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Abstract

:

This study demonstrates the rational fabrication of a magnetic composite nanofiber mesh that can achieve mutual synergy of hyperthermia, chemotherapy, and thermo-molecularly targeted therapy for highly potent therapeutic effects. The nanofiber is composed of biodegradable poly(ε-caprolactone) with doxorubicin, magnetic nanoparticles, and 17-allylamino-17-demethoxygeldanamycin. The nanofiber exhibits distinct hyperthermia, owing to the presence of magnetic nanoparticles upon exposure of the mesh to an alternating magnetic field, which causes heat-induced cell killing as well as enhanced chemotherapeutic efficiency of doxorubicin. The effectiveness of hyperthermia is further enhanced through the inhibition of heat shock protein activity after hyperthermia by releasing the inhibitor 17-allylamino-17-demethoxygeldanamycin. These findings represent a smart nanofiber system for potent cancer therapy and may provide a new approach for the development of localized medication delivery.






Keywords:


cancer thersapy; hyperthermia; MNPs; DOX; HSPs inhibitor; nanofiber












1. Introduction


Breast cancer is the most common malignancy diagnosed in women worldwide and the second leading cause of cancer-related deaths in women [1,2]. Despite recent advances in early diagnosis and treatment, clinical applications are still limited to single therapeutic approaches. Therefore, to achieve preferable anticancer efficacy, multimodal therapies containing two or more therapeutic modalities have been extensively explored in clinical settings in the past decades. The combination therapy approach has been the preferable mode of treatment for cancer patients to significantly reduce tumor size; for example, chemotherapy is combined with gene therapy, radiotherapy, and thermal therapy [3] (Scheme 1). Thermal therapy, also known as hyperthermia, is a mode of cancer treatment that can damage and kill cancer cells, which is employed based on evidence that indicate that cancer cells are more sensitive than normal cells to high temperatures (43–45 °C) [4,5,6]. Hyperthermia can also enhance the effects of certain anticancer drugs such as salinomycin [7,8], curcumin [9], paclitaxel (PTX) [10,11] and doxorubicin (DOX) [12,13,14], increasing the susceptibility of some cancer cells to them.



Although combination therapy is an effective strategy to improve anticancer efficiency through hypothermia and chemotherapy, cancer cells can activate cytoprotective and anti-apoptotic pathways, such as heat shock response that may impart thermoresistance to the cells upon applying hyperthermia [15]. Generally, the heat shock response can considerably induce the overexpression of heat-shock proteins (HSPs), which reaches the highest level within a few minutes to 30 min [16]. When the cells are thermally stimulated, increased production of Hsp90 as a member of chaperone molecules that regulate the intracellular expression, function, and stability of client proteins can particularly stabilize many oncogenic proteins such as mutantp53, Raf-1, HER/ErbB2, Akt, Bcr-Abl, and steroid receptors, thereby leading to thermoresistance and anti-apoptosis [17,18,19]. However, Hsp90 inhibitors can bind to Hsp90 and cause proteasomal degradation of Hsp90 client proteins, inhibit its protein activity, and enhance the effect of hypothermia. Meanwhile, inhibitors of Hsp90 as a type of molecular targeted drug can also exert the effect of molecularly targeted therapy [20].



Hsp90 inhibitors are molecular targeting drugs that target the chaperone protein of Hsp90 in the cytoplasm, cause the conformational change of Hsp90 and degrade the protein substrate by binding to the regulatory site of Hsp90, thus preventing cell growth, proliferation, and signal transmission [21]. 17-N-allylamino-17-demethoxygeldanamycin (17AAG) as the first Hsp90 inhibitor for clinical trials for cancer therapy can reduce thermoresistance in hyperthermia induced by various stimuli such as magnetic fields, and thus induce distinct apoptosis for achieving molecularly targeted therapy [20,22,23,24]. Notably, the binding affinity of 17AAG for Hsp90 of multi-chaperone complexes with high ATPase activity in cancer cells is 100-fold higher than that of the inactive Hsp90 from normal cells [25]. Therefore, these properties give 17AAG an advantage over other single signal-blocking antitumor drugs.



The repair and reconstruction of tissue defects after tumor resection are of major importance for long-term successful healing in cancer therapies [26]. Therefore, recent advances in early diagnosis and treatment of cancer have called for more effective cancer treatment approaches [27,28]. This study presents new insights into an effective locally implantable system for enhancing the efficacy of combination cancer treatment.




