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Dacarbazine (DTIC) dominates chemotherapy for malignant melanoma (MM). However, the hydrophobicity, photosensitivity, instability, and toxicity to normal cells of DTIC limit its efficacy in treating MM. In the present study, we constructed star-shaped block polymers nanoparticles (NPs) based on Cholic acid -poly (lactide-co-glycolide)-b-polyethylene glycol (CA-PLGA-b-PEG) for DTIC encapsulation and MM targeted therapy. DTIC-loaded CA-PLGA-b-PEG NPs (DTIC-NPs) were employed to increase the drug loading and achieve control release of DTIC, followed by further modification with nucleic acid aptamer AS1411 (DTIC-NPs-Apt), which played an important role for active targeted therapy of MM. In vitro, DTIC-NPs-Apt showed good pH-responsive release and the strongest cytotoxicity to A875 cells compared with DTIC-NPs and free DTIC. In vivo results demonstrated that the versatile DTIC-NPs-Apt can actively target the site of MM and exhibited excellent anti-tumor effects with no obvious side effects. Overall, this research provided multi-functional NPs, which endow a new option for the treatment of MM.
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INTRODUCTION
Malignant melanoma (MM) is one of the most life-threatening malignancies (Li et al., 2015; Liu et al., 2017). Although melanoma rarely occurs, accounting for only 5% of skin cancers, the survival rate of patients is low due to its rapid recurrence, high multidrug resistance, and easy metastasis. Specifically, the average survival time of patients with MM is about 8–9 months, and overall survival rate is less than 15% with 3 years (Balch et al., 2009). Although many studies have explored treatment of MM (Tagne et al., 2008; Li and Han, 2020), few have obtained satisfactory results. Surgery, chemotherapy, and immunotherapy are the most common methods for treatment (Chapman et al., 2011; Hamid et al., 2013; Koyama et al., 2016). Among them, chemotherapy occupies an important position in the comprehensive treatment of tumor (Hafeez and Kazmi, 2017; Yuan et al., 2017). Dacarbazine (DTIC) is the only US Food and Drug Administration (FDA)-approved chemotherapeutic agent for melanoma, it is also the first-line drug for MM (Chapman et al., 1999; Tarhini and Agarwala, 2006; Bei et al., 2009). DTIC is an alkylating agent that kills tumor cells by destroying DNA (Eigentler et al., 2011; Demetri et al., 2017). However, DTIC has limited efficacy in treating melanoma due to its hydrophobicity and short half-life (Tagne et al., 2008; Koyama et al., 2016) In addition, DTIC has photosensitivity and instability, which increase the difficulty of drug storage and transportation. Moreover, DTIC has non-specific toxicity to normal cells, which is a common defect of chemotherapy drugs (Almousallam et al., 2015). Therefore, it is very necessary to develop an effective platform to reduce toxic side effects and improve the cytotoxicity to MM cells, thereby inhibiting further metastasis and recurrence of metastatic MM.
Targeted therapy of tumors opened up a new world for chemotherapy. It is considered to be the most promising method in cancer treatment. In recent years, new tumor-targeted strategies have emerged, such as tumor-targeted drug therapy (Jin et al., 2021; Kerns et al., 2021; Li et al., 2021; Li et al., 2021), immunotherapy (Chen et al., 2021; Lu et al., 2021; Pei et al., 2021), gene therapy (Chada et al., 2015; Wang et al., 2021; Wang et al., 2021), virus therapy (Kemler et al., 2021; Wan et al., 2021; Zhang et al., 2021), and cell-based targeted therapy (Collet et al., 2016). Among them, tumor active targeted drug therapy based on nanoparticles (NPs) drug delivery systems achieved the most success. The targeted NPs utilize specific interaction between receptors expression on the surface of target cells and ligands conjugated with the NPs, specifically to deliver drug to tumor cells and organs, significantly improve drug concentration in the target area and effectively reduce side effects to normal tissues (Ashley et al., 2011; Bao et al., 2012; Dahlberg et al., 2015; Li et al., 2021). Moreover, versatile NPs could improve the stability of drugs and control release of cargos (Berger et al., 2015; Gong et al., 2019). Nucleolin is a protein widely present in the nucleus, cytoplasm, and cell membrane of many kinds of cells (Kabirian-Dehkordi et al., 2019). Interestingly, nucleolin is more abundantly expressed on the surface of tumor cell membranes than normal cells, which means that nucleolin can be a potential therapeutic target for anti-tumor (Koutsioumpa and Papadimitriou, 2014; Palmieri et al., 2015; Romano et al., 2018). Increasing interest in nucleolin anti-tumor research has led to the development of several small molecule antagonists (Kabirian-Dehkordi et al., 2019). Aptamer has attracted the most interest in the field of tumor targeted treatment due to its high affinity, strong specificity, no significant immunogenicity, small molecular size, and easy modification. Nucleic acid aptamer AS1411, the first aptamer approved by the FDA, was used in various cancer clinical treatment trials. AS1411 can specifically bind to nucleolin, which was highly expressed on the surface of tumor cells, to achieve the purpose of targeted therapy (Destouches et al., 2011; Ding et al., 2011). However, AS1411 was observed to be effective on partial tumors in clinical trials and suffer from its rapid clearance from the blood (Kabirian-Dehkordi et al., 2019). Therefore, the AS1411 conjugated to the NPs surface would improve its stability in the blood and endow NPs the ability to target tumor cells, maximizing anti-tumor effect.
