducing caspase-3 activation. In comparison, the 4 × fractionated-dose ICED-N (per fraction equivalent activity of 0.925 MBq) resulted in greater programmed cell death than Na131I single 3.70 MBq dose (Figure 9B). At 72 h, the 4 × fractionated-dose Na131I resulted in 1.05-fold greater programmed cell death than the single dose. Furthermore, the evaluation of curcumin enhanced treatment found that the fractionated-dose IC-N caspase-3 activity was 1.25-fold greater than the single-dose I-N, and 1.19-fold greater than the I-N (4 × fractionated-dose).



Moreover, the co-administration of curcumin with doxorubicin ICED-N achieved a pronounced increase in programmed cell death. For instance, the single-dose CD-N programmed cell death was 1.36-fold greater than the single-dose D-N. In addition, the 4 × fractionated-dose CD-N programmed cell death was 1.48-fold greater than the single-dose D-N. In summary, the findings from the fluorometric assay confirmed that curcumin enhanced doxorubicin treatment and Na131I radiosensitivity to MG-63 osteosarcoma cells.




2.11. Curcumin Enhances Doxorubicin- and Radiation-Induced G2/M Cell Cycle Arrest in Human Osteosarcoma


To determine the influence of curcumin on MG-63 cell cycle progression and apoptosis, the cells were treated for 72 h by control, Na131I (4 × fractionated-dose), fractionate dose C-N, fractionated-dose D-N, fractionated-dose CD-N, fractionated-dose I-N, fractionated-dose IC-N, and ICED-N. Treatment flow cytometer analysis specified the cell distribution percentages of the MG-63 cells (Figure 10). The untreated control MG-63 cell cycle profile has 1% sub-G1, 58% of cells in the G0/G1 phase, 33% in the S phase, and 9% in G2/M. After the treatments, there was a greater number of MG-63 cells in the G2/M phase, a decrease in G1 and the S phase. The transferal of the cell population from G1 to the G2 phase indicates enhanced radiosensitivity. The D-N treatment resulted in 43% cells in the G2/M phase and CD-N 57% in G2/M, a 1.33-fold increase. Furthermore, 48% of cells were in G2/M after I-N treatment. The IC-N resulted in 61% of cells in the G2/M phase, a 1.27-fold increase compared to the I-N (without curcumin).



In summary, the flow cytometer analysis confirms that the addition of curcumin to the radiolabeled nanoparticles increased radiosensitivity. This confirms that curcumin enhanced G2/M arrest and apoptosis when combined with the D-N and I-N to form CD-N and IC-N. Moreover, the ICED-N treatment resulted in 2% of cells in G0/G1, 19% in S phase, and 79% in G2/M. The cell distribution percentages verify that the ICED-N induced MG-63 cell arrest and apoptosis in the G2/M phase.





3. Discussion


High-grade osteosarcoma is an aggressive neoplasm that results in metastasis as first-line chemotherapy treatments suffer from drug resistance and, consequently, a poor prognosis [57,58]. Increasingly, acquired drug resistance has become more commonplace as a result of the tumor microenvironment (TME) changing after treatment, a second proto-oncogene becoming the new driver gene, or new mutations [59]. Acquired or intrinsic drug resistance in cancer cells can extensively impede the therapeutic efficacy of drugs and subsequently result in ∼90% therapeutic failure [60]. For this reason, substantial research has gone into surmounting resistance to develop strategies that overcome low therapeutic efficacy, low bioavailability, non-specific targeting, and toxicity [61].



In particular, research has demonstrated that plant phytochemicals like curcumin can modulate signaling pathways to limit cancer cell proliferation, migration, and metastasis, by preventing apoptosis and tumor angiogenesis, and reversing multidrug resistance [62,63]. Due to low bioavailability, poor dispersion, and quick metabolism in vivo, curcumin’s therapeutic uses are limited. Nevertheless, improvements in drug delivery, such as capsulated curcumin, specialized formulations, and nanoparticles, have made curcumin more bioavailable [64,65]. Research by Prasad et al. verified that curcumin-loaded chitosan nanoparticles are therapeutically effective against Vero cells [66]. Additionally, mucoadhesive chitosan nanoparticles were synthesized by Chuah et al. in order to transport curcumin to the colon and maintain its release, thereby enhancing its anticancer properties against colorectal cancer [67]. Equally, in our research, the radiolabeled fractionated-dose co-administration of curcumin- and doxorubicin-targeted carboxymethyl chitosan nanoparticle (ICED-N) reduced MG-63 cell viability 19-fold compared to the doxorubicin-loaded carboxymethyl chitosan nanoparticle (D-N). Moreover, co-administration therapeutics can improve outcomes, overcome resistance, and sustain therapy efficacy by targeting cancer cells from multiple angles [68].



Additionally, small curcumin molecules regulate cancer cell signaling pathways and suppresses drug-resistant protein synthesis [69], improving anti-tumor drug efficacy [48]. Furthermore, chemotherapy-resistant cells become more sensitive after being treated with curcumin, which reverses their resistance mechanisms [70]. Research by Wen et al. evaluated the effect of curcumin on doxorubicin chemoresistance in breast cancer cells, verifying curcumin reduced ABCB4-overexpressing cells efflux of doxorubicin, suppressing ABCB4 ATPase activity, which resulted in an increased accumulation of doxorubicin [71]. Notably, curcumin’s anticancer effects have been extensively investigated, revealing its ability to inhibit cancer cell proliferation, migration, and metastasis, induce apoptosis, hinder tumor angiogenesis, and reverse multidrug resistance through the regulation of signaling pathways. Targeting pathways with curcumin, such as MAPK/ERK, PI3k/AKT, Wnt/β-catenin, Notch, and MircoRNA, has been evaluated to improve osteosarcoma patient outcomes. In osteosarcoma, a key oncogenic factor is the PI3K/Akt pathway [11]. Additionally, the WNT pathway is another key factor in osteosarcoma development. However, its mechanism still remains unknown. Numerous studies have established a link between cancer and chronic inflammation [72]. Additionally, a review by Joshi et al. presents the complex chemical pathways and biological mechanisms by which curcumin and its equivalents exhibit their anti-cancer properties [73]. Chronic inflammation increases the formation of reactive oxygen species (ROS) and reactive nitrogen species (RNS), which causes DNA damage [74]. Cancer pathogenesis, chemoresistance, and radioresistance are all influenced by ROS dysregulation. Research by Xu et al. verified that curcumin increased the level of ROS in MG-63 cells, stimulating apoptosis [75]. In particular, WNT/β-catenin promotes cell invasion and migration in osteosarcoma, and WNT influences osteosarcoma chemotherapy resistance to cisplatin, doxorubicin, and methotrexate [76]. However, research by Wang et al. verified that curcumin impeded the Wnt/β-catenin pathway and non-small-cell lung cancer proliferation [77]. The upregulated WNT/β-catenin pathway in cancers exhibits a strong correlation with the presence of chronic inflammation and oxidative stress [78,79].



Nevertheless, osteosarcoma therapeutic approaches have seen little change, and in the past decade, there has been minimal improvement in the 5-year overall survival of patients, and the prognosis for patients who experience metastases or recurrence following treatment continues to be unfavorable [80]. The current standard of treatment for operable osteosarcoma patients is neoadjuvant chemotherapy, which typically involves the administration of doxorubicin, methotrexate, and cisplatin (MAP), followed by surgical intervention [81]. Osteosarcoma cells counteract chemotherapy cytotoxicity by reducing drug accumulation. Decreasing cell membrane folate carriers, increasing drug efflux, results in insufficient drug transport [82]. In addition, dysfunction lowering quality of life is common in osteosarcoma patients due to bone loss. Therefore, treatments having anti-cancer and pro-osteogenic characteristics are in great demand. A study by He et al. verified that curcumin could reverse the harmful effects of diabetic osteoporosis [83]. Additionally, a review by Ashrafizadeh et al. draws attention to the anticancer mechanism, side effects, and delivery of curcumin and doxorubicin by nanovesicles [84].



One notable characteristic of curcumin is its ability to regulate the initiation, development, and advancement of cancer, while simultaneously enhancing radiation and chemotherapy sensitivity. Furthermore, radioresistance is a term used to describe the capacity of cancer cells to endure the detrimental impacts of ionizing radiation, with numerous mechanisms and elements that influence radioresistance [85]. Glycolysis is an anaerobic reaction in the hypoxic TME rapidly consuming glucose and converting it to lactate, and is a key feature of cancer cells. A report by Kang et al. observed that radioresistant cancer cells are highly glycolytic and activate aerobic glycolysis in response to radiation damage. Since the Warburg effect is a characteristic of osteosarcoma and a metabolic feature that induces radioresistance, aerobic glycolysis is a possible therapeutic resistance target [86,87]. Of note, Siddiqui et al. found that glucose uptake and lactate production in cancer cells was inhibited by curcumin [88]. Additionally, curcumin may also improve radiosensitization, making radiation therapy more effective since it increases radiation-induced cell death (apoptosis) and inhibits cancer cell repair systems, rendering cancer cells more sensitive to radiation damage. This effect is thought to be due to curcumin’s ability to modulate various cellular processes, including inflammation, oxidative stress, and DNA repair mechanisms [81]. Curcumin enhances DNA damage to cancer cells, preventing them from growing and dividing, leading to significantly more damage to cancer cell DNA [89].



Additionally, drug carriers vary in form, size, drug dissolution profile, and functionality [90], making it impossible to create a universal release profile prediction model. Choosing the right model that matches each study situation is critical [91]. This research demonstrated that curcumin and doxorubicin were released from ICED-N via a diffusion-controlled mechanism. Due to its low divergence from the experimental curve and release profile, the Higuchi model was the best of the three kinetic models. Higuchi’s coefficient value, R2, was near to 1, suggesting it is best for representing the ICED-N’s curcumin (R2 = 0.9864) and doxorubicin (R2 = 0.9809) release. Similarly, Walbi et al. curcumin-loaded lecithin–Chitosan nanoparticles had a Higuchi’s coefficient value of 0.9876 [92]. Additionally, doxorubicin release from chitosan nanoparticles loaded with Dox followed the Higuchi model with an R2 of 0.9846 [93].