2. Results and Discussion


2.1. Fabrication of Nanofiber Meshes


PCL is commonly used as a biodegradable material for biomedical applications and approved by the US Food and Drug Administration. Owing to its biocompatibility, high hydrolysis activity, and desirable processability, PCL has been extensively utilized in drug delivery, tissue engineering scaffolds, and implant materials [29,30]. Electrospinning is a straightforward and versatile technique used to fabricate fibers with nanoscale diameters from a variety of polymeric materials [31,32,33]. We have previously reported PCL-based nanofiber meshes incorporating various types of therapeutic agents such as inactivated viruses [34], immune-modulating agents [35], and chemotherapeutic drugs [10,36] for cancer therapy. In this study, PCL nanofibers containing MNPs, DOX, and 17AAG were fabricated through blend electrospinning. Figure 1A shows the optical microscopy and SEM images of a variety of electrospun PCL-based nanofiber meshes. These nanofibers showed uniform diameter distributions without any beaded morphology. Figure 1B shows that the average diameter of various PCL-based nanofibers ranged from 400 nm to 700 nm, where the diameters of PCL nanofiber and MNP/DOX/17AAG-PCL nanofiber were 610 ± 87 nm and 690 ± 73 nm, respectively.




2.2. Heating of MNPs within Nanofiber Meshes


Magnetic hyperthermia is a type of thermal therapy that can be employed to treat tumors using heat generated by magnetic nanoparticles with exposure to an AMF [37]. It can precisely deal with deep tumors in organs owing to the excellent tissue penetration ability of AMF [38,39,40,41]. Therefore, it is vital to detect the heating potential of MNPs within nanofiber meshes exposed to AMF.



As shown in Figure 2A, the infrared thermal images of PCL, MNP-PCL, and MNP/DOX/17AAG-PCL nanofiber meshes loaded with 12.0 mg of MNPs under AMF irradiation for 15 min. Compared to PCL nanofiber mesh with no significant change in temperature, the temperature of an AMF-exposed mesh of MNP-PCL and MNP/DOX/17AAG-PCL MNPs increased from 25.8 °C and 25.9 °C to 44.1 °C and 43.8 °C, respectively. Figure 2B shows the change in temperature of the MNP-PCL nanofiber mesh with different MNP contents in the AMF application for 15 min. The nanofibers caused the temperature to increase to 32.0, 43.6, and 54.8 °C in the meshes with 2, 12, and 24 mg of MNPs, respectively. Only small changes in temperature were measured for the mesh with 2 mg of MNPs, while the fiber meshes with 12 and 24 mg of MNPs showed significant changes within 5 min.



Additionally, the time-dependent temperature changes of the PCL, MNP-PCL, and MNP/DOX/17AAG-PCL nanofiber meshes and the MNP-PCL nanofiber meshes with different amounts of MNPs during AMF irradiation were analyzed. From Figure 2C,D, the temperature of the nanofiber meshes showed a sharp increase during the first 90 s of AMF application before reaching a plateau. From Figure 2C, there were no significant changes in the temperature of the PCL mesh within 300 s. In contrast, the temperature of meshes loaded with MNPs increased to above 43 °C at 300 s. Figure 2D shows that the temperature increased to 32.3, 43.7, and 55 °C for the meshes with 2, 12, and 24 mg of MNPs, respectively. Thus, the heating rates of MNPs within the nanofiber meshes varied with concentration and time. Additionally, the heat generation behavior of the MNP-incorporated nanofiber mesh was hardly affected in the presence of DOX and 17AAG.



In general, magnetic fields have some effects on tissues and organ systems, such as induced eddy currents in tissues, which may cause carbonization or necrosis of healthy tissues. The strengths of magnetic fields are limited in clinical applications [42]. Brezovich et al. experimentally determined the safety frequency threshold of AMF to be 100–300 kHz [43]. In this study, we used AMF of 166 kHz, the intensity of which is relevant for clinical applications.




2.3. DOX and 17AAG Release Behavior In Vitro


For nanoparticle platforms, it is difficult to achieve long-term release because the loading capacity of a drug in a particle is limited. Therefore, repeated administration is required for nanoparticle systems [44]. Compared with these nanoparticle drug-delivery platforms, nanofiber meshes possess higher drug-loading capacity and longer release potential, which is attributed to the unique features of nanofiber materials. This study focused on demonstrating the sustained release of DOX and 17AAG from nanofiber meshes. Additionally, the release kinetics of the drug from the nanofibers were assessed at 37 °C in PBS buffers at different pH levels to imitate normal extracellular fluid or blood (pH 7.4) and the tumor environment (pH 6.5) [45].