With the development of nano-targeting technology, a variety of targeted NPs have been reported for the delivery of DTIC (Bei et al., 2009; Ding et al., 2011; Ding et al., 2011; Kakumanu et al., 2011). Yet, there are extremely rare drug carriers with targeted functions in vivo that have been successfully used in clinical practice because of following obstacles. First, the capacity of ligands which bind to these drug carriers is not enough to effectively recognize the target. Second, the binding stability between ligands and drug carriers is not strong enough to achieve systemic circulation, and is unable to reach the target site. Third, the speed and strength of ligands to bind to the target are insufficient after delivery to the destination. Obviously, there is an urgent need to design a carrier with multiple active sites, which can combine multiple ligands and drugs at the same time, to realize the synergy of targeted multivalency and drugs. Star-shaped block polymers based on Poly (lactide-co-glycolide) (PLGA) is a simple example of highly specific targeting carrier material. They are branched polymer with all branches extending from a single core, which endow them a higher drug loading capacity and encapsulation efficiency than linear polymers with the same molar mass (Nguyen-Van et al., 2011; Ma et al., 2013; Tao et al., 2014; Peng et al., 2018; Liu et al., 2019). Thus, they can flexibly guide target molecules to a destination in the complex environment of the body. Polyethylene glycol (PEG), a water-soluble polymer, was often introduced to PLGA in order to improve hydrophilicity of PLGA, to further meet the needs of drug delivery carriers (Yildiz and Kacar, 2021). In the process of PLGA star-shaped block polymers synthesis, the most commonly used core is cholic acid (CA). CA is composed of a steroid unit with three hydroxyl groups and one carboxyl group, which can be selected as the poly-hydroxy initiator. Furthermore, CA is the main bile acid in the body. This biological source can synthesize copolymers based on CA due to its good biocompatibility (Janvier et al., 2013; Su et al., 2017).
In the present study, CA-PLGA-b-PEG nanocarriers were constructed to encapsulate DTIC, and then modified with aptamer for targeted therapy of MM. The star-shaped block copolymer CA-PLGA-b-PEG was prepared by the core-first method, and NPs were fabricated by an improved nanoprecipitation method. Morphology and drug loading of the NPs were characterized and the antitumor effect of the NPs was evaluated both in vitro and in vivo. The results show the NPs exhibited an excellent anti-tumor effect, providing a new option for MM patients.
RESULTS AND DISCUSSIONS
Synthesis and Characterization of Star-Shaped Copolymer CA-PLGA-b-PEG-COOH
The chemical reaction scheme for synthesis of star-shaped polymer CA-PLGA-b-PEG-COOH was shown in Figure 1 The CA-PLGA-b-PEG-COOH with a well-defined three-branched structure were prepared successfully. The gel permeation chromatography (GPC) molecular weight Mn of CA-PLGA and CA-PLGA-b-PEG-COOH are 13,265 and 20,872, respectively. The results of GPC molecular weight could prove the CA-PLGA-b-PEG-COOH was synthesized successfully by the coupling reaction between CA-PLGA-COOH and NH2-PEG2k-COOH.
[image: Figure 1]FIGURE 1 | Schematic representation of synthesis of amphiphilic block copolymer CA-PLGA-b-PEG-COOH.
For star-shaped copolymer CA-PLGA-b-PEG-COOH, the typical 1H NMR signals from PEG and monomers lactide (LA) and glycolide (GA) repeating units can be observed. As shown in Figure 2A of 1H NMR (CDCl3), four characteristic signals can be observed: peak a (δ = 3.63 ppm, PEG repeating unit: -CH2CH2O-), b (δ = 1.60 ppm, LA repeating unit: -CHCH3), c (δ = 5.19 ppm, LA repeating unit: -CHCH3), and d (δ = 4.81 ppm, GA repeating unit: -CH2-). As shown in spectra, we can further demonstrate that the successful coupling of star-shaped CA-PLGA-COOH and NH2-PEG2k-COOH, and the star-shaped copolymer CA-PLGA-b-PEG-COOH was prepared successfully.
[image: Figure 2]FIGURE 2 | Typical characterization of copolymer CA-PLGA-b-PEG-COOH (A) 1H NMR spectra; (B) FT-IR spectra.
FT-IR spectroscopy was adopted for further confirming the structure and successfully synthesizing CA-PLGA-b-PEG-COOH. As shown in Figure 2B, the obvious characteristic peak at 1750 cm−1 (peak 3) could be ascribed to the presence of a carbonyl group in CA-PLGA. The stretching vibrations peak at 1,115–1,025 cm−1 (peak 5) could be ascribed to the presence of a C-O-C in PEG. The broad absorbance between 3,010 and 2,850 cm−1 (peak 2) corresponded to the stretching vibrations of C-H. The characteristic peak at 1, 2, 4, and 6 could be ascribed to the presence of a carboxy group (COOH) in the copolymer of CA-PLGA-b-PEG-COOH.