Furthermore, cancer cells form physical barriers that hinder host-immune responses and anti-cancer drugs from accessing the tumor. Cytokines and chemokines attract fibroblasts and myeloid cells to the TME, where they evolve into tumor-supporting cells, producing ECM proteins to protect malignant tumor cells. Despite dedifferentiation, malignant cells have epithelial connections that block the paracellular gap between tumor cells, safeguarding tumor antigens and target receptors. Most cancer treatment resistance is caused by the tumor’s ECM and epithelial junctions [94]. To closely mimic the TME, 3D human tumor spheroids are used as solid tumor models [95]. Cell-to-cell contact, proliferative gradients, hypoxia, and necrosis are possible in their 3D setup. The significance of human mesenchymal stem cells in ECM remodeling has been recognized due to their pro-tumorigenic function in the growth mechanisms of osteosarcoma tumors, which has led to their investigation of cell-mediated therapies [96]. Therefore, in this study, to better replicate the TME bone marrow, mesenchymal stem cells and human fibroblasts were cultured with the MG-63 cells to augment the 3D spheroid ECM [97]. Through multiphoton microscopy, we successfully generated three-dimensional representations of the characteristics of the MG-63 spheroids, allowing us to analyze ICED-N penetration, distribution, and uptake. The fluorescence signal inside the spheroid structure is prominently shown in Figure 8A, illustrating the penetration of ICED-N. Furthermore, this research verified that the 3D in vitro cytotoxicity 4 × fractionated-dose ICED-N (per fraction equivalent activity of 0.925 MBq) resulted in greater cytotoxicity than a single 3.70 MBq dose. A previous study also verified that a fractioned dose was more efficacious than a single dose [98]. In addition, in the 3D spheroid model, the EGFR-targeted ICED-N increased tumor accumulation with 513-fold greater targeting efficacy to MG-63 (EGFR+) cells than the control fibroblast (EGFR−) cells (Figure 7B). Pahl et al. studied the cytolytic activity of boosting natural killer to target sarcoma cells, and confirmed that EGFR was expressed by chemotherapy-resistant and chemotherapy-sensitive osteosarcoma cells [99].



Moreover, we verified that the Na131I fractionated dose caused 1.05-fold greater programmed cell death than the single dose. In addition, the fractionated-dose IC-N caspase activity was 1.25-fold higher than the single-dose I-N and the co-combination of curcumin and doxorubicin ICED-N significantly increased programmed cell death (Figure 9B). Additionally, in a study by Mbese et al., curcumin impeded the cell cycle and reduced cyclin-dependent kinase expression, which can result in cancer cell proliferation [82]. According to a study conducted by Wang et al., curcumin induces G2/M cell cycle arrest and cellular senescence in cervical cancer cell lines and was dependent on the dosage of curcumin administered, resulting in reduced cell survival [100]. Similarly, this study confirmed that the administration of curcumin resulted in enhanced effectiveness of doxorubicin and greater radiosensitivity to Na131I. The irradiation of MG-63 cells with curcumin-enhanced radiolabeled nanoparticles increased the proportion of cells in the G2/M phase. This observation suggests the damaged DNA was being repaired [101]. Additionally, it was confirmed that the fractionated irradiation dose caused more significant DNA damage to the cells than a single dose, as depicted in Figure 10.




4. Materials and Methods


4.1. Materials and Cell Lines


MG-63 human osteosarcoma cell line, human fibroblasts, and bone marrow mesenchymal stem cells were acquired from the American Type Culture Collection (ATCC), situated in Manassas, VA, USA. The MG-63 cells, human fibroblasts and bone marrow mesenchymal stem cells were grown at a temperature of 37 °C in a humidified atmosphere (5% CO2 and 95% air environment). The MG-63 and fibroblasts culture media employed in this study consisted of Dulbecco’s Modified Eagle’s media, supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The bone marrow mesenchymal stem cells were supplemented with 16.5% fetal bovine serum and 1% penicillin/streptomycin. The cell lines were subjected to a minimum of four subcultures using trypsin/ethylenediaminetetraacetic acid (trypsin/EDTA) treatment and maintained in a humidified atmosphere (5% CO2 and 95% air environment). The medium was refreshed periodically every 3 days. The cells were introduced to the 3D low attachment plates at a concentration of 5 × 103 − 1 × 104 cells/mL.




4.2. Preparation and Characterization of Nanoparticles


In brief, the process for synthesizing the various treatments is described in Figure 1A, and outlined as follows:




	
Control: The Dulbecco′s Modified Eagle (DMEM) complete medium was composed of DMEM high glucose medium supplemented with 2 mM L-glutamine, sodium pyruvate, 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin.



	
CMCS: The preparation of carboxymethyl chitosan was conducted using the method proposed by Sun et al. [102]. A mixture consisting of 10 g of chitosan, 10 g of sodium hydroxide, 50 mL of isopropanol, and 50 mL of water was introduced into a flask for the purpose of swelling and alkalization. The process was carried out at a temperature of 50 °C for a duration of 1 h. A solution of monochloroacetic acid (15 g) was prepared by dissolving it in isopropanol (20 mL). This solution was then added drop-wise to the reaction mixture over a period of 30 min and allowed to react for a duration of 4 h at 50 °C. The reaction was thereafter terminated by the addition of 70% ethyl alcohol (250 mL). The solid material underwent filtration and subsequent rinsing using ethyl alcohol with a concentration ranging from 70% to 90%. Following this, the solid was subjected to vacuum drying at room temperature. The product under consideration is the sodium salt of carboxymethyl chitosan (Na-CC). Na-CC suspension (1 g) was prepared in a 100 mL solution of 80% ethyl alcohol in water. Subsequently, 10 mL of 37% hydrochloric acid was added to the suspension, and the mixture underwent stirring for a duration of 30 min. The solid material underwent filtration and subsequent rinsing in ethyl alcohol with a concentration of 70−90% in order to achieve neutralization. Following this, the solid was subjected to vacuum drying [103].



	
Na131I: Sodium iodide, dissolved in 1 M phosphate-buffered saline (1 × PBS), with an activity of 3.70 MBq (100 μCi).



	
C-N: The double emulsion procedure utilized to prepare the CMCS cores, into which curcumin was inserted into the inner phase, curcumin was diffused using 25 μL of 1 × PBS. The diffusion process was followed by sonication for 2 min at 70% pulsed power, with a pattern of 2 s on, and 1 s off. The core material employed during sonication was CMCS. Subsequently, the solution was combined with 5 mL of 1 × PBS and subjected to sonication for 2 min. Next, a volume of 10 mL of 1 × PBS was introduced to facilitate the process of evaporation. The mixture was then agitated for 4 h within a fume hood.



	
D-N: Doxorubicin was loaded into the CMCS core using the double emulsion, following the same procedure as the C-N.



	
CD-N: Curcumin and doxorubicin were loaded into the CMCS cores using the double emulsion procedure, following the same procedure as the C-N.



	
I-N: Na131I was loaded into the CMCS cores using the double emulsion procedure without chelating agents, following the same procedure as the C-N.



	
IC-N: Na131I and curcumin were loaded into the CMCS cores using the double emulsion procedure, following the same procedure as the C-N.



	
ID-N: Na131I and doxorubicin were loaded into the CMCS cores using the double emulsion procedure, following the same procedure as the C-N.



	
ICD-N: Na131I, curcumin, and doxorubicin were loaded into the CMCS cores using the double emulsion procedure.



	
ICED-N: The double emulsion method was used to synthesize the epidermal growth factor receptor (EGFR)-targeted Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticle, with co-administration of doxorubicin and curcumin (ICED-N).








In addition, the physiochemical characteristics, size, polydispersity, and zeta potential of ICED-N were assessed by dynamic light scattering (DLS) evaluations conducted in triplicate (n = 3) at room temperature. The Malvern ZEN 3600 Zetasizer instrument was utilized for this investigation. Furthermore, Alexa Fluor 647 was employed to validate the interaction between the anti-human EGFR antibody and the co-administration of doxorubicin and curcumin within the Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticle (ICED-N) targeted against the epidermal growth factor receptor (EGFR) and the uptake of these nanoparticles by MG-63 osteosarcoma (EGFR+). The fluorescence intensity was evaluated using a LionHeart FX Automated Microscope (BioTek Instrument, Winooski, VT, USA) for live cell imaging [104].




4.3. Radioactive Properties of Nanoparticles


4.3.1. Radiochemical Purity


The standard radiochemical purity percentage (% RCP) of I-131 was determined using instant thin-layer chromatography (ITLC) provided by Global Medical Solutions, Bangkok, Thailand. The quantity of unbound I-131 was measured using a dosage calibrator manufactured by Capintec, Inc., Ramsey, NJ, USA. Furthermore, the presence of impurities did not exceed 5% of the overall activity [38]. The radiochemical purity was obtained using Equation (1):


  R a d i o c h e m i c a l   P u r i t y   ( R C P ) =     T o t a l   A c t i v i t y − I m p u r i t i e s   A c t i v i t y   T o t a l   A c t i v i t y     × 100 %  



(1)








4.3.2. Radioactive Stability


ICED-N were incubated at a temperature of 37 °C in 1 × PBS. The ITLC-SG method was employed to evaluate the stability of the ICED-N in nine consecutive serum samples using a 0.9% NaCl solution as the eluent. In order to determine their stability, the alteration in the ICED-N and the radioactive stability were assessed in triplicate for 72 h (n = 3).




4.3.3. Radioactive Yield


The yield of I-131 radiolabeling was assessed by ITLC-SG after the development of ICED-N in a 0.25% KCl chloroform–methanol solution at various time intervals ranging from 0 to 72 h. Retardation or Retention Factor (    R   f    ) measurements refer to the distance traveled by a substance relative to the solvent and are used for the purpose of identifying the locations of I-131 radioactive areas [105]. Bound ICED-N exhibits a migration pattern at     R   f     = 0.0 during the migration process. However, unbound I-131 migrates towards the solvent front region of the ITLC strip, which is between     R   f     = 0.6 and 1.0 [106].





4.4. Entrapment and Loading Efficiency of Curcumin and Doxorubicin


4.4.1. Entrapment and Loading Efficiency of Curcumin


In order to assess the entrapment effectiveness of curcumin inside the ICED-N, a process of ultracentrifugation was employed. The ultracentrifugation was carried out at a speed of 20,000 rpm and a temperature of 4 °C for 45 min. This separation process aimed to isolate the ICED-N from the aqueous medium, which included curcumin that was not encapsulated. Following two rounds of washing with distilled water, the pellet underwent re-dispersion in ethanol. The resulting mixture was thoroughly vortexed and subsequently subjected to centrifugation [107]. A yellowish supernatant was obtained from this process, which was then measured using a consistent UV absorption wavelength of 467 nm and fluorescence emission at 571 nm [108]. Determining loading efficiency was further performed by considering the mass of the nanoparticles acquired during the centrifugation process.