As shown in Figure 3, the MNP/DOX/17AAG-PCL nanofiber showed sustained release of DOX and 17AAG over 30 days. In addition, more than 30% of loaded DOX and 17AAG contents were released from MNP/DOX/17AAG-PCL with and without AMF application at 30 days. This indicates that AMF irradiation itself did not affect the DOX and 17AAG release. Moreover, the release of DOX and 17AAG from the MNP/DOX/17AAG-PCL nanofiber showed slight pH-dependence, indicating an increase in the release rate at pH 6.5, rather than 7.4, in the release medium. This is because lower pH leads to increased solubility of DOX, which induces easier drug release [46]. Thus, the pH-sensitive release behavior of DOX and 17AAG from the MNP/DOX/17AAG-PCL nanofiber was favorable for DOX and 17AAG in improving the therapeutic effect for cancer.




2.4. Effect of Heat on the Efficiency of DOX and 17AAG


Clinical studies have demonstrated that magnetic nanoparticle (MNP)-based hyperthermia enhances the cytotoxicity of some chemotherapeutic drugs [47,48], such as salinomycin [7], curcumin [9], DOX [12], and 17AAG [49]. Mild hyperthermia treatment (43–45 °C) can improve the sensitivity to drugs in the entire tumor by increasing cell spacing and permeability [50,51,52,53]. To investigate the maximized synergistic effect of combination therapy of hyperthermia with chemotherapeutic drugs (DOX and 17AAG) toward heat-sensitive MCF-7 cells, cell viability was evaluated at different DOX and 17AAG concentrations at different heating times at 43 °C.



As demonstrated in Figure 4A, the cell viability in the absence of DOX showed a significant decrease with increased heating time. It is demonstrated that a single hyperthermic treatment can induce cell death in MCF-7 cells. This may be attributed to heating, which can induce a thermal denaturation effect on protein and DNA in cells. In particular, hypoxic tumor cells are more sensitive to heating than normal tissue cells. In addition, the effect of DOX on MCF-7 cells was also showed notably and survival cell numbers were decreased with the increase of DOX concentration. Interestingly, the anticancer effect of DOX was synergistically enhanced by a combination of hyperthermia at 43 °C for 15 min. Compared to the cells without heating, the cell viabilities decreased from 88.7% and 54.5% to 30.3% and 3.2% with 0.1 and 20 μg/mL of DOX, respectively. A similar decrease in the survival of MCF-7 cells was observed, as shown in Figure 4B. This may be attributed to the fact that hyperthermia increases the permeability of the cancer cell membrane, thus aiding drug penetration [12]. Moreover, heating improves cross-linking of the drug with DNA and inhibits the repair of cancer cells to drug damage, thus enhancing the anti-cancer effect of the drug [54,55].



Furthermore, the effect of heating time on the synergistic efficiency of the combination of hyperthermia with DOX (0.1 μg/mL) and 17AAG (0.1 μg/mL) was further investigated. As illustrated in Figure 4C,D, cell viability decreased distinctly with increased heating time. Cytotoxicity significantly dropped with heating for more than 15 min in comparison with the control. After heating for 90 min, the viability of MCF-7 cells treated with DOX and 17AAG was reduced to 22.5% and 23.7%, respectively. Nevertheless, the cells heated for 120 min displayed similar cytotoxicity to heating for 90 min. These results indicate that the anticancer effect of DOX and 17AAG was enhanced by the combination with hyperthermia at 43 °C and displayed a time-dependent relationship.




2.5. Synergistic Anticancer Effects


Hyperthermia, a common clinical treatment method, can enhance the effect of DOX by increasing the susceptibility of cancer cells; however, hyperthermia-induced thermoresistance of cancer cells may be caused by heat shock response. 17AAG is a potent Hsp90 inhibitor that can effectively target Hsp90, thus reducing thermoresistance caused by hyperthermia [20,22,23,24]. More interestingly, 17AAG also has tumoristatic effects as a targeted drug and has been demonstrated to have a synergistic effect with chemotherapy [56,57], benefiting from inhibition of most of the pro-survival and angiogenic signaling molecules elevated by hyperthermia. Here, “All in one” nanofiber mesh based on a synergistic anticancer effect from hyperthermia with DOX and 17AAG was analyzed by the viability of MCF-7 cells.