Preparation and Characterization of Nanoparticles
DTIC-NPs was prepared by a modified nanoprecipitation method, and the synthesis process is shown in Figure 3A. Specifically, DTIC and copolymer are dissolved in a mixed solvent of acetone and methanol to form an organic solution. Then, the mixed solvent was added dropwise to the aqueous solution which contained emulsifier D-a-tocopheryl polyethylene glycol 1,000 succinate (TPGS). During this process, PLGA in the copolymer precipitates due to its hydrophobicity, resulting in the formation of drug loaded CA-PLGA-b-PEG NPs spontaneously. Finally, the organic solvent was evaporated by stirring overnight, and then, CA-PLGA-b-PEG NPs were centrifuged, washed, and lyophilized. For DTIC-NPs-Apt, EDC and NHS were utilized as catalysts to couple aptamer AS1411 to DTIC-NPs.
[image: Figure 3]FIGURE 3 | (A) Schematic illustration of the preparation technics for the targeted DTIC-NPs-Apt; (B) TEM image of DTIC-NPs-Apt; (C) DLS size distribution of DTIC-NPs-Apt.
Stability, cumulative release of drug, cellular uptake, and in vivo biodistribution of NPs were mainly affected by its particle size and surface properties. The particle sizes and size distributions of the DTIC NPs and DTIC-NPs-Apt were studied by dynamic light scattering (DLS) method, and the results are shown in Table 1. The average diameter of DTIC NPs and DTIC-NPs-Apt was 116.3 ± 5.2 nm and 125.9 ± 4.1 nm, respectively. The average diameter of DTIC-NPs-Apt was slightly larger than DTIC NPs, which is because aptamer AS1411 was introduced into the surface of DTIC NPs. The nanoparticles used as drug delivery system possess high cellular uptake, more desirable biodistribution, and preferentially accumulate at the tumor site because of the enhanced permeability and retention (EPR) effect. Furthermore, nanoparticles can reduce tumor resistance to a certain extent. The hydrated particle size of both NPs is in a range that is suitable for cell uptake, which would boost the NPs to be passively targeted to the tumor tissue through the EPR effect, and more accumulated in the tumor tissue. Figure 3B exhibited the result of DTIC-NPs-Apt transmission electron microscopy (TEM), and the DTIC-NPs-Apt were spherical shaped. The average diameter of DTIC-NPs-Apt presented in TEM was about 70 nm, which was significantly reduced compared to the average diameter measured by DLS. This difference may be attributed to a shrinkage while the DTIC-NPs-Apt are in dry state during the TEM characterization. Figure 3C shows the size distribution of the DTIC-NPs-Apt. Polydispersity index of both NPs was less than 0.2, indicated the particle size is uniform, which was beneficial to deliver the cargos. The drug loading of DTIC NPs and DTIC-NPs-Apt was 8.72 and 7.64%, respectively. It was noted that the aptamer AS1411 functionalization dose not influence the drug loading content of NPs. These results suggested that the successful construction of DTIC-NPs-Apt with suitable average diameter, uniform particle size, and high drug loading.
TABLE 1 | Characterization of DTIC-NPs and DTIC-NPs-Apt (Mean ± SD, n = 3).
[image: Table 1]Stability of DTIC-NPs and DTIC-NPs-Apt
Zeta potential can detect the mutual repulsion between NPs, which plays an important role in maintaining the physical stability of NPs. The zeta potential of DTIC NPs and DTIC-NPs-Apt are presented in Table 1, which were -26.4 ± 3.9 mV and -15.7 ± 2.6 mV, respectively. Both NPs behaved negatively charged, which is due to the ionized carboxyl groups of polylactic acid and polyglycolic acid segments. The absolute value of modified DTIC-NPs-Apt zeta potential was reduced, which indicated that modified aptamer AS1411 on the NPs surface has a surface charge shielding effect. To further assess the stability of two kinds of NPs, we monitored the changes in the size and zeta potential of the DTIC NPs and DTIC-NPs-Apt during storage. The results are shown in Figure 4; no obvious change was observed in particle size and zeta potential during 3 months. These data show NPs exhibit excellent stability, which was important to achieve clinical translation.
[image: Figure 4]FIGURE 4 | In vitro stability of DTIC-NPs and DTIC-NPs-Apt. (A) Particle size and (B) zeta potential during 90 days of storage, respectively.
In Vitro Drug Release Profiles
Figure 5 displayed the cumulative drug release profiles of the DTIC-NPs and DTIC-NPs-Apt in PBS (pH 7.4) for 7 days. During the first day, the initial burst release of DTIC-NPs and DTIC-NPs-Apt was found to be 47.7 and 47.3%, respectively. However, both NPs exhibited continuous, steady release patterns in the following few days. After 1 week, the accumulative drug releases of DTIC-NPs and DTIC-NPs-Apt reached 72.5 and 71.6%, respectively. These data indicated that both the NPs exhibited a typically biphasic pattern release with an initial burst. Because DTIC was absorbed on the surface or entrapped weakly by NPs, DTIC was quickly released in the initial day. Subsequently, DTIC was released with a sustained behavior dominantly attributed to the diffusion of the cargo from the rigid core or hydrophobic inner shell. In vitro cumulative drug release profiles of DTIC-NPs and DTIC-NPs-Apt at pH 5.5 PBS were also carried out. The release behavior of both NPs at pH 5.5 was similar to that at pH 7.4, but the release rate is faster. The initial burst release of DTIC-NPs and DTIC-NPs-Apt at pH 5.5 was found to be 69.8 and 69.0%, respectively. The cumulative release of DTIC after 7 days was 92.9 and 91.5%, respectively. The reason may be because the structure of the NPs is destroyed in the acidic environment of pH 5.5. Based on the characteristics of acid response, the DTIC loaded in NPs can be better released in the acidic environment of tumors, promoting anti-tumor effect.