  E n t r a p m e n t   e f f i c i e n c y   o f   c u r c u m i n =   A m o u n t   o f   c u r c u m i n   i n   t h e   I C E D − N   p e l l e t   I n i t i a l   a m o u n t   o f   c u r c u m i n   × 100 %  



(2)






  L o a d i n g   e f f i c i e n c y   o f   c u r c u m i n =   T o t a l   a m o u n t   o f   c u r c u m i n   Y i e l d   o f   I C E D − N   × 100 %  



(3)








4.4.2. Entrapment and Loading Efficiency of Doxorubicin


To evaluate the efficacy of doxorubicin entrapment within ICED-N, an ultracentrifugation technique was utilized. The ultracentrifugation procedure was conducted at a rotational speed of 20,000 rpm at 4 °C for 45 min. The objective of this separation procedure was to extract the ICED-N compound from the aqueous solution, which included unencapsulated doxorubicin. The pellets were subjected to two cycles of washing using distilled water, after which they were re-dispersed in ethanol. The resultant mixture was vigorously agitated using a vortex mixer and later underwent centrifugation. The resulting solution from this procedure exhibited a reddish supernatant, which was subsequently quantified using a consistent UV absorption wavelength of 480 nm and red fluorescence emission at 580 nm. The assessment of loading efficiency was further conducted by taking into account the mass of the nanoparticles obtained after the centrifugation procedure.


  E n t r a p m e n t   e f f i c i e n c y   o f   d o x o r u b i c i n =   A m o u n t   o f   d o x o r u b i c i n   i n   t h e   I C E D − N   p e l l e t   I n i t i a l   a m o u n t   o f   d o x o r u b i c i n   × 100 %  



(4)






  L o a d i n g   e f f i c i e n c y   o f   d o x o r u b i c i n =   T o t a l   a m o u n t   o f   d o x o r u b i c i n   Y i e l d   o f   I C E D − N   × 100 %  



(5)









4.5. Release Profile of Curcumin- and Doxorubicin-Loaded ICED-N


The investigation into the release of curcumin- and doxorubicin-loaded ICED-N over time was carried out using Slide-A-Lyzer MINI Dialysis Cups with a 3.5 kDa molecular weight cut-off. These cups were placed in a sealed beaker containing 2000 mL of 1 × PBS with a pH of 7.4, which served as the release medium. The contents were agitated at 200 rpm and maintained at a temperature of 37 °C. At specific time intervals, samples were collected from the buffer solution, and an equivalent volume of fresh buffer medium was added to ensure a constant pH and sink state. To extract curcumin and doxorubicin from ICED-N, a solution of 0.1 M HCl in acetonitrile was used. The concentration of doxorubicin was determined by measuring its fluorescence, with excitation at 480 nm and emission at 580 nm. Likewise, the concentration of curcumin was determined by measuring its fluorescence, with excitation at 467 nm and emission at 571 nm. The experiments were carried out in triplicate, and the results are presented as the average of these three measurements (mean ± standard deviation) (n = 3).


  D r u g   r e l e a s e   o f   c u r c u m i n =   C u r c u m i n   r e l e a s e d   a t   a   s p e c i f i c   t i m e   i n t e r v a l   T o t a l   a m o u n t   o f   c u r c u m i n   e n t r a p p e d   w i t h i n   I C E D − N   × 100 %  



(6)






  D r u g   r e l e a s e   o f   d o x o r u b i c i n =   D o x o r u b i c i n   r e l e a s e d   a t   a   s p e c i f i c   t i m e   i n t e r v a l   T o t a l   a m o u n t   o f   d o x o r u b i c i n   e n t r a p p e d   w i t h i n   I C E D − N   × 100 %  



(7)








4.6. Drug Release Mathematical Models


The release of curcumin and doxorubicin from ICED-N can be analyzed using various mathematical models. The release data fitting was performed using MATLAB 2007 software. After analyzing the regression coefficient, the optimal kinetic model was determined. This research focused on investigating the controlled release kinetics utilizing the zero-order [109], Higuchi model [46], and Korsmeyer–Peppas models [110]. The normalized curcumin and doxorubicin release from ICED-N at 0, 0.5, 1, 3, 6, 12, 24, 36, 48, 72, 96, and 120 h calculated using the following equations:



4.6.1. Zero-Order Release: Assumes a Constant Release Rate over Time




    C   t   =   C   0   + (   K   0   × t )  



(8)




where     C   t     is the drug released amount at time =   t  ,     C   0     is the initial drug concentration at time   t   = 0, and     K   0     is the zero-order rate constant (concentration/time).




4.6.2. Higuchi Model: Describes Drug Release from a Matrix System Where Release Is Diffusion-Controlled




  Q =   K   H   ×   t   1 / 2    



(9)




where   Q   is the drug released cumulative amount in time =   t   per unit area, and     K   H     is the Higuchi dissolution constant.




4.6.3. Korsmeyer–Peppas Model (Power Law): Suitable for Showing Anomalous (Non-Fickian) Release Kinetics, a Combination of Diffusion and Polymer Relaxation




  l o g       M   t       M   ∞     = l o g   K   k p   + n   log  ⁡  t    



(10)




where     M   t     is the quantity of drug released in the time =   t  ,     M   ∞     is the amount of drug released after time =   ∞  ,     K   k p     is the Korsmeyer–Peppas release rate constant, and   n   is the diffusional exponent or the drug release exponent.





4.7. In Vitro Dose Response Cytotoxicity of Curcumin and Doxorubicin in Human Osteosarcoma Cell Proliferation: MTT Assay


4.7.1. In Vitro Dose Response Cytotoxicity of Curcumin in Human Osteosarcoma Cell Proliferation


The MTT assay is a method employed to evaluate cells’ metabolic activity and vitality, utilizing a colorimetric approach to quantify cellular metabolic activity. The process relies on the enzymatic activity of nicotinamide adenine dinucleotide phosphate (NADPH)-dependent cellular oxidoreductase enzymes, catalyzing the reduction of the tetrazolium dye MTT. This results in an insoluble formazan compound with a distinct purple hue. The assay quantifies cell viability by assessing the enzymatic conversion of a tetrazolium compound to water-insoluble formazan crystals, facilitated by dehydrogenases primarily found in the mitochondria of viable cells. Notably, reducing agents and enzymes present in other organelles, such as the endoplasmic reticulum, also contribute to this process [111,112].



In assessing therapeutic effectiveness in a controlled laboratory setting, the MTT assay was employed. MG-63 osteosarcoma cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco-BRL, Waltham, MA, USA), supplemented with 10% FBS, 1% penicillin/streptomycin (Gibco-BRL, Waltham, MA, USA), and L-glutamine (Gibco-BRL, Waltham, MA, USA). Initially, MG-63 cells were cultivated until they reached a confluence of 60–80% at 37 °C and a 5% CO2 in culture flasks within a humidified incubator. Subsequently, 5000 cells per well were seeded into 96-well microtiter plates, with a final volume of 200 µL per well, 24 h before initiating therapy.



Next, a group of MG-63 cells (n = 3) underwent treatment with free curcumin (C) or C-N at concentrations of 0, 1, 10, 25, 50, 100, 250, 500, 750, and 1000 µg/mL for 24 h. The C and C-N underwent a washing process and was subsequently cultured in a fresh culture mixture for another 24 h, with each well containing a final volume of 200 µL. The rate of cell proliferation was assessed using the MTT assay, involving the incubation of a mixture of 50 μL of serum-free media and 50 µL of MTT solution in 96-well plates for 3 h at 37 °C under a 5% CO2 atmosphere. Following the addition of 150 µL of MTT solvent to each well, the well plates were covered with aluminum foil to prevent light passage and stirred for 15 min using an orbital shaker. The absorbance of the treated cells was determined using a microplate reader set to an optical density (OD) of 590 nm, establishing the correlation between the color intensity observed and the quantity of live cells.




4.7.2. In Vitro Dose Response Cytotoxicity of Doxorubicin in Human Osteosarcoma Cell Proliferation


MG-63 osteosarcoma cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS, 1% penicillin/streptomycin, and L-glutamine at 37 °C and a 5% CO2 in culture flasks within a humidified incubator. At 24 h prior to the treatment, 5000 cells per well were inoculated into 96-well microtiter plates (200 µL per well) once cells had attained 60−80% confluence.



Following that, MG-63 cells (n = 3) were subjected to free doxorubicin (D) or D-N treatment for 24 h at 5 × 10−5, 1 × 10−4, 5 × 10−4, 1 × 10−3, 5 × 10−3, 1 × 10−2, 5 × 10−2, 1 × 10−1, 5 × 10−1, 1, 5, and 10 µg/mL concentrations. Following the rinsing of D or D-N, cells were cultured for an additional 24 h in a fresh mixture containing 200 μL per well. Cell proliferation was evaluated using the MTT assay, which entailed a 24 h incubation at 37 °C with 5% CO2 of a 50 μL mixture of serum-free media and MTT solution in 96-well microtiter plates. Plates were covered with aluminum foil and agitated for 15 min with an orbital shaker, and absorbance was measured at 590 nm after 150 µL of MTT solvent was added to each well. The correlation between observed color intensity and viable cell quantity was ascertained in this manner.





4.8. In Vitro Cytotoxicity in Human Osteosarcoma Spheroids


MG-63 human osteosarcoma 3D spheroids were treated for 24, 48, and 72 h with single-dose or 4 × fractionated-dose of control, Na131I, C-N, D-N, CD-N, and ICED-N. A 3D Cell Titer-Glo® cell viability assay was used to investigate the survival of the MG-63 cells. Following the manufacturer’s instructions, we discarded the medium and added 100 μL of Cell Titer-Glo® reagent to each well, mixed for 2 min, then incubated for 30 min at room temperature. A plate reader (Tecan, Infinite 200 PRO, Männedorf, Switzerland) was used to analyze the luminescence signal.




4.9. In Vitro Surface Immunofluorescence Cellular Binding in Human Osteosarcoma


The control fibroblast cells (EGFR−) utilized in this study were characterized as aged cells, which have a lower EGFR expression, as opposed to young cells, which exhibit elevated levels of EGFR. Using younger fibroblast cells would distort the intracellular targeting evaluation [113]. Intercellular binding/uptake of MG-63 (EGFR+) and fibroblast (EGFR−) cells (n = 3) was determined by incubating them with ICED-N for 24 h. First, the MG-63 and fibroblast cells were rinsed with 1 × PBS, then treated with 4% paraformaldehyde for 20 min to preserve samples. Then, they were stained with 4′,6-diamidino-2-phenylindole (DAPI) dye (blue channel) for 30 min at 37 °C and rinsed twice before fluorescent live cell imaging microscopy examination.