As demonstrated in Figure 5, the nanofiber mesh (NFM) and only-AMF treatment group maintained cell viability higher than 95%, indicating that the blank nanofiber mesh and AMF were non-toxic to MCF-7 cells. The DOX and 17AAG loaded nanofibers with MNPs displayed higher cytotoxicity in comparison with DOX-NFM and 17AAG-NFM. On the other hand, the MNPs/DOX/17AAG-NFM also showed higher cytotoxicity than NFM loaded with MNPs alone (MNPs-NFM) and the DOX/17AAG-NFM absent of MNPs. This result was in agreement with the heat effect on the efficiency of DOX and 17AAG (Figure 4), and further emphasized that hyperthermia can improve the cytotoxicity of DOX and 17AAG. The cell viability of MNPs/DOX/17AAG-NFM was 11.6%. It was found that MNPs/DOX/17AAG-NFM killed cells significantly compared to the control because of the combined effect of hyperthermia with DOX and 17AAG. Thus, these results demonstrated that the MNPs/DOX/17AAG nanofiber mesh could dramatically increase cytotoxicity in MCF-7 cells through the combined anticancer effect. Therefore, this platform may be further developed as an implantable delivery system in breast cancer therapy.





3. Materials and Methods


3.1. Materials


Poly(ε-caprolactone) (PCL, Mw = 80 kDa) (>99.0%), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (>99.0%), and DOX (>95.0%) were purchased from Tokyo Chemical Industry Co., Ltd. (TYO, Japan). Iron (III) oxide nanopowder (less than 50 nm particle size) and 17AAG (≥98%) were obtained from Sigma-Aldrich Japan (TYO, Japan). Modified Eagle’s Medium (MEM), trypsin, penicillin, and streptomycin were obtained from Nacalai Tesque, Inc. (Kyoto, Japan). Fetal bovine serum (FBS) was purchased from Tocris Bioscience Inc. (Minneapolis, MN, USA). Alamar blue reagent was obtained from TREK Diagnostics (Cleveland, OH, USA). MCF-7 human breast cancer cells were purchased from the American Type Culture Collection (Manassas, VA, USA).




3.2. Fabrication and Characterization of Nanofiber Mesh


The PCL nanofiber mesh was fabricated according to our previously published procedure [10]. Briefly, PCL was dissolved in HFIP at a concentration of 20% (w/v) to prepare an electrospinning solution. The MNPs, DOX, and 17AAG were dissolved in the PCL solution at concentrations of 30% (w/v), 0.75%, and 0.75% (w/w), respectively. For the drug-loaded nanofibers, DOX or 17AAG was dissolved in HFIP and then added to the PCL solution prior to electrospinning and stirred thoroughly to form a homogeneous solution. The PCL-based nanofibers were produced through an electrospinning system (Nanon-01A, MECC Co., Ltd., Japan). A positive voltage of 20 kV is applied to the polymer solution to overcome the liquid surface tension and enable the formation of a polymer jet. The nanofibers were collected on a collector plate 8 cm away from the syringe needle. The flow rate was set at 1.0 mL/h and the experiment was performed at room temperature.



The morphology of the nanofibers was observed by scanning electron microscopy (SEM, SU8000, Hitachi High-Technologies Corporation, Tokyo, Japan) using secondary electrons after Pt coating the surface of the nanofibers. The diameter of the nanofibers was determined using Image J and plugin diameter J.




3.3. Heating Profiles for Nanofiber Mesh


The heat generation properties of the MNPs in the nanofiber mesh were explored by alternating magnetic field (AMF) irradiation. Nanofiber meshes were placed in a customized copper coil that generated AMF (480 A, amplitude 281 kHz frequency) with HOTSHOT 2 (Alonics Co., Ltd., Tokyo, Japan). The change in the temperature of the nanofiber mesh was measured at a predetermined time interval by an FL-IR thermo-camera (CPA-E6, FLIR Systems Japan K.K., Tokyo, Japan). The infrared thermal images of PCL, MNP-PCL, and MNP/DOX/17AAG-PCL nanofiber meshes loaded with 12.0 mg of MNPs under AMF irradiation for 15 min. Additionally, the time-dependent temperature changes of the PCL, MNP-PCL, and MNP/DOX/17AAG-PCL nanofiber meshes and the MNP-PCL nanofiber meshes with different amounts of MNPs during AMF irradiation were analyzed. The sample of nanofiber mesh (40 mg) with 30% (wt) MNPs contained 0.75% (wt) DOX and 17AAG.