[image: Figure 5]FIGURE 5 | In vitro drug release profiles of the DTIC-NPs and DTIC-NPs-Apt at pH 5.5 and 7.4, respectively. ∗ p < 0.05.
In vitro Cell Viability of NPs
Human melanoma A875 cells were cultured to evaluate cytotoxicity of the NPs in vitro. Free DTIC, DTIC-NPs, and DTIC-NPs-Apt with same drug concentrations ranging from 0.1 to 100 μg/ml were tested. Drug free NPs-Apt with equivalent NPs dosage were used as well. As shown in Figure 6, blank NPs-Apt at different concentrations seem not to have exhibited significant cytotoxicity at a different time, which suggested NPs possess nontoxic and excellent biocompatibility. The cytotoxicity of free DTIC and DITC-loaded NPs showed dose-dependent and time-dependent behavior. In addition, DTIC-NPs-Apt exhibited the strongest cytotoxicity. After incubation with NPs for 24 h with DTIC concentration of 100 μg/ml, viability of A875 cells was 60.6% for free DTIC, 40.1% for DTIC-NPs, and 32.8% for DTIC-NPs-Apt. However, after incubating A875 cells with NPs for 48 h, the cytotoxicity of DTIC-NPs-Apt was 11.8%, significantly lower than DTIC-NPs, which was 20.7%. This result was attributed to the modification of aptamer AS1411 on the DTIC-NPs-Apt, which could target to nucleolin. Nucleolin was highly expressed on the surface of A875 cells, DTIC-NPs-Apt with active targeting function could enhance cellular uptake of NPs, therefore improving cytotoxicity to A875 cells.
[image: Figure 6]FIGURE 6 | Viability of human melanoma A875 cells cultured with drug free NPs-Apt, free DTIC, DTIC-NPs, and DTIC-NPs-Apt at equivalent drug concentrations ranging from 0.1 to 100 μg/ml. The amount of drug free NPs-Apt was the same as that of the NPs, n = 3. (A) 24 h; (B) 48 h ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001 indicate significant difference compared with drug free NPs-Apt.
The IC50 values of free DTIC, DTIC-NPs, and DTIC-NPs-Apt against A875 cells were also quantified. IC50 values of A875 cells treated with three DTIC formulations for 24 and 48 h are summarized in Supplementary Table S1. Compared with free DTIC, DTIC NPs can significantly reduce the value of IC50, which benefits from the continuous release effect of nanocarrier on DTIC. Especially the IC50 of DTIC-NPs-Apt group was less than half of DTIC-NPs group, demonstrating that after active targeting group-aptamer AS1411 modified, DTIC-NPs-Apt showing strongest cytotoxicity of A875 cells.
In Vivo Antitumor Efficacy
Due to the excellent cytotoxicity to A875 cells in vitro, DTIC-NPs-Apt bring a potential hope to the treatment of MM. In this study, the antitumor effect of DTIC-NPs-Apt was also evaluated in vivo. Twenty-five tumor-bearing nude mice were employed and divided into five groups randomly. Then, five groups were injected with saline (control), blank NPs-Apt, free DTIC, DTIC-NPs, and DTIC-NPs-Apt through the tail vein, respectively. Every other day, we recorded the tumor volume and weight of the mouse until the end of the treatment. Tumor growth curve of tumor-bearing mice was shown in Figure 7A. Compared with control group, three DTIC formulation groups significantly reduced tumor growth. Furthermore, DTIC-NPs-Apt group displayed the strongest ability to inhibit tumor growth over the free DTIC and DTIC-NPs groups. In general, when various formulations were injected into the tail vein, the surface modification of aptamer AS1411 (DTIC-NPs-Apt group) can actively target to MM cells to achieve high concentration aggregation of tumor sites, and release DTIC in response to the acidic environment of the tumor, resulting in the strongest anti-tumor effect. In the development of novel carriers, the side effects of carriers have received extensive attention. The body weight of the mice during the treatment was also recorded to evaluate the systemic toxicity of star-shaped nanocarriers constructed in this study. Body weights of all nude mice was presented in Figure 7B. All groups gained weight, which indicated the nanocarriers show no obviously systemic side effects on mice.
[image: Figure 7]FIGURE 7 | Antitumor efficacy of targeted DTIC-NPs-Apt in comparison with saline, drug free NPs-Apt, free DTIC, and DTIC-NPs (n = 5). (A) Tumor growth curve of the SCID nude mice bearing human melanoma A875 cells xenograft. (B) Animal body weight of the nude mice in different groups after treatment at different time intervals. ∗ p < 0.05; ∗∗ p < 0.01. ∗∗∗ p < 0.001 indicate significant difference compared with DTIC-NPs-Apt.