4.10. Time-Dependent Study of Nanoparticle Penetration in MG-63 Osteosarcoma Monolayer Cells and MG-63 Osteosarcoma Cellular Spheroids


The evaluation of ICED-N penetration capability utilized MG-63 monolayer cells. Qualitative and quantitative assessment of ICED-N penetration into 2D monolayer MG-63 cells was performed using multi-photon fluorescence microscopy. ICED-N was administered at 0, 1, and 3 h. Throughout the exposure period, MG-63 cells underwent thorough washing and rinsing with 1 × PBS before fixation in a solution of 1 × PBS containing 4% paraformaldehyde for 60 min. Subsequently, cells were washed, stained with DAPI, and visualized using LionHeart live cell imaging. The quantification of ICED-N penetration was conducted by measuring fluorescence intensity.



Moreover, the MG-63 cellular 3D spheroid model ~600 µm diameter was utilized to assess the penetration capability of ICED-N. Multi-photon fluorescent microscopy then assessed the entry of ICED-N into 3D MG-63 cellular spheroids both qualitatively and quantitatively. The radiolabeled ICED-N treated one spheroid per well for 6, 12, 24, 48, and 72 h. Throughout 6, 12, 24, 48, and 72 h exposure to ICED-N, the spheroids were washed and rinsed with 1 × PBS before being fixed in 1 × PBS containing 4% paraformaldehyde for 60 min. Afterward, the spheroids were washed, then dyed with DAPI dye before being imaged using LionHeart live cell imaging and their fluorescence intensity quantified the progression of ICED-N penetration.




4.11. Apoptosis/Programmed Cell Death Incidence Level in Human Osteosarcoma


Initially, the MG-63 cells were placed at a density of 1 × 105 to 1 × 106 cells per well in a complete DMEM medium. Subsequently, the cells were grown in a controlled environment with 5% CO2 at 37 °C for 24 h. Next, the cells underwent a 72 h treatment period with single-dose and 4 × fractionated-dose of control, Na131I, C-N, D-N, CD-N, I-N, IC-N, and ICED-N. Following the completion of the treatment, the supplemented DMEM medium was taken out, and the cells were rinsed with 1 × PBS, then dissociated using trypsin/EDTA to eliminate contaminants and achieve a state of individual cell suspension. The caspase-3 activity induced by the therapies was evaluated using a fluorometric assay kit (ab39383, Abcam, Cambridge, UK). Following the cells’ collection, they were re-suspended in a cooled Lysis Buffer I/Cell Lysis Buffer (50 μL). The cells were then subjected to a period of 10 min on ice. Subsequently, a volume of 50 μL of Reaction Buffer I/2 (containing 10 mM DTT II/DTT) was added to each sample. The cells that underwent treatment were subjected to incubation with a 1 mM DEVD-AFC substrate, with a final concentration of 50 μM, in a volume of 5 μL. Subsequently, the cell fluorescence measured using a fluorescence microtiter plate reader equipped with a 400 nm excitation filter and a 505 nm emission filter [98].




4.12. Relative Cell Cycle Analysis in Human Osteosarcoma


The assessment of cell cycle analysis involved the following steps: trypsin dissociation of MG-63 cells, subsequent rinsing with an assay buffer to maintain solution equilibrium, and suspension of cell pellets in a new assay solution at a concentration of 1 × 106 cells/mL. Subsequently, in preparation for propidium iodide labeling, cellular permeabilization was achieved by treating the cells with 1000 μL of a cell fixation agent, thus halting any ongoing metabolic activities. The fixing agent was eliminated using a centrifugation process lasting 5 min at a force of 500× g. Subsequently, the cells were immersed in a propidium iodide staining solution and afterwards subjected to incubation in a light-deprived environment at room temperature for a duration of 30 min. The MG-63 cell cycle was analyzed using the ImageStreamX Mk II flow cytometer (Merck KGaA, Darmstadt, Germany).




4.13. Statistical Analysis


In this investigation, each in vitro experiment was performed three times independently. The in vitro experiments yielded data expressed as a mean ± standard deviation. In addition, the residual was used to assess the normality of the data, and the variance similarity between groups was determined by analyzing the variance of each group. A Student’s t-test and one-way or two-way analysis of variance (ANOVA), followed by a student Newman–Keuls post hoc test, were employed to determine the statistical significance. The ns: p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 were utilized to demonstrate statistical significance. GraphPad Prism 10.0 software (GraphPad Software Inc., Boston, MA, USA) was utilized for all statistical analyses.





5. Conclusions


The primary objective of this study was to assess the efficacy of the small molecule curcumin in enhancing the effects of chemotherapy and radiation therapy against MG-63 osteosarcoma cells. The ICED-N delivers a co-administration treatment of curcumin and doxorubicin loaded in a carboxymethyl chitosan (CMCS) nanoparticle. Directly labeled with Na131I, it is the first nanoplatform of its type to treat osteosarcoma cells in a 3D spheroid model. Characterization revealed the ICED-N with a mean diameter of ~257 nm, a PDI of 0.22, and a zeta potential of −12 mV. With a curcumin entrapment efficiency of ~85% and a loading efficiency of 67%, and a doxorubicin entrapment efficiency of ~38% and a loading efficiency of ~42%. The hydrophilic Na131I radiolabeled without chelating agents, enabling the delivery of larger radioactivity doses. The radiolabeling resulted in ~98% radioactive stability and a radiolabeling yield of 99.92% at 1 h. The anti-EGFR-targeted ICED-N immunofluorescence confirmed a 513-fold greater targeting efficacy to MG-63 (EGFR+) cells than the control fibroblast (EGFR−) cells. The ICED-N, 4 × fractionated-dose regime resulted in a significant 18.3-fold greater cytotoxicity to the 3D MG-63 cells than the single-dose doxorubicin-loaded nanoparticle (D-N). Furthermore, the 3D MG-63 spheroid model proved to be a significant tool in evaluating multilayer resistance inside osteosarcoma tumors. Our results demonstrate that the ICED-N exhibited a substantial level of penetration into the spheroid structure. In addition, the combination of curcumin and doxorubicin resulted in a significant increase in programmed cell death. The ICED-N fractionated-dose caspase-3 activity was 2.1-fold greater than the single-dose doxorubicin-loaded nanoparticle (D-N). Moreover, the results of this investigation confirmed that the inclusion of curcumin enhanced doxorubicin effectiveness and increased radiosensitivity to Na131I. When exposed to Na131I radiation, the curcumin-enhanced radiolabeled nanoparticles increased the proportion of MG-63 cells in the G2/M phase 8.78-fold, and a 58-fold reduction in the G0/G1 phase.



Moreover, this radio-nanotherapeutic platform effectively administered a combination of curcumin and doxorubicin fractionated radiotherapeutic, successfully inhibiting MG-63 osteosarcoma cells. This radiotherapeutic platform holds promise as a potential platform for the advancement of osteosarcoma therapy and diagnosis in the future. The use of nanotheranostics has facilitated significant advancements; however, there are still some significant obstacles that are unique to nanotheranostics [114]. In the process of advancing bench to bedside radio-nanotherapeutics, it is imperative to investigate a multitude of issues, including adverse effects, compatibility, compliance, regulatory approvals, reliability, repeatability, scalability, and commercial possibilities, and the long-term effects of bone-seeking nanomedicines need to be resolved.
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Author Contributions


Conceptualization, S.K.M.; methodology, S.K.M., N.B., S.S. and A.B.; software, S.K.M., N.B., S.S. and A.B.; validation, S.K.M., N.B., S.S. and A.B.; formal analysis, S.K.M., N.B., S.S. and A.B.; investigation, S.K.M., M.T., B.S., V.P., N.B., S.S., A.B., H.K.-a. and I.W.; resources, S.K.M.; data curation, S.K.M., N.B., S.S. and A.B.; writing—original draft preparation, S.K.M.; writing—review and editing, S.K.M.; visualization, S.K.M., N.B., S.S. and A.B.; supervision, S.K.M.; project administration, S.K.M.; funding acquisition, S.K.M. All authors have read and agreed to the published version of the manuscript.




Funding


This study was financially supported by the Faculty of Medicine, Prince of Songkla University and the Research and Development Office (RDO), Prince of Songkla University.




Institutional Review Board Statement


This study was conducted in accordance with the standards outlined in the Declaration of Helsinki and the International Conference on Harmonization in Good Clinical Practice (ICH-GCP). This research received approval from the Office of Human Research Ethics Committee, Faculty of Medicine, Prince of Songkla University, Thailand (REC. 65-018-7-2, 14 January 2022).




Informed Consent Statement


Not applicable.




Data Availability Statement


Access to detailed data is restricted due to both ethical and legal concerns. Data requests should be reviewed with the corresponding author and approved by the Office of Human Research Ethics Committee, Faculty of Medicine, Prince of Songkla University. The datasets analyzed during the current study are available from the corresponding author upon reasonable request.




Acknowledgments


The authors would like to thank and acknowledge the Department of Biomedical Science and Biomedical Engineering staff, Faculty of Medicine, Prince of Songkla University, for their technical assistance. We would like to express our deepest gratitude to the Radiological Technology staff, Department of Radiology, Faculty of Medicine, Prince of Songkla University, for their valuable assistance with a number of technical procedures.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Tamanoi, F.; Bathaie, S.Z. Natural Products and Cancer Signaling: Isoprenoids, Polyphenols and Flavonoids; Academic Press: Cambridge, MA, USA, 2014; ISBN 0-12-802527-1. [Google Scholar]

	



Sharifi-Rad, J.; Rayess, Y.E.; Rizk, A.A.; Sadaka, C.; Zgheib, R.; Zam, W.; Sestito, S.; Rapposelli, S.; Neffe-Skocińska, K.; Zielińska, D. Turmeric and Its Major Compound Curcumin on Health: Bioactive Effects and Safety Profiles for Food, Pharmaceutical, Biotechnological and Medicinal Applications. Front. Pharmacol. 2020, 11, 1021. [Google Scholar] [CrossRef]

	



Yang, X.; Ren, H.; Guo, X.; Hu, C.; Fu, J. Radiation-Induced Skin Injury: Pathogenesis, Treatment, and Management. Aging 2020, 12, 23379. [Google Scholar] [CrossRef]

	



Prasanna, P.G.; Stone, H.B.; Wong, R.S.; Capala, J.; Bernhard, E.J.; Vikram, B.; Coleman, C. Normal Tissue Protection for Improving Radiotherapy: Where Are the Gaps? Transl. Cancer Res. 2012, 1, 35. [Google Scholar]

	