3.4. In Vitro Drug Release


The release behavior of DOX and 17AAG from the nanofibers was assessed in phosphate buffered saline (PBS) solution at different pH values and with or without AMF irradiation. Nanofiber meshes (0.3 mg DOX, 0.3 mg 17AAG, and 40 mg fiber for each piece) were immersed in 5 mL PBS solution at two different pH values (6.5 and 7.4) by shaking (at 100 rpm) at 37 °C for 30 days. The samples were exposed to AMF for 15 min every three days. At predetermined time intervals, 3 mL PBS was withdrawn and the same volume of fresh PBS was added. Subsequently, the fluorescence (excitation: 485 nm, emission: 595 nm) and absorbance (335 nm) of the collected DOX and 17AAG were measured using a plate reader (Infinite 200PRO, Tecan, Männedorf, Switzerland). The accumulative releases of DOX and 17AAG from the nanofibers were calculated according to their standard curves under PBS conditions.




3.5. Evaluation of DOX and 17AAG Efficacy after Heating


MCF-7 cells (human breast cancer cell line) were cultured in MEM supplemented with 10% (v/v) FBS and 1% penicillin-streptomycin under 5% CO2 at 37 °C. MCF-7 cells were plated in a 96-well plate at 1.0 × 104 cells per well and incubated for 24 h. Thereafter, the medium was replaced with fresh culture medium heated to 43 °C and supplemented with DOX or 17AAG at the desired concentration. The cells were incubated for another 24 h after incubation at 43 °C for 0, 5, 15, and 30 min. The culture medium was then removed and incubated in a medium containing 10% (v/v) Alamar blue assay reagent for 3 h at 37 °C according to a protocol. Finally, the cell number was calculated according to the fluorescence intensity measured by a fluorescent plate reader, and the average value was obtained from six-well measurements. Cell viability was expressed as a percentage of the control culture value. Untreated cells in the growth medium were used as blank controls.




3.6. Antitumor Efficacy


MCF-7 cells were cultured in MEM supplemented with 10% FBS and 1% penicillin-streptomycin at 37 °C and 5% CO2. MCF-7 cells were plated in a 96-well plate at 1.0 × 104 cells per well for 24 h. Subsequently, the medium was replaced with a preheated medium (43 °C) containing DOX or 17AAG at different concentrations, and the cells were placed into a 43 °C incubator for continuous heating for different time intervals. After the cells were incubated for another 24 h, the fresh medium containing 10% Alamar blue assay reagent was incubated for 3 h at 37 °C. Subsequently, the cell number was calculated according to the fluorescence intensity of the Alamar blue assay measured by a fluorescent plate reader, and the average value was obtained from the six-well measurements.



For the synergistic anticancer experiment, MCF-7 cells were plated in a 35 mm plate at 106 cells per well for 24 h. Thereafter, the medium introduced a piece of nanofiber mesh (which had a 120 mg weight, 30% MNPs, 0.75% DOX, and 0.75% 17AAG), which was exposed to AMF (480 A, amplitude 281 kHz frequency) for 30 min. After incubation at 37 °C for another 24 h, the cell number was calculated by measuring the fluorescence of the Alamar blue assay.




3.7. Statistical Analysis


All experiments were performed three times and the data are presented as means ± standard deviation (SD). Statistical analysis was conducted using Student’s t-test and one-way analysis of variance (ANOVA) using Origin version 9.0 software (Northampton, USA). The difference between the results was considered to be statistically significant for p < 0.05 (*) and p < 0.01 (**).