In order to further explore the toxic and side effects of the constructed nanocarriers, we used hematoxylin and eosin (H&E) staining to observe the changes in the heart, liver, spleen, lung, and kidney of mice after treatment. The results are shown in Figure 8. For all the groups, no apparent tissue injury was observed in the tissues of heart, liver, spleen, lung, and kidney. Therefore, all the results indicated that DTIC-NPs-Apt own excellent effects to treat MM with almost no toxic side effects. DTIC-NPs-Apt have the potential to provide a new treatment method for MM patients.
[image: Figure 8]FIGURE 8 | Representative tissue sections of mice stained with hematoxylin and eosin (H&E) after 16 days of treatment. For all the groups, no apparent tissue injury was observed in the tissues of heart, liver, spleen, lung, and kidney.
CONCLUSION
In short, we have successfully constructed DTIC-NPs-Apt based on star-shaped block polymers and modified nucleic acid aptamer to realize active targeted therapy of MM. The appearance of DTIC-NPs-Apt was nearly spherical, and they had a suitable particle size range with a narrow size distribution and exhibited good stability. Moreover, DTIC-NPs-Apt displayed high drug loading of DTIC, showing controlled release and pH-response release behavior. Compared with DTIC-NPs or free DTIC, the modification of AS1411 and the controlled release effect of DTIC make the DTIC-NPs-Apt possess the best anti-tumor effect in vivo and in vitro without showing toxic side effects. In conclusion, DTIC-NPs-Apt have a potential for MM targeting therapy.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by Shenzhen Nanshan People’s Hospital (Huazhong University of Science and Technology Union Shenzhen Hospital).
AUTHOR CONTRIBUTIONS
WX designed the research project; WX, ZG, TW, WC, and DL had full controlled the experiments, data analysis, and preparation of article; BZ, XZ, WX, and DL were involved in planning the analysis and drafting the article. The final draft article was approved by all the authors.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, orclaim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We are grateful for the financial support from the Science, Technology & Innovation Commission of Shenzhen Municipality (JCYJ20160429182415013).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.847901/full#supplementary-material
REFERENCES
 Almousallam, M., Moia, C., and Zhu, H. (2015). Development of Nanostructured Lipid Carrier for Dacarbazine Delivery. Int. Nano Lett. 5 (4), 241–248. doi:10.1007/s40089-015-0161-8
 Ashley, C. E., Carnes, E. C., Phillips, G. K., Padilla, D., Durfee, P. N., Brown, P. A., et al. (2011). Erratum: The Targeted Delivery of Multicomponent Cargos to Cancer Cells by Nanoporous Particle-Supported Lipid Bilayers. Nat. Mater 10 (6), 476. doi:10.1038/nmat3042
 Balch, C. M., Gershenwald, J. E., Soong, S.-j., Thompson, J. F., Atkins, M. B., Byrd, D. R., et al. (2009). Final Version of 2009 AJCC Melanoma Staging and Classification. Jco 27 (36), 6199–6206. doi:10.1200/jco.2009.23.4799
 Bao, Q., Zhao, Y., Niess, H., Conrad, C., Schwarz, B., Jauch, K.-W., et al. (2012). Mesenchymal Stem Cell-Based Tumor-Targeted Gene Therapy in Gastrointestinal Cancer. Stem Cell Dev. 21 (13), 2355–2363. doi:10.1089/scd.2012.0060
 Bei, D., Marszalek, J., and Youan, B.-B. C. (2009). Formulation of Dacarbazine-Loaded Cubosomes-Part I: Influence of Formulation Variables. Aaps Pharmscitech 10 (3), 1032–1039. doi:10.1208/s12249-009-9293-3
 Berger, C. M., Gaume, X., and Bouvet, P. (2015). The Roles of Nucleolin Subcellular Localization in Cancer. Biochimie 113, 78–85. doi:10.1016/j.biochi.2015.03.023
 Chada, S., Wiederhold, D., Menander, K. B., Sellman, B., Talbott, M., Nemunaitis, J. J., et al. (2015). Tumor Suppressor Immune Gene Therapy to Reverse Immunotherapy Resistance. Cancer Gene Ther doi:10.1038/s41417-021-00369-7
 Chapman, P. B., Einhorn, L. H., Meyers, M. L., Saxman, S., Destro, A. N., Panageas, K. S., et al. (1999). Phase III Multicenter Randomized Trial of the Dartmouth Regimen versus Dacarbazine in Patients with Metastatic Melanoma. Jco 17 (9), 2745. doi:10.1200/jco.1999.17.9.2745
 Chapman, P. B., Hauschild, A., Robert, C., Haanen, J. B., Ascierto, P., Larkin, J., et al. (2011). Improved Survival with Vemurafenib in Melanoma with BRAF V600E Mutation. N. Engl. J. Med. 364 (26), 2507–2516. doi:10.1056/NEJMoa1103782
 Chen, M. Y., Zhang, Y. L., Cui, L. F., Cao, Z. Q., Wang, Y. W., Zhang, W., et al. (2021). Protonated 2D Carbon Nitride Sensitized with Ce6 as a Smart Metal-free Nanoplatform for Boosted Acute Multimodal Photo-Sono Tumor Inactivation and Long-Term Cancer Immunotherapy. Chem. Eng. J. 422. doi:10.1016/j.cej.2021.130089
 Collet, G., Szade, K., Nowak, W., Klimkiewicz, K., El Hafny-Rahbi, B., Szczepanek, K., et al. (2016). Endothelial Precursor Cell-Based Therapy to Target the Pathologic Angiogenesis and Compensate Tumor Hypoxia. Cancer Lett. 370 (2), 345–357. doi:10.1016/j.canlet.2015.11.008
 Dahlberg, C. I. M., Sarhan, D., Chrobok, M., Duru, A. D., and Alici, E. (2015). Natural Killer Cell-Based Therapies Targeting Cancer: Possible Strategies to Gain and Sustain Anti-tumor Activity. Front. Immunol. 6. doi:10.3389/fimmu.2015.00605