Kang, H.; Kim, B.; Park, J.; Youn, H.; Youn, B. The Warburg Effect on Radioresistance: Survival beyond Growth. Biochim. Biophys. Acta Rev. Cancer 2023, 1878, 188988. [Google Scholar] [CrossRef] [PubMed]

	



Verma, V. Relationship and Interactions of Curcumin with Radiation Therapy. World J. Clin. Oncol. 2016, 7, 275. [Google Scholar] [CrossRef] [PubMed]

	



Jagetia, G.C. Radioprotection and Radiosensitization by Curcumin. Mol. Targets Ther. Uses Curcumin Health Dis. 2007, 7, 301–320. [Google Scholar]

	



Momtazi-Borojeni, A.A.; Ghasemi, F.; Hesari, A.; Majeed, M.; Caraglia, M.; Sahebkar, A. Anti-Cancer and Radio-Sensitizing Effects of Curcumin in Nasopharyngeal Carcinoma. Curr. Pharm. Des. 2018, 24, 2121–2128. [Google Scholar] [CrossRef] [PubMed]

	



Lu, K.-H.; Lu, P.W.-A.; Lin, C.-W.; Yang, S.-F. Curcumin in Human Osteosarcoma: From Analogs to Carriers. Drug Discov. Today 2022, 28, 103437. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Lu, Y.; Lee, R.J.; Xiang, G. Nano Encapsulated Curcumin: And Its Potential for Biomedical Applications. Int. J. Nanomed. 2020, 15, 3099–3120. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Yu, X.-H.; Yan, Y.-G.; Wang, C.; Wang, W.-J. PI3K/Akt Signaling in Osteosarcoma. Clin. Chim. Acta 2015, 444, 182–192. [Google Scholar] [CrossRef]

	



Peng, S.-F.; Lee, C.-Y.; Hour, M.-J.; Tsai, S.-C.; Kuo, D.-H.; Chen, F.-A.; Shieh, P.-C.; Yang, J.-S. Curcumin-Loaded Nanoparticles Enhance Apoptotic Cell Death of U2OS Human Osteosarcoma Cells through the Akt-Bad Signaling Pathway. Int. J. Oncol. 2014, 44, 238–246. [Google Scholar] [CrossRef]

	



Biazzo, A.; De Paolis, M. Multidisciplinary Approach to Osteosarcoma. Acta Orthop. Belg. 2016, 82, 690–698. [Google Scholar]

	



Luetke, A.; Meyers, P.A.; Lewis, I.; Juergens, H. Osteosarcoma Treatment–Where Do We Stand? A State of the Art Review. Cancer Treat. Rev. 2014, 40, 523–532. [Google Scholar] [CrossRef]

	



Isakoff, M.S.; Bielack, S.S.; Meltzer, P.; Gorlick, R. Osteosarcoma: Current Treatment and a Collaborative Pathway to Success. J. Clin. Oncol. 2015, 33, 3029. [Google Scholar] [CrossRef]

	



Berner, K.; Johannesen, T.B.; Berner, A.; Haugland, H.K.; Bjerkehagen, B.; Bøhler, P.J.; Bruland, Ø.S. Time-Trends on Incidence and Survival in a Nationwide and Unselected Cohort of Patients with Skeletal Osteosarcoma. Acta Oncol. 2015, 54, 25–33. [Google Scholar] [CrossRef]

	



Wang, J.; Li, M.; Guo, P.; He, D. Survival Benefits and Challenges of Adjuvant Chemotherapy for High-Grade Osteosarcoma: A Population-Based Study. J. Orthop. Surg. Res. 2023, 18, 465. [Google Scholar] [CrossRef]

	



Liu, R.; Luo, C.; Pang, Z.; Zhang, J.; Ruan, S.; Wu, M.; Wang, L.; Sun, T.; Li, N.; Han, L. Advances of Nanoparticles as Drug Delivery Systems for Disease Diagnosis and Treatment. Chin. Chem. Lett. 2023, 34, 107518. [Google Scholar] [CrossRef]

	



Elumalai, K.; Srinivasan, S.; Shanmugam, A. Review of the Efficacy of Nanoparticle-Based Drug Delivery Systems for Cancer Treatment. Biomed. Technol. 2024, 5, 109–122. [Google Scholar] [CrossRef]

	



Li, X.; Ding, B.; Zheng, P.; Lin, J. Advanced Nanomaterials for Enhanced Immunotherapy via Metabolic Regulation. Coord. Chem. Rev. 2024, 500, 215540. [Google Scholar] [CrossRef]

	



Jiang, Z.; Song, Z.; Cao, C.; Yan, M.; Liu, Z.; Cheng, X.; Wang, H.; Wang, Q.; Liu, H.; Chen, S. Multiple Natural Polymers in Drug and Gene Delivery Systems. Curr. Med. Chem. 2024, 31, 1691–1715. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; Wu, W.; Yang, W.; Qing, X.; Shao, Z. Surface Engineering of Nanoparticles with Ligands for Targeted Delivery to Osteosarcoma. Colloids Surf. B Biointerfaces 2020, 190, 110891. [Google Scholar] [CrossRef]

	



Ashique, S.; Faiyazuddin, M.; Afzal, O.; Gowri, S.; Hussain, A.; Mishra, N.; Garg, A.; Maqsood, S.; Akhtar, M.S.; Altamimi, A.S. Advanced Nanoparticles, the Hallmark of Targeted Drug Delivery for Osteosarcoma—An Updated Review. J. Drug Deliv. Sci. Technol. 2023, 87, 104753. [Google Scholar] [CrossRef]

	



Cheng, X.; Wei, J.; Ge, Q.; Xing, D.; Zhou, X.; Qian, Y.; Jiang, G. The Optimized Drug Delivery Systems of Treating Cancer Bone Metastatic Osteolysis with Nanomaterials. Drug Deliv. 2021, 28, 37–53. [Google Scholar] [CrossRef]

	



Chen, W.; Li, Z.; Yu, N.; Zhang, L.; Li, H.; Chen, Y.; Gong, F.; Lin, W.; He, X.; Wang, S. Bone-Targeting Exosome Nanoparticles Activate Keap1/Nrf2/GPX4 Signaling Pathway to Induce Ferroptosis in Osteosarcoma Cells. J. Nanobiotechnol. 2023, 21, 355. [Google Scholar] [CrossRef]

	



Aranaz, I.; Alcántara, A.R.; Civera, M.C.; Arias, C.; Elorza, B.; Heras Caballero, A.; Acosta, N. Chitosan: An Overview of Its Properties and Applications. Polymers 2021, 13, 3256. [Google Scholar] [CrossRef]

	



Jhaveri, J.; Raichura, Z.; Khan, T.; Momin, M.; Omri, A. Chitosan Nanoparticles-Insight into Properties, Functionalization and Applications in Drug Delivery and Theranostics. Molecules 2021, 26, 272. [Google Scholar] [CrossRef] [PubMed]

	



Gill, J.; Gorlick, R. Advancing Therapy for Osteosarcoma. Nat. Rev. Clin. Oncol. 2021, 18, 609–624. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, W.; Rui, Z.; Zhou, D. The Effective Combination Therapy against Human Osteosarcoma: Doxorubicin plus Curcumin Co-Encapsulated Lipid-Coated Polymeric Nanoparticulate Drug Delivery System. Drug Deliv. 2016, 23, 3200–3208. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Hu, S.; Sun, M.; Shi, J.; Zhang, H.; Yu, H.; Yang, Z. Recent Advances and Clinical Translation of Liposomal Delivery Systems in Cancer Therapy. Eur. J. Pharm. Sci. 2024, 193, 106688. [Google Scholar] [CrossRef]

	



Chen, C.; Wang, S.; Wang, J.; Yao, F.; Tang, X.; Guo, W. Nanosized Drug Delivery Strategies in Osteosarcoma Chemotherapy. APL Bioeng. 2023, 7, 011501. [Google Scholar] [CrossRef]

	



Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering Precision Nanoparticles for Drug Delivery. Nat. Rev. Drug Discov. 2021, 20, 101–124. [Google Scholar] [CrossRef] [PubMed]

	



Munoz-Garcia, J.; Jubelin, C.; Loussouarn, A.; Goumard, M.; Griscom, L.; Renodon-Cornière, A.; Heymann, M.-F.; Heymann, D. In Vitro Three-Dimensional Cell Cultures for Bone Sarcomas. J. Bone Oncol. 2021, 30, 100379. [Google Scholar] [CrossRef]

	



Ferreira, D.; Silva, R.; Figueiredo, L.; Rodrigues, L. Smart Targeted-Nanocarriers for Cancer Therapeutics. In Biogenic Nanomaterials for Environmental Sustainability: Principles, Practices, and Opportunities; Springer: Berlin/Heidelberg, Germany, 2024; pp. 377–407. [Google Scholar]

	



Jiang, L.Q.; Wang, T.Y.; Webster, T.J.; Duan, H.-J.; Qiu, J.Y.; Zhao, Z.M.; Yin, X.X.; Zheng, C.L. Intracellular Disposition of Chitosan Nanoparticles in Macrophages: Intracellular Uptake, Exocytosis, and Intercellular Transport. Int. J. Nanomed. 2017, 12, 6383–6398. [Google Scholar] [CrossRef]

	



Wu, L.; Zhang, J.; Watanabe, W. Physical and Chemical Stability of Drug Nanoparticles. Adv. Drug Deliv. Rev. 2011, 63, 456–469. [Google Scholar] [CrossRef] [PubMed]

	



Freitas, C.; Müller, R.H. Effect of Light and Temperature on Zeta Potential and Physical Stability in Solid Lipid Nanoparticle (SLNTM) Dispersions. Int. J. Pharm. 1998, 168, 221–229. [Google Scholar] [CrossRef]

	



World Health Organization. Consultation Document: The International Pharmacopoeia. WHO Drug Inf. 2013, 27, 35–40.