4. Conclusions


In this study, we fabricated a novel PCL-based nanofiber mesh with MNPs, DOX, and 17AAG for achieving a mutual synergy of hyperthermia, chemotherapy, and molecularly targeted thermal therapy for a highly potent therapeutic effect. The nanofiber mesh was fabricated using an electrospinning method and exhibited good biocompatibility. The sustained and pH-sensitive release behavior of DOX and 17AAG from the nanofiber for one month was favorable for the long-term maintenance of effective drug concentration in tumor tissue. Meanwhile, the anticancer effect of DOX was enhanced in combination with hyperthermia and 17AAG and displayed a time-dependent relationship. In MCF-7 cells, the MNPs/DOX/17AAG nanofiber mesh efficiently induced apoptosis through the synergistic anticancer effect arising from hyperthermia, DOX, and 17AAG. The results of the study indicate a new tumor therapy methods with high efficiency are critical to maximize the desired therapeutic effect and to minimize the injuries and side effects. Thus, the MNPs/DOX/17AAG nanofiber mesh serves as an effective locally implantable system for enhancing the efficacy of combination cancer treatments.







Author Contributions


Experimental design: L.C. and M.E.; experimental preparation: L.C., M.T. and M.N.; data analysis: L.C.; chart production: L.C.; writing—original draft preparation: L.C.; writing—review and editing: L.C., M.E., K.U., M.N. and N.F. All authors have read and agreed to the published version of the manuscript.




Funding


This study was support by JSPS KAKENHI Grant-in-Aid for Scientific Research (B) (JP19H04476) and Grant-in-Aid for Transformative Research Areas (A) (JP20H05877).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Vargo-Gogola, T.; Rosen, J.M. Modelling breast cancer: One size does not fit all. Nat. Rev. Cancer 2007, 7, 659–672. [Google Scholar] [CrossRef] [PubMed]

	



Parkin, D.M.; Fernández, L.M. Use of Statistics to Assess the Global Burden of Breast Cancer. Glob. Epidemiol. Methods 2006, 12, 70–80. [Google Scholar] [CrossRef] [PubMed]

	



Rahul, J.; Cody, S.; Prakash, R. Nanoparticles for Effective Combination Therapy of Cancer. Int. J. Nanotechnol. Nanomed 2016, 1, 1–15. [Google Scholar]

	



Brero, F.; Albino, M.; Antoccia, A.; Arosio, P.; Avolio, M.; Berardinelli, F.; Bettega, D.; Calzolari, P.; Ciocca, M.; Corti, M.; et al. Hadron Therapy, Magnetic Nanoparticles and Hyperthermia: A Promising Combined Tool for Pancreatic Cancer Treatment. Nanomaterials 2020, 10, 1919. [Google Scholar] [CrossRef] [PubMed]

	



Salimi, M.; Sarkar, S.; Hashemi, M.; Saber, R. Treatment of Breast Cancer-Bearing BALB/c Mice with Magnetic Hyperthermia using Dendrimer Functionalized Iron-Oxide Nanoparticles. Nanomaterials 2020, 10, 2310. [Google Scholar] [CrossRef]

	



Nemec, S.; Kralj, S.; Wilhelm, C.; Abou-Hassan, A.; Rols, M.-P.; Kolosnjaj-Tabi, J. Comparison of Iron Oxide Nanoparticles in Photothermia and Magnetic Hyperthermia: Effects of Clustering and Silica Encapsulation on Nanoparticles’ Heating Yield. Appl. Sci. 2020, 10, 7322. [Google Scholar] [CrossRef]

	



Nashiry, M. Combination of Metformin and severe hyperthermia induces DNA damage and apoptosis in osteosarcoma cells in vitro. In The 2015 Annual Scientific Meeting of the College of Pathologists; Berjaya Time Square Hotel: Kuala Lumpur, Malaysia, 2018. [Google Scholar]

	



Norouzi, M.; Abdali, Z.; Liu, S.; Miller, D.W. Salinomycin-loaded Nanofibers for Glioblastoma Therapy. Sci. Rep. 2018, 8, 9377–9386. [Google Scholar] [CrossRef]

	



Xing, H.; Wang, Z.; Shao, D.; Chang, Z.; Ge, M.; Li, L.; Wu, M.; Yan, Z.; Dong, W. Janus nanocarriers for magnetically targeted and hyperthermia-enhanced curcumin therapy of liver cancer. RSC Adv. 2018, 8, 30448–30454. [Google Scholar] [CrossRef]

	



Niiyama, E.; Uto, K.; Lee, C.M.; Sakura, K.; Ebara, M. Hyperthermia Nanofiber Platform Synergized by Sustained Release of Paclitaxel to Improve Antitumor Efficiency. Adv. Healthc. Mater. 2019, 8, 1900102–1900111. [Google Scholar] [CrossRef]

	