 Demetri, G. D., Schöffski, P., Grignani, G., Blay, J. Y., Maki, R. G., Van Tine, B. A., et al. (2017). Activity of Eribulin in Patients with Advanced Liposarcoma Demonstrated in a Subgroup Analysis from a Randomized Phase III Study of Eribulin versus Dacarbazine. J. Clin. Oncol. 35 (30), 3433–3439. doi:10.1200/jco.2016.71.6605
 Destouches, D., Page, N., Hamma-Kourbali, Y., Machi, V., Chaloin, O., Frechault, S., et al. (2011). A Simple Approach to Cancer Therapy Afforded by Multivalent Pseudopeptides that Target Cell-Surface Nucleoproteins. Cancer Res. 71 (9), 3296–3305. doi:10.1158/0008-5472.Can-10-3459
 Ding, B., Wu, X., Fan, W., Wu, Z., Gao, J., Zhang, W., et al. (2011). Anti-DR5 Monoclonal Antibody-Mediated DTIC-Loaded Nanoparticles Combining Chemotherapy and Immunotherapy for Malignant Melanoma: Target Formulation Development and In Vitro Anticancer Activity. Int. J. Nanomedicine 6, 1991–2005. doi:10.2147/ijn.S24094
 Ding, B.-y., Zhang, W., Wu, X., Wang, X., Fan, W., Gao, S., et al. (2011). Biodegradable Methoxy Poly (Ethylene Glycol)-Poly (Lactide) Nanoparticles for Controlled Delivery of Dacarbazine: Preparation, Characterization and Anticancer Activity Evaluation. Afr. J. Pharm. Pharmacol. 5 (11), 1369–1377. doi:10.5897/ajpp11.236
 Eigentler, T. K., Weide, B., de Braud, F., Spitaleri, G., Romanini, A., Pflugfelder, A., et al. (2011). A Dose-Escalation and Signal-Generating Study of the Immunocytokine L19-IL2 in Combination with Dacarbazine for the Therapy of Patients with Metastatic Melanoma. Clin. Cancer Res. 17 (24), 7732–7742. doi:10.1158/1078-0432.Ccr-11-1203
 Gong, X., Zheng, Y., He, G., Chen, K., Zeng, X., and Chen, Z. (2019). Multifunctional Nanoplatform Based on star-shaped Copolymer for Liver Cancer Targeting Therapy. Drug Deliv. 26 (1), 595–603. doi:10.1080/10717544.2019.1625467
 Hafeez, A., and Kazmi, I. (2017). Dacarbazine Nanoparticle Topical Delivery System for the Treatment of Melanoma. Scientific Rep. 7. doi:10.1038/s41598-017-16878-1
 Hamid, O., Robert, C., Daud, A., Hodi, F. S., Hwu, W.-J., Kefford, R., et al. (2013). Safety and Tumor Responses with Lambrolizumab (Anti-PD-1) in Melanoma. N. Engl. J. Med. 369 (2), 134–144. doi:10.1056/NEJMoa1305133
 Janvier, F., Zhu, J. X. X., Armstrong, J., Meiselman, H. J., and Cloutier, G. (2013). Effects of Amphiphilic star-shaped Poly(ethylene Glycol) Polymers with a Cholic Acid Core on Human Red Blood Cell Aggregation. J. Mech. Behav. Biomed. Mater. 18, 100–107. doi:10.1016/j.jmbbm.2012.11.008
 Jin, R. R., Wang, J. X., Gao, M. X., and Zhang, X. M. (2021). Pollen-like Silica Nanoparticles as a Nanocarrier for Tumor Targeted and pH-Responsive Drug Delivery. Talanta , 231. doi:10.1016/j.talanta.2021.122402
 Kabirian-Dehkordi, S., Chalabi-Dchar, M., Mertani, H. C., Le Guellec, D., Verrier, B., Diaz, J. J., et al. (2019). AS1411-conjugated Gold Nanoparticles Affect Cell Proliferation through a Mechanism that Seems Independent of Nucleolin. Nanomedicine-Nanotechnology Biol. Med. 21. doi:10.1016/j.nano.2019.102060
 Kakumanu, S., Tagne, J. B., Wilson, T. A., and Nicolosi, R. J. (2011). A Nanoemulsion Formulation of Dacarbazine Reduces Tumor Size in a Xenograft Mouse Epidermoid Carcinoma Model Compared to Dacarbazine Suspension. Nanomedicine: Nanotechnology, Biol. Med. 7 (3), 277–283. doi:10.1016/j.nano.2010.12.002
 Kemler, I., Karamched, B., Neuhauser, C., and Dingli, D. (2021). Quantitative Imaging and Dynamics of Tumor Therapy with Viruses. Febs J. 288 (21), 6273–6285. doi:10.1111/febs.16102
 Kerns, S. J., Belgur, C., Petropolis, D., Kanellias, M., Barrile, R., Sam, J., et al. (2021). "Human Immunocompetent Organ-On-Chip Platforms Allow Safety Profiling of Tumor-Targeted T-Cell Bispecific Antibodies. Elife , 10. doi:10.7554/eLife.67106
 Koutsioumpa, M., and Papadimitriou, E. (2014). "Cell Surface Nucleolin as a Target for Anti-cancer Therapies. Recent Patents Anti-Cancer Drug Discov. 9(2). doi:10.2174/1574892808666131119095953
 Koyama, S., Akbay, E. A., Li, Y. Y., Herter-Sprie, G. S., Buczkowski, K. A., Richards, W. G., et al. (2016). Adaptive Resistance to Therapeutic PD-1 Blockade Is Associated with Upregulation of Alternative Immune Checkpoints. Nat. Commun. 7. doi:10.1038/ncomms10501
 Li, C. Y., and Han, X. P. (2020). Co-delivery of Dacarbazine and All-Trans Retinoic Acid (ATRA) Using Lipid Nanoformulations for Synergistic Antitumor Efficacy against Malignant Melanoma. Nanoscale Res. Lett. 15 (1). doi:10.1186/s11671-020-3293-3
 Li, J., Wang, Y., Liang, R., An, X., Wang, K., Shen, G., et al. (2015). Recent Advances in Targeted Nanoparticles Drug Delivery to Melanoma. Nanomedicine: Nanotechnology, Biol. Med. 11 (3), 769–794. doi:10.1016/j.nano.2014.11.006
 Li, Y. M., Chen, X. L., Ji, J. B., Li, L. B., and Zhai, G. X. (2021). "Redox-responsive Nanoparticles Based on Chondroitin Sulfate and Docetaxel Prodrug for Tumor Targeted Delivery of Docetaxel. Carbohydr. Polym. 255. doi:10.1016/j.carbpol.2020.117393
 Li, Z. M., Shan, X. T., Chen, Z. D., Gao, N. S., Zeng, W. F., Zeng, X. W., et al. (2021). Applications of Surface Modification Technologies in Nanomedicine for Deep Tumor Penetration. Adv. Sci. 8 (1). doi:10.1002/advs.202002589