	



Vauthier, C.; Schmidt, C.; Couvreur, P. Measurement of the Density of Polymeric Nanoparticulate Drug Carriers by Isopycnic Centrifugation. J. Nanopart. Res. 1999, 1, 411–418. [Google Scholar] [CrossRef]

	



Shi, X.; Du, Y.; Yang, J.; Zhang, B.; Sun, L. Effect of Degree of Substitution and Molecular Weight of Carboxymethyl Chitosan Nanoparticles on Doxorubicin Delivery. J. Appl. Polym. Sci. 2006, 100, 4689–4696. [Google Scholar] [CrossRef]

	



Herdiana, Y.; Wathoni, N.; Shamsuddin, S.; Muchtaridi, M. Drug Release Study of the Chitosan-Based Nanoparticles. Heliyon 2021, 8, e08674. [Google Scholar] [CrossRef]

	



Trucillo, P. Drug Carriers: A Review on the Most Used Mathematical Models for Drug Release. Processes 2022, 10, 1094. [Google Scholar] [CrossRef]

	



Jayachandran, P.; Ilango, S.; Suseela, V.; Nirmaladevi, R.; Shaik, M.R.; Khan, M.; Khan, M.; Shaik, B. Green Synthesized Silver Nanoparticle-Loaded Liposome-Based Nanoarchitectonics for Cancer Management: In Vitro Drug Release Analysis. Biomedicines 2023, 11, 217. [Google Scholar] [CrossRef]

	



Fosca, M.; Rau, J.V.; Uskoković, V. Factors Influencing the Drug Release from Calcium Phosphate Cements. Bioact. Mater. 2022, 7, 341–363. [Google Scholar] [CrossRef]

	



Paul, D. Elaborations on the Higuchi Model for Drug Delivery. Int. J. Pharm. 2011, 418, 13–17. [Google Scholar] [CrossRef]

	



Petropoulos, J.H.; Papadokostaki, K.G.; Sanopoulou, M. Higuchi’s Equation and beyond: Overview of the Formulation and Application of a Generalized Model of Drug Release from Polymeric Matrices. Int. J. Pharm. 2012, 437, 178–191. [Google Scholar] [CrossRef]

	



Koo, S.Y.; Hwang, K.T.; Hwang, S.; Choi, K.Y.; Park, Y.J.; Choi, J.-H.; Truong, T.Q.; Kim, S.M. Nanoencapsulation Enhances the Bioavailability of Fucoxanthin in Microalga Phaeodactylum Tricornutum Extract. Food Chem. 2023, 403, 134348. [Google Scholar] [CrossRef] [PubMed]

	



Tabatabaei Mirakabad, F.S.; Akbarzadeh, A.; Milani, M.; Zarghami, N.; Taheri-Anganeh, M.; Zeighamian, V.; Badrzadeh, F.; Rahmati-Yamchi, M. A Comparison between the Cytotoxic Effects of Pure Curcumin and Curcumin-Loaded PLGA-PEG Nanoparticles on the MCF-7 Human Breast Cancer Cell Line. Artif. Cells Nanomed. Biotechnol. 2016, 44, 423–430. [Google Scholar] [CrossRef] [PubMed]

	



Meredith, A.-M.; Dass, C.R. Increasing Role of the Cancer Chemotherapeutic Doxorubicin in Cellular Metabolism. J. Pharm. Pharmacol. 2016, 68, 729–741. [Google Scholar] [CrossRef]

	



Rimann, M.; Laternser, S.; Gvozdenovic, A.; Muff, R.; Fuchs, B.; Kelm, J.M.; Graf-Hausner, U. An in Vitro Osteosarcoma 3D Microtissue Model for Drug Development. J. Biotechnol. 2014, 189, 129–135. [Google Scholar] [CrossRef] [PubMed]

	



Nunes, A.S.; Barros, A.S.; Costa, E.C.; Moreira, A.F.; Correia, I.J. 3D Tumor Spheroids as in Vitro Models to Mimic in Vivo Human Solid Tumors Resistance to Therapeutic Drugs. Biotechnol. Bioeng. 2019, 116, 206–226. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, B.; Henriques, A.C.; Silva, P.M.; Bousbaa, H. Three-Dimensional Spheroids as in Vitro Preclinical Models for Cancer Research. Pharmaceutics 2020, 12, 1186. [Google Scholar] [CrossRef] [PubMed]

	



Sak, K. Radiosensitizing Potential of Curcumin in Different Cancer Models. Nutr. Cancer 2020, 72, 1276–1289. [Google Scholar] [CrossRef]

	



Ma, W.; Wang, J.; Guo, Q.; Tu, P. Simultaneous Determination of Doxorubicin and Curcumin in Rat Plasma by LC–MS/MS and Its Application to Pharmacokinetic Study. J. Pharm. Biomed. Anal. 2015, 111, 215–221. [Google Scholar] [CrossRef] [PubMed]

	



Chen, F.; Zeng, Y.; Qi, X.; Chen, Y.; Ge, Z.; Jiang, Z.; Zhang, X.; Dong, Y.; Chen, H.; Yu, Z. Targeted Salinomycin Delivery with EGFR and CD133 Aptamers Based Dual-Ligand Lipid-Polymer Nanoparticles to Both Osteosarcoma Cells and Cancer Stem Cells. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 2115–2127. [Google Scholar] [CrossRef] [PubMed]

	



Trédan, O.; Galmarini, C.M.; Patel, K.; Tannock, I.F. Drug Resistance and the Solid Tumor Microenvironment. J. Natl. Cancer Inst. 2007, 99, 1441–1454. [Google Scholar] [CrossRef]

	



Lilienthal, I.; Herold, N. Targeting Molecular Mechanisms Underlying Treatment Efficacy and Resistance in Osteosarcoma: A Review of Current and Future Strategies. Int. J. Mol. Sci. 2020, 21, 6885. [Google Scholar] [CrossRef] [PubMed]

	



Prudowsky, Z.D.; Yustein, J.T. Recent Insights into Therapy Resistance in Osteosarcoma. Cancers 2020, 13, 83. [Google Scholar] [CrossRef] [PubMed]

	



Lei, Z.; Tian, Q.; Teng, Q.; Wurpel, J.N.; Zeng, L.; Pan, Y.; Chen, Z. Understanding and Targeting Resistance Mechanisms in Cancer. MedComm 2023, 4, e265. [Google Scholar] [CrossRef] [PubMed]

	



Kankala, R.K.; Liu, C.-G.; Chen, A.-Z.; Wang, S.-B.; Xu, P.-Y.; Mende, L.K.; Liu, C.-L.; Lee, C.-H.; Hu, Y.-F. Overcoming Multidrug Resistance through the Synergistic Effects of Hierarchical pH-Sensitive, ROS-Generating Nanoreactors. ACS Biomater. Sci. Eng. 2017, 3, 2431–2442. [Google Scholar] [CrossRef] [PubMed]

	



Duan, C.; Yu, M.; Xu, J.; Li, B.-Y.; Zhao, Y.; Kankala, R.K. Overcoming Cancer Multi-Drug Resistance (MDR): Reasons, Mechanisms, Nanotherapeutic Solutions, and Challenges. Biomed. Pharmacother. 2023, 162, 114643. [Google Scholar] [CrossRef]

	



Atanasov, A.G.; Zotchev, S.B.; Dirsch, V.M.; Supuran, C.T. Natural Products in Drug Discovery: Advances and Opportunities. Nat. Rev. Drug Discov. 2021, 20, 200–216. [Google Scholar] [CrossRef]

	



Rasouli, H.; Farzaei, M.H.; Khodarahmi, R. Polyphenols and Their Benefits: A Review. Int. J. Food Prop. 2017, 20, 1700–1741. [Google Scholar] [CrossRef]

	



Tabanelli, R.; Brogi, S.; Calderone, V. Improving Curcumin Bioavailability: Current Strategies and Future Perspectives. Pharmaceutics 2021, 13, 1715. [Google Scholar] [CrossRef]

	



Racz, L.Z.; Racz, C.P.; Pop, L.-C.; Tomoaia, G.; Mocanu, A.; Barbu, I.; Sárközi, M.; Roman, I.; Avram, A.; Tomoaia-Cotisel, M. Strategies for Improving Bioavailability, Bioactivity, and Physical-Chemical Behavior of Curcumin. Molecules 2022, 27, 6854. [Google Scholar] [CrossRef]

	



Prasad, M.; Salar, A.; Salar, R.K. In Vitro Anticancer Activity of Curcumin Loaded Chitosan Nanoparticles (CLCNPs) against Vero Cells. Pharmacol. Res. Mod. Chin. Med. 2022, 3, 100116. [Google Scholar]

	



Chuah, L.H.; Roberts, C.J.; Billa, N.; Abdullah, S.; Rosli, R. Cellular Uptake and Anticancer Effects of Mucoadhesive Curcumin-Containing Chitosan Nanoparticles. Colloids Surf. B Biointerfaces 2014, 116, 228–236. [Google Scholar] [CrossRef] [PubMed]

	



Jin, H.; Wang, L.; Bernards, R. Rational Combinations of Targeted Cancer Therapies: Background, Advances and Challenges. Nat. Rev. Drug Discov. 2023, 22, 213–234. [Google Scholar] [CrossRef] [PubMed]

	



Vetha, B.S.S.; Kim, E.-M.; Oh, P.-S.; Kim, S.H.; Lim, S.T.; Sohn, M.-H.; Jeong, H.-J. Curcumin Encapsulated Micellar Nanoplatform for Blue Light Emitting Diode Induced Apoptosis as a New Class of Cancer Therapy. Macromol. Res. 2019, 27, 1179–1184. [Google Scholar] [CrossRef]

	



Keyvani-Ghamsari, S.; Khorsandi, K.; Gul, A. Curcumin Effect on Cancer Cells’ Multidrug Resistance: An Update. Phytother. Res. 2020, 34, 2534–2556. [Google Scholar] [CrossRef] [PubMed]

	



Wen, C.; Fu, L.; Huang, J.; Dai, Y.; Wang, B.; Xu, G.; Wu, L.; Zhou, H. Curcumin Reverses Doxorubicin Resistance via Inhibition the Efflux Function of ABCB4 in Doxorubicin-resistant Breast Cancer Cells. Mol. Med. Rep. 2019, 19, 5162–5168. [Google Scholar] [CrossRef]

	



Munn, L.L. Cancer and Inflammation. Wiley Interdiscip. Rev. Syst. Biol. Med. 2017, 9, e1370. [Google Scholar] [CrossRef]

	



Joshi, P.; Verma, K.; Kumar Semwal, D.; Dwivedi, J.; Sharma, S. Mechanism Insights of Curcumin and Its Analogues in Cancer: An Update. Phytother. Res. 2023, 37, 5435–5463. [Google Scholar] [CrossRef]

	



Srinivas, U.S.; Tan, B.W.; Vellayappan, B.A.; Jeyasekharan, A.D. ROS and the DNA Damage Response in Cancer. Redox Biol. 2019, 25, 101084. [Google Scholar] [CrossRef]

	



Xu, C.; Wang, M.; Zandieh Doulabi, B.; Sun, Y.; Liu, Y. Paradox: Curcumin, a Natural Antioxidant, Suppresses Osteosarcoma Cells via Excessive Reactive Oxygen Species. Int. J. Mol. Sci. 2023, 24, 11975. [Google Scholar] [CrossRef]