Niiyama, E.; Uto, K.; Lee, C.; Sakura, K.; Ebara, M. Alternating Magnetic Field-Triggered Switchable Nanofiber Mesh for Cancer Thermo-Chemotherapy. Polymers 2018, 10, 1018. [Google Scholar] [CrossRef]

	



Mohammad, F.; Yusof, N.A. Doxorubicin-loaded magnetic gold nanoshells for a combination therapy of hyperthermia and drug delivery. J. Colloid Interface Sci. 2014, 4, 89–97. [Google Scholar] [CrossRef]

	



Kim, Y.-J.; Ebara, M.; Aoyagi, T. A Smart Hyperthermia Nanofiber with Switchable Drug Release for Inducing Cancer Apoptosis. Adv. Funct. Mater. 2013, 23, 5753–5761. [Google Scholar] [CrossRef]

	



Li, Y.; Fu, Y.; Ren, Z.; Li, X.; Mao, C.; Han, G. Enhanced cell uptake of fluorescent drug-loaded nanoparticles via an implantable photothermal fibrous patch for more effective cancer cell killing. J. Mater. Chem. B 2017, 5, 7504–7511. [Google Scholar] [CrossRef]

	



Dev Kumar Chatterjee1, P.D.; Krishnan, S. Nanoparticle-mediated hyperthermia in cancer therapy. Ther. Deliv. 2011, 2, 1001–1014. [Google Scholar] [CrossRef] [PubMed]

	



Fisher, J.W.; Sarkar, S.; Buchanan, C.F.; Szot, C.S.; Whitney, J.; Hatcher, H.C.; Torti, S.V.; Rylander, C.G.; Rylander, M.N. Photothermal Response of Human and Murine Cancer Cells to Multiwalled Carbon Nanotubes after Laser Irradiation. Cancer Res. 2010, 70, 9855–9864. [Google Scholar] [CrossRef] [PubMed]

	



Sato, S.; Fujita, N.; Tsuruo, T. Modulation of Akt kinase activity by binding to Hsp90. Proc. Natl. Acad. Sci. USA 2000, 97, 10832–10837. [Google Scholar] [CrossRef]

	



Basso, A.D.; Solit, D.B.; Munster, P.N. Ansamycin antibiotics inhibit Akt activation and cyclin D expression in breast cancer cells that overexpress HER2. Oncogene 2002, 21, 1159–1166. [Google Scholar] [CrossRef]

	



Whitesell, L.; Lindquist, S.L. HSP90 and the chaperoning of cancer. Nat. Rev. Cancer 2005, 5, 761–772. [Google Scholar] [CrossRef]

	



Yoo, D.; Jeong, H.; Noh, S.-H.; Lee, J.-H.; Cheon, J. Magnetically Triggered Dual Functional Nanoparticles for Resistance-Free Apoptotic Hyperthermia. Angew. Chem. Int. Ed. 2013, 52, 13047–13051. [Google Scholar] [CrossRef]

	



Jhaveri, K.; Taldone, T.; Modi, S.; Chiosis, G. Advances in the clinical development of heat shock protein 90 (Hsp90) inhibitors in cancers. Biochim. Biophys. Acta (BBA) Mol. Cell Res. 2012, 1823, 742–755. [Google Scholar] [CrossRef] [PubMed]

	



Frazier, N.; Payne, A.; Dillon, C.; Subrahmanyam, N.; Ghandehari, H. Enhanced efficacy of combination heat shock targeted polymer therapeutics with high intensity focused ultrasound. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 1235–1243. [Google Scholar] [CrossRef]

	



Chen, Y.; Youn, P.; Pysher, T.J.; Scaife, C.L.; Furgeson, D.Y. Tumour eradication using synchronous thermal ablation and Hsp90 chemotherapy with protein engineered triblock biopolymer-geldanamycin conjugates. Int. J. Hyperth. 2014, 30, 550–564. [Google Scholar] [CrossRef]

	



Wang, L.; Gao, C.; Liu, K.; Liu, Y.; Ma, L.; Liu, L.; Du, X.; Zhou, J. Cypate-Conjugated Porous Upconversion Nanocomposites for Programmed Delivery of Heat Shock Protein 70 Small Interfering RNA for Gene Silencing and Photothermal Ablation. Adv. Funct. Mate. 2016, 26, 3480–3489. [Google Scholar] [CrossRef]

	