 Li, Z., Yang, Y., Wei, H., Shan, X., Wang, X., Ou, M., et al. (2021). Charge-reversal Biodegradable MSNs for Tumor Synergetic Chemo/photothermal and Visualized Therapy. J. Controlled Release 338, 719–730. doi:10.1016/j.jconrel.2021.09.005
 Liu, G., Gao, N. S., Zhou, Y., Nie, J. P., Cheng, W., Luo, M. M., et al. (2019). "Polydopamine-Based "Four-In-One" Versatile Nanoplatforms for Targeted Dual Chemo and Photothermal Synergistic Cancer Therapy. Pharmaceutics 11 (10). doi:10.3390/pharmaceutics11100507
 Liu, Q., Xu, N., Liu, L., Li, J., Zhang, Y., Shen, C., et al. (2017). Dacarbazine-Loaded Hollow Mesoporous Silica Nanoparticles Grafted with Folic Acid for Enhancing Antimetastatic Melanoma Response. ACS Appl. Mater. Inter. 9 (26), 21673–21687. doi:10.1021/acsami.7b05278
 Lu, J., Jiao, Y. P., Cao, G. C., and Liu, Z. H. (2021). Multimode CaCO3/pneumolysin Antigen Delivery Systems for Inducing Efficient Cellular Immunity for Anti-tumor Immunotherapy. Chem. Eng. J. , 420. doi:10.1016/j.cej.2021.129746
 Ma, D., Liu, Z.-H., Zheng, Q.-Q., Zhou, X.-Y., Zhang, Y., Shi, Y.-F., et al. (2013). Star-shaped Polymer Consisting of a Porphyrin Core and Poly(L-Lysine) Dendron Arms: Synthesis, Drug Delivery, and In Vitro Chemo/Photodynamic Therapy. Macromol. Rapid Commun. 34 (6), 548–552. doi:10.1002/marc.201200742
 Nguyen-Van, C., Hsieh, M.-F., Chen, Y.-T., and Liau, I. (2011). "Doxorubicin-Loaded Nanosized Micelles of a Star-Shaped Poly(epsilon-Caprolactone)-Polyphosphoester Block Co-polymer for Treatment of Human Breast Cancer.". J. Biomater. Science-Polymer Edition 22 (11), 1409–1426. doi:10.1163/092050610x510533
 Palmieri, D., Richmond, T., Piovan, C., Sheetz, T., Zanesi, N., Troise, F., et al. (2015). Human Anti-nucleolin Recombinant Immunoagent for Cancer Therapy. Proc. Natl. Acad. Sci. USA 112 (30), 9418–9423. doi:10.1073/pnas.1507087112
 Pei, X., Zhang, X. J., Zhang, L., Yuan, M. M., Sun, L., Yu, F., et al. (2021). Targeted Exosomes for Co-delivery of siFGL1 and siTGF-Beta 1 Trigger Combined Cancer Immunotherapy by Remodeling Immunosuppressive Tumor Microenvironment. Chem. Eng. J. 421. doi:10.1016/j.cej.2021.129774
 Peng, Y., Nie, J., Cheng, W., Liu, G., Zhu, D., Zhang, L., et al. (2018). A Multifunctional Nanoplatform for Cancer Chemo-Photothermal Synergistic Therapy and Overcoming Multidrug Resistance. Biomater. Sci. 6 (5), 1084–1098. doi:10.1039/c7bm01206c
 Romano, S., Moura, V., Simoes, S., Moreira, J. N., and Goncalves, J. (2018). Anticancer Activity and Antibody-dependent Cell-Mediated Cytotoxicity of Novel Anti-nucleolin Antibodies. Scientific Rep. 8. doi:10.1038/s41598-018-25816-8
 Su, Y., Hu, J., Huang, Z., Huang, Y., Peng, B., Xie, N., et al. (2017). Paclitaxel-loaded star-shaped Copolymer Nanoparticles for Enhanced Malignant Melanoma Chemotherapy against Multidrug Resistance. Dddt 11, 659–668. doi:10.2147/dddt.S127328
 Tagne, J.-B., Kakumanu, S., and Nicolosi, R. J. (2008). Nanoemulsion Preparations of the Anticancer Drug Dacarbazine Significantly Increase its Efficacy in a Xenograft Mouse Melanoma Model. Mol. Pharmaceutics 5 (6), 1055–1063. doi:10.1021/mp8000556
 Tao, W., Zeng, X., Zhang, J., Zhu, H., Chang, D., Zhang, X., et al. (2014). Synthesis of Cholic Acid-Core Poly(ε-Caprolactone-Ran-Lactide)-B-Poly(ethylene Glycol) 1000 Random Copolymer as a Chemotherapeutic Nanocarrier for Liver Cancer Treatment. Biomater. Sci. 2 (9), 1262–1274. doi:10.1039/c4bm00134f
 Tarhini, A. A., and Agarwala, S. S. (2006). Cutaneous Melanoma: Available Therapy for Metastatic Disease. Dermatol. Ther. 19 (1), 19–25. doi:10.1111/j.1529-8019.2005.00052.x
 Wan, P. K.-T., Ryan, A. J., and Seymour, L. W. (2021). Beyond Cancer Cells: Targeting the Tumor Microenvironment with Gene Therapy and Armed Oncolytic Virus. Mol. Ther. 29 (5), 1668–1682. doi:10.1016/j.ymthe.2021.04.015
 Wang, C.-S., Chang, C.-H., Tzeng, T.-Y., Lin, A. M.-Y., and Lo, Y.-L. (2021). Gene-editing by CRISPR-Cas9 in Combination with Anthracycline Therapy via Tumor Microenvironment-Switchable, EGFR-Targeted, and Nucleus-Directed Nanoparticles for Head and Neck Cancer Suppression. Nanoscale Horiz. 6 (9), 729–743. doi:10.1039/d1nh00254f
 Wang, J., Chen, P., Dong, Y., Xie, H., Wang, Y. C., Soto, F., et al. (2021). Designer Exosomes Enabling Tumor Targeted Efficient Chemo/gene/ Photothermal Therapy. Biomaterials 276. doi:10.1016/j.biomaterials.2021.121056
 Yildiz, M., and Kacar, G. (2021). Investigation of Ibuprofen Loading in PEG-PLGA-PEG Micelles by Coarse-Grained DPD Simulations. Mrs Adv. 6. doi:10.1557/s43580-021-00073-6
 Yuan, G., Wu, L., Li, B., and An, J. (2017). Primary Malignant Melanoma of the Cervix: Report of 14 Cases and Review of Literature. Oncotarget 8 (42), 73162–73167. doi:10.18632/oncotarget.17183
 Zhang, L., Yang, J. R., Xia, L., Chen, H. Q., Chen, X. L., Qian, X. J., et al. (2021). Study on the Prognostic Value of Preoperative Anti Hepatitis B Virus Therapy in Patients with Hepatocellular Carcinoma Complicated with Microvascular Tumor Thrombus and Establishment of Survival Prediction Model. Zhonghua yi xue za zhi 101 (28), 2203–2209. doi:10.3760/cma.j.cn112137-20210107-00039
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Xiong, Guo, Zeng, Wang, Zeng, Cao and Lian. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-847901-g005.gif
—orcamnre