	



Li, C.; Shi, X.; Zhou, G.; Liu, X.; Wu, S.; Zhao, J. The Canonical Wnt-Beta-Catenin Pathway in Development and Chemotherapy of Osteosarcoma. Front. Biosci. 2013, 18, 1384–1391. [Google Scholar]

	



Wang, J.-Y.; Wang, X.; Wang, X.-J.; Zheng, B.-Z.; Wang, Y.; Liang, B. Curcumin Inhibits the Growth via Wnt/β-Catenin Pathway in Non-Small-Cell Lung Cancer Cells. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 7492–7499. [Google Scholar] [PubMed]

	



Block, K.I.; Gyllenhaal, C.; Lowe, L.; Amedei, A.; Amin, A.R.; Amin, A.; Aquilano, K.; Arbiser, J.; Arreola, A.; Arzumanyan, A. Designing a Broad-Spectrum Integrative Approach for Cancer Prevention and Treatment; Elsevier: Amsterdam, The Netherlands, 2015; Volume 35, pp. 276–304. [Google Scholar]

	



Farnood, P.R.; Pazhooh, R.D.; Asemi, Z.; Yousefi, B. Targeting Signaling Pathway by Curcumin in Osteosarcoma. Curr. Mol. Pharmacol. 2023, 16, 71–82. [Google Scholar] [PubMed]

	



Ning, B.; Liu, Y.; Huang, T.; Wei, Y. Autophagy and Its Role in Osteosarcoma. Cancer Med. 2023, 12, 5676–5687. [Google Scholar] [CrossRef] [PubMed]

	



Yu, D.; Zhang, S.; Feng, A.; Xu, D.; Zhu, Q.; Mao, Y.; Zhao, Y.; Lv, Y.; Han, C.; Liu, R. Methotrexate, Doxorubicin, and Cisplatinum Regimen Is Still the Preferred Option for Osteosarcoma Chemotherapy: A Meta-Analysis and Clinical Observation. Medicine 2019, 98, e15582. [Google Scholar] [CrossRef] [PubMed]

	



Marchandet, L.; Lallier, M.; Charrier, C.; Baud’huin, M.; Ory, B.; Lamoureux, F. Mechanisms of Resistance to Conventional Therapies for Osteosarcoma. Cancers 2021, 13, 683. [Google Scholar] [CrossRef] [PubMed]

	



He, J.; Yang, X.; Liu, F.; Li, D.; Zheng, B.; Abdullah, A.O.; Liu, Y. The Impact of Curcumin on Bone Osteogenic Promotion of MC3T3 Cells under High Glucose Conditions and Enhanced Bone Formation in Diabetic Mice. Coatings 2020, 10, 258. [Google Scholar] [CrossRef]

	



Ashrafizadeh, M.; Zarrabi, A.; Hashemi, F.; Zabolian, A.; Saleki, H.; Bagherian, M.; Azami, N.; Bejandi, A.K.; Hushmandi, K.; Ang, H.L. Polychemotherapy with Curcumin and Doxorubicin via Biological Nanoplatforms: Enhancing Antitumor Activity. Pharmaceutics 2020, 12, 1084. [Google Scholar] [CrossRef]

	



Rycaj, K.; Tang, D.G. Cancer Stem Cells and Radioresistance. Int. J. Radiat. Biol. 2014, 90, 615–621. [Google Scholar] [CrossRef]

	



Ni, S.; Kuang, Y.; Yuan, Y.; Yu, B. Mitochondrion-Mediated Iron Accumulation Promotes Carcinogenesis and Warburg Effect through Reactive Oxygen Species in Osteosarcoma. Cancer Cell Int. 2020, 20, 399. [Google Scholar] [CrossRef]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [PubMed]

	



Siddiqui, F.A.; Prakasam, G.; Chattopadhyay, S.; Rehman, A.U.; Padder, R.A.; Ansari, M.A.; Irshad, R.; Mangalhara, K.; Bamezai, R.N.; Husain, M. Curcumin Decreases Warburg Effect in Cancer Cells by Down-Regulating Pyruvate Kinase M2 via mTOR-HIF1α Inhibition. Sci. Rep. 2018, 8, 8323. [Google Scholar] [CrossRef] [PubMed]

	



Ogiwara, H.; Ui, A.; Shiotani, B.; Zou, L.; Yasui, A.; Kohno, T. Curcumin Suppresses Multiple DNA Damage Response Pathways and Has Potency as a Sensitizer to PARP Inhibitor. Carcinogenesis 2013, 34, 2486–2497. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Huo, M.; Zhou, J.; Zou, A.; Li, W.; Yao, C.; Xie, S. DDSolver: An Add-in Program for Modeling and Comparison of Drug Dissolution Profiles. AAPS J. 2010, 12, 263–271. [Google Scholar] [CrossRef] [PubMed]

	



Arifin, D.Y.; Lee, L.Y.; Wang, C.-H. Mathematical Modeling and Simulation of Drug Release from Microspheres: Implications to Drug Delivery Systems. Adv. Drug Deliv. Rev. 2006, 58, 1274–1325. [Google Scholar] [CrossRef] [PubMed]

	



Walbi, I.A.; Ahmad, M.Z.; Ahmad, J.; Algahtani, M.S.; Alali, A.S.; Alsudir, S.A.; Aodah, A.H.; Albarqi, H.A. Development of a Curcumin-Loaded Lecithin/Chitosan Nanoparticle Utilizing a Box-Behnken Design of Experiment: Formulation Design and Influence of Process Parameters. Polymers 2022, 14, 3758. [Google Scholar] [CrossRef] [PubMed]

	



Zare, M.; Samani, S.M.; Sobhani, Z. Enhanced Intestinal Permeation of Doxorubicin Using Chitosan Nanoparticles. Adv. Pharm. Bull. 2018, 8, 411. [Google Scholar] [CrossRef] [PubMed]

	



Choi, I.-K.; Strauss, R.; Richter, M.; Yun, C.-O.; Lieber, A. Strategies to Increase Drug Penetration in Solid Tumors. Front. Oncol. 2013, 3, 57276. [Google Scholar] [CrossRef]

	



Barbosa, M.A.; Xavier, C.P.; Pereira, R.F.; Petrikaitė, V.; Vasconcelos, M.H. 3D Cell Culture Models as Recapitulators of the Tumor Microenvironment for the Screening of Anti-Cancer Drugs. Cancers 2021, 14, 190. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Wang, G.; Chen, R.; Hua, Y.; Cai, Z. Mesenchymal Stem Cells in the Osteosarcoma Microenvironment: Their Biological Properties, Influence on Tumor Growth, and Therapeutic Implications. Stem Cell Res. Ther. 2018, 9, 22. [Google Scholar] [CrossRef] [PubMed]

	



Cortini, M.; Baldini, N.; Avnet, S. New Advances in the Study of Bone Tumors: A Lesson from the 3D Environment. Front. Physiol. 2019, 10, 814. [Google Scholar] [CrossRef] [PubMed]

	



Marshall, S.K.; Kaewpradit, N.; Mudmarn, T.; Buathong, J.; Sriwirote, P. Evaluation of Single Dose and Fractionated Dose of I-131 Radiolabeled Nanoparticles for Triple-Negative Breast Cancer Treatment. Biomedicines 2023, 11, 2169. [Google Scholar] [CrossRef] [PubMed]

	



Pahl, J.H.; Ruslan, S.E.N.; Buddingh, E.P.; Santos, S.J.; Szuhai, K.; Serra, M.; Gelderblom, H.; Hogendoorn, P.C.; Egeler, R.M.; Schilham, M.W. Anti-EGFR Antibody Cetuximab Enhances the Cytolytic Activity of Natural Killer Cells toward Osteosarcoma. Clin. Cancer Res. 2012, 18, 432–441. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Li, X.; Bai, Z.; Chi, B.; Wei, Y.; Chen, X. Curcumol Induces Cell Cycle Arrest in Colon Cancer Cells via Reactive Oxygen Species and Akt/GSK3β/Cyclin D1 Pathway. J. Ethnopharmacol. 2018, 210, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Stark, G.R.; Taylor, W.R. Analyzing the G2/M Checkpoint. Methods Mol. Biol. 2004, 280, 51–82. [Google Scholar] [PubMed]

	



Sun, G.; Chen, X.; Li, Y.; Zheng, B.; Gong, Z.; Sun, J.; Chen, H.; Li, J.; Lin, W. Preparation of H-Oleoyl-Carboxymethyl-Chitosan and the Function as a Coagulation Agent for Residual Oil in Aqueous System. Front. Mater. Sci. China 2008, 2, 105–112. [Google Scholar] [CrossRef]

	



Safee, N.H.A.; Abdullah, M.P.; Othman, M.R. Carboxymethyl Chitosan-Fe3O4 Nanoparticles: Synthesis and Characterization. Malays. J. Anal. Sci. 2010, 14, 63–68. [Google Scholar]

	



Wani, T.U.; Pandith, A.H.; Sheikh, F.A. Polyelectrolytic Nature of Chitosan: Influence on Physicochemical Properties and Synthesis of Nanoparticles. J. Drug Deliv. Sci. Technol. 2021, 65, 102730. [Google Scholar] [CrossRef]

	



Poole, C.F.; Poole, S.K. Foundations of Retention in Partition Chromatography. J. Chromatogr. A 2009, 1216, 1530–1550. [Google Scholar] [CrossRef]

	



Marshall, S.K.; Saelim, B.; Taweesap, M.; Pachana, V.; Panrak, Y.; Makchuchit, N.; Jaroenpakdee, P. Anti-EGFR Targeted Multifunctional I-131 Radio-Nanotherapeutic for Treating Osteosarcoma: In Vitro 3D Tumor Spheroid Model. Nanomaterials 2022, 12, 3517. [Google Scholar] [CrossRef] [PubMed]

	



Anitha, A.; Maya, S.; Deepa, N.; Chennazhi, K.; Nair, S.; Jayakumar, R. Curcumin-Loaded N, O-Carboxymethyl Chitosan Nanoparticles for Cancer Drug Delivery. J. Biomater. Sci. Polym. Ed. 2012, 23, 1381–1400. [Google Scholar] [CrossRef]

	



Ali, Z.; Saleem, M.; Atta, B.M.; Khan, S.S.; Hammad, G. Determination of Curcuminoid Content in Turmeric Using Fluorescence Spectroscopy. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019, 213, 192–198. [Google Scholar] [CrossRef] [PubMed]

	