Kamal, A.; Thao, L.; Sensintaffar, J. A high-affinity conformation of Hsp90 confers tumour selectivity on Hsp90 inhibitors. Nature 2003, 425, 407–410. [Google Scholar] [CrossRef]

	



Ding, Q.; Li, Z.; Yang, Y.; Guo, G.; Luo, F.; Chen, Z.; Yang, Y.; Qian, Z.; Shi, S. Preparation and therapeutic application of docetaxel-loaded poly(d,l-lactide) nanofibers in preventing breast cancer recurrence. Drug Deliv. 2015, 23, 2677–2685. [Google Scholar] [CrossRef]

	



Gupta, V.; Mun, G.-H.; Choi, B.; Aseh, A.; Mildred, L.; Patel, A.; Zhang, Q.; Price, J.E.; Chang, D.; Robb, G.; et al. Repair and Reconstruction of a Resected Tumor Defect Using a Composite of Tissue Flap–Nanotherapeutic–Silk Fibroin and Chitosan Scaffold. Ann. Biomed. Eng. 2011, 39, 2374–2387. [Google Scholar] [CrossRef] [PubMed]

	



Yohe, S.T.; Herrera, V.L.M.; Colson, Y.L.; Grinstaff, M.W. 3D superhydrophobic electrospun meshes as reinforcement materials for sustained local drug delivery against colorectal cancer cells. J. Controll. Release 2012, 162, 92–101. [Google Scholar] [CrossRef] [PubMed]

	



Rong, D.; Chen, P.; Yang, Y.; Li, Q.; Wan, W.; Fang, X.; Zhang, J.; Han, Z.; Tian, J.; Ouyang, J. Fabrication of Gelatin/PCL Electrospun Fiber Mat with Bone Powder and the Study of Its Biocompatibility. J. Funct. Biomater. 2016, 7, 6. [Google Scholar] [CrossRef]

	



Ban, Q.; Bai, T.; Duan, X.; Kong, J. Noninvasive photothermal cancer therapy nanoplatforms via integrating nanomaterials and functional polymers. Biomater. Sci. 2017, 5, 190–210. [Google Scholar] [CrossRef] [PubMed]

	



Azfarniam, L.; Norouzi, M. Multifunctional polyester fabric using a multicomponent treatment. Fibers Polym. 2016, 17, 298–304. [Google Scholar] [CrossRef]

	



Kim, Y.-J.; Ebara, M.; Aoyagi, T. Temperature-responsive electrospun nanofibers for ‘on–off’ switchable release of dextran. Sci. Technol. Adv. Mater. 2016, 13, 64203–64213. [Google Scholar] [CrossRef]

	



Kim, Y.-J.; Ebara, M.; Aoyagi, T. A Smart Nanofiber Web That Captures and Releases Cells. Angew. Chem. Int. Ed. 2012, 51, 10537–10541. [Google Scholar] [CrossRef] [PubMed]

	



Okada, T.; Niiyama, E.; Uto, K.; Aoyagi, T.; Ebara, M. Inactivated Sendai Virus (HVJ-E) Immobilized Electrospun Nanofiber for Cancer Therapy. Materials 2015, 9, 12. [Google Scholar] [CrossRef] [PubMed]

	



Garrett, R.; Niiyama, E.; Kotsuchibashi, Y.; Uto, K.; Ebara, M. Biodegradable Nanofiber for Delivery of Immunomodulating Agent in the Treatment of Basal Cell Carcinoma. Fibers 2015, 3, 478. [Google Scholar] [CrossRef]

	



Suzuki, K.; Tanaka, H.; Ebara, M.; Uto, K.; Matsuoka, H.; Nishimoto, S.; Okada, K.; Murase, T.; Yoshikawa, H. Electrospun nanofiber sheets incorporating methylcobalamin promote nerve regeneration and functional recovery in a rat sciatic nerve crush injury model. Acta Biomater. 2017, 5, 250–259. [Google Scholar] [CrossRef]

	



Furlani, E.J.; Furlani, E.P. A model for predicting magnetic targeting of multifunctional particles in the microvasculature. J. Magn. Magn. Mater. 2007, 312, 187–193. [Google Scholar] [CrossRef]

	



Sun, S.S. Monodisperse Magnetic Nanoparticles for Theranostic Applications. Acc. Chem. Res. 2011, 44, 875–882. [Google Scholar]

	



Barry, S.E. Challenges in the development of magnetic particles for therapeutic applications