L TG telamie ()

S oTear A enss

b fracomy





OPS/images/fbioe-10-847901-g006.gif





OPS/images/fbioe-10-847901-g003.gif





OPS/images/fbioe-10-847901-g004.gif





OPS/images/fbioe-10-847901-t001.jpg
Samples Size (nm)  PDI ZP(MV)  LC(%) EE (%)

DTIC-NPs. 116352 0128 -264:39 8.72 88.53
DTIC-NPs-Apt ~ 126.9 + 4.1 0116 -157+26 7.64 NA

PDI, polydispersity index; ZP, zeta potential; LC, loading content; EE, encapsulation
efficiency: N/A, not applicable.





OPS/images/fbioe-10-847901-g007.gif





OPS/images/fbioe-10-847901-g008.gif
Orug free NPs-Apt

oTicAps Apt

Soan

Lung

Kiiney






OPS/xhtml/nav.xhtml
Contents

		Cover

		Dacarbazine-Loaded Targeted Polymeric Nanoparticles for Enhancing Malignant Melanoma Therapy		Introduction

		Results and Discussions		Synthesis and Characterization of Star-Shaped Copolymer CA-PLGA-b-PEG-COOH

		Preparation and Characterization of Nanoparticles

		Stability of DTIC-NPs and DTIC-NPs-Apt

		In Vitro Drug Release Profiles

		In vitro Cell Viability of NPs

		In Vivo Antitumor Efficacy





		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Bioengineering and Biotechnology

Dacarbazine-Loaded Targeted
Polymeric Nanoparticles for
Enhancing Malignant Melanoma
Therapy





OPS/images/fbioe-10-847901-g001.gif
re

R e

: DAt Jre:
)& SN . P
oo S SN
RS ST, o on
[V — S

F—
capLoa CAPLGACOOH

occour

CA-PLGA-NHS HpPRG.COON; CA-PLGA-b-PEG-COOH






OPS/images/fbioe-10-847901-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Bioengineering and Biotechnology