Laracuente, M.-L.; Marina, H.Y.; McHugh, K.J. Zero-Order Drug Delivery: State of the Art and Future Prospects. J. Control. Release 2020, 327, 834–856. [Google Scholar] [CrossRef]

	



Wu, I.Y.; Bala, S.; Škalko-Basnet, N.; Di Cagno, M.P. Interpreting Non-Linear Drug Diffusion Data: Utilizing Korsmeyer-Peppas Model to Study Drug Release from Liposomes. Eur. J. Pharm. Sci. 2019, 138, 105026. [Google Scholar] [CrossRef]

	



Adan, A.; Kiraz, Y.; Baran, Y. Cell Proliferation and Cytotoxicity Assays. Curr. Pharm. Biotechnol. 2016, 17, 1213–1221. [Google Scholar] [CrossRef] [PubMed]

	



Bahadar, H.; Maqbool, F.; Niaz, K.; Abdollahi, M. Toxicity of Nanoparticles and an Overview of Current Experimental Models. Iran. Biomed. J. 2016, 20, 1–11. [Google Scholar]

	



Shiraha, H.; Gupta, K.; Drabik, K.; Wells, A. Aging Fibroblasts Present Reduced Epidermal Growth Factor (EGF) Responsiveness Due to Preferential Loss of EGF Receptors. J. Biol. Chem. 2000, 275, 19343–19351. [Google Scholar] [CrossRef]

	



Gawne, P.J.; Ferreira, M.; Papaluca, M.; Grimm, J.; Decuzzi, P. New Opportunities and Old Challenges in the Clinical Translation of Nanotheranostics. Nat. Rev. Mater. 2023, 8, 783–798. [Google Scholar] [CrossRef]








[image: Molecules 29 00630 g001] 





Figure 1. Characterization of the co-administration of doxorubicin and curcumin within Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR). (A) Schematic of ICED-N. (B) Transmission electron microscopy (TEM) image of ICED-N. Scale bar = 500 nm and 100 nm. 
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Figure 2. Radioactive properties of the co-administration of doxorubicin and curcumin within Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR). (A) Radiochemical purity of ICED-N. (B) I-131 radioactive encapsulation efficiency of ICED-N. (C) Radioactive stability of ICED-N in normal saline. (D) Radiolabeling yield of ICED-N. Data presented are mean ± standard deviation (n = 3). 
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Figure 3. The co-administration release profile of doxorubicin and curcumin loaded within Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR) over a period of 120 h. Data presented are mean ± standard deviation (n = 3). 
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Figure 4. Higuchi mathematical modelling of release kinetics of (A) curcumin and (B) doxorubicin loaded within Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR) over a period of 120 h. 
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Figure 5. Dose response cytotoxicity of curcumin and doxorubicin on cell proliferation. (A) In vitro cytotoxicity of bare curcumin (C) and curcumin-loaded carboxymethyl chitosan nanoparticle (C-N) after 24 h incubation. (B) In vitro cytotoxicity of free doxorubicin (D) and doxorubicin-loaded carboxymethyl chitosan nanoparticle (D-N) after 24 h incubation. Data presented are mean ± standard deviation (n = 3). 
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Figure 6. The co-administration cytotoxicity of doxorubicin and curcumin within Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticles (ICED-N) epidermal growth factor receptor (EGFR) targeted against 3D human osteosarcoma spheroids. (A) Cell viability (% of control) treated with a single dose of control, Na131I, curcumin-loaded carboxymethyl chitosan nanoparticles (C-N), doxorubicin-loaded carboxymethyl chitosan nanoparticles (D-N), curcumin and doxorubicin-loaded carboxymethyl chitosan nanoparticles (CD-N), and co-administration of doxorubicin and curcumin within Na131I radiolabeled carboxymethyl chitosan nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR) after 24, 48, and 72 h incubation. (B) Cell viability (% of control) treated with a fractionated dose of control, Na131I, C-N, D-N, CD-N, and ICED-N after 24, 48, and 72 h incubation. (C) Cell viability (% of control) treated with a single dose and a fractionated dose of I-N, IC-N, ID-N, and ICED-N after 24, 48, and 72 h incubation. Data presented are mean ± standard deviation (n = 3). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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Figure 7. Co-localization of the co-administration of doxorubicin and curcumin within Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR) upon cellular binding/uptake. (A) In vitro anti-EGFR-targeted ICED-N immunofluorescence upon cellular binding/uptake of fibroblast (EGFR−) and MG-63 (EGFR+). Both the fibroblast (EGFR−) and MG-63 (EGFR+) cells were labeled with DAPI (blue channel), a fluorescent dye that has an affinity for DNA. Anti-EGFR labeled with Alexa Fluor 647 (red channel). (10× images, scale bar = 200 μm and 50 μm). (B) EFGR targeting mean fluorescence intensity (fold-change of control) of fibroblast (EGFR−) and MG-63 (EGFR+) cells. Data presented are mean ± standard deviation (n = 3). 






Figure 7. Co-localization of the co-administration of doxorubicin and curcumin within Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR) upon cellular binding/uptake. (A) In vitro anti-EGFR-targeted ICED-N immunofluorescence upon cellular binding/uptake of fibroblast (EGFR−) and MG-63 (EGFR+). Both the fibroblast (EGFR−) and MG-63 (EGFR+) cells were labeled with DAPI (blue channel), a fluorescent dye that has an affinity for DNA. Anti-EGFR labeled with Alexa Fluor 647 (red channel). (10× images, scale bar = 200 μm and 50 μm). (B) EFGR targeting mean fluorescence intensity (fold-change of control) of fibroblast (EGFR−) and MG-63 (EGFR+) cells. Data presented are mean ± standard deviation (n = 3).



[image: Molecules 29 00630 g007]







[image: Molecules 29 00630 g008] 





Figure 8. Time-dependent study of nanoparticle penetration in MG-63 human osteosarcoma. (A) The penetration of the co-administration of doxorubicin and curcumin within Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR) upon MG-63 osteosarcoma monolayer cells after 1 and 3 h incubation. The ICED-N penetration upon MG-63 osteosarcoma cellular spheroids after 1, 3, 6, 12, 24, 48, and 72 h incubation. Scale bar = 200 μm. Anti-EGFR labeled with Alexa Fluor 647 (red channel). (B) ICED-N penetration mean fluorescence intensity of MG-63 monolayer cells and MG-63 cellular spheroids. Data presented are mean ± standard deviation (n = 3). ** p ≤ 0.01. 
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Figure 9. Cell apoptosis/programmed cell death incidence level of the co-administration of doxorubicin and curcumin within Na131I radiolabeled carboxymethyl chitosan (CMCS) nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR). (A) Caspase-3 activity (% of control) treated with single-dose of control, Na131I, curcumin-loaded carboxymethyl chitosan nanoparticles (C-N), doxorubicin-loaded carboxymethyl chitosan nanoparticles (D-N), curcumin- and doxorubicin-loaded carboxymethyl chitosan nanoparticles (CD-N), Na131I radiolabeled carboxymethyl chitosan nanoparticles (I-N), Na131I radiolabeled and curcumin-loaded carboxymethyl chitosan nanoparticles (IC-N), and the co-administration of doxorubicin and curcumin within Na131I radiolabeled carboxymethyl chitosan nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR) after 24, 48, and 72 h incubation. (B) Caspase-3 activity (% of control) treated with a fractionated dose of control, Na131I, C-N, D-N, CD-N, I-N, IC-N, and ICED-N after 24, 48, and 72 h incubation. Data presented are mean ± standard deviation (n = 3). 
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Figure 10. Relative cell cycle analysis in human osteosarcoma. The percentages of MG-63 human osteosarcoma in sub-G1, G0/G1, S, and G2/M treated cells was evaluated by the time-dependent influence of the combination formulations on cell cycle progression. Relative cell cycle phase (%) of MG-63 treated control, Na131I, curcumin-loaded carboxymethyl chitosan nanoparticles (C-N), doxorubicin-loaded carboxymethyl chitosan nanoparticles (D-N), curcumin- and doxorubicin-loaded carboxymethyl chitosan nanoparticles (CD-N), Na131I radiolabeled carboxymethyl chitosan nanoparticles (I-N), Na131I radiolabeled and curcumin-loaded carboxymethyl chitosan nanoparticles (IC-N), and the co-administration of doxorubicin and curcumin within Na131I radiolabeled carboxymethyl chitosan nanoparticles (ICED-N) targeted against the epidermal growth factor receptor (EGFR). (A) Control. (B) CD-N. (C) ICED-N. (D) Relative cell cycle phase (%) of control, Na131I, C-N, D-N, CD-N, I-N, IC-N, and ICED-N in sub-G1, G0/G1, S, and G2/M. 
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Table 1. Quantification of carboxymethyl chitosan (CMCS) nanoparticles and anti-human EGFR antibody surface coverage. The determination of surface area (SA) of nanoparticle, volume of nanoparticle, SA:Volume ratio, molecules of nanoparticle, and number of CMCS particles was conducted by employing surface area and volume approximations for spherical nanoparticles. The data presented in this study represent the mean value and its corresponding standard deviation (mean ± SD) (n = 3).
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Carboxymethyl Chitosan (CMCS) Nanoparticles




	
Conjugation (mg)

	
Surface Area (SA) (nm2 × mg NP)

	
Volume

(nm3 × mg NP)

	
SA:Volume Ratio

(nm2/nm3)/mg NP

	
Molecules × mg NP

	
Number of CMCS Particles






	
1

	
1.96 × 105

	
8.18 × 106

	
2.40 × 10−2

	
1.11 × 1018

	
3.50 × 109




	
5

	
9.80 × 105

	
4.09 × 107

	
4.79 × 10−3

	
5.54 × 1018

	
1.75 × 1010




	
10

	
1.96 × 106

	
8.18 × 107

	
2.40 × 10−3

	
1.10 × 1019

	
3.50 × 1010




	
25

	
4.90 × 106

	
2.05 × 108

	
9.58 × 10−4

	
2.77 × 1019

	
8.75 × 1010




	
50

	
9.80 × 106

	
4.09 × 108

	
4.79 × 10−4

	
5.54 × 1019

	
1.75 × 1011




	
100

	
1.96 × 107

	
8.18 × 108

	
2.40 × 10−4

	
1.11 × 1020

	
3.50 × 1011




	
200

	
3.92 × 107

	
1.64 × 109

	
1.20 × 10−4

	
2.22 × 1020

	
7.00 × 1011











 





Table 2. Entrapment and loading efficiency of curcumin and doxorubicin.
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	Drug
	Entrapment Efficiency (%)
	Loading Efficiency (%)





	Curcumin
	85.48
	67.35



	Doxorubicin
	37.61
	42.26
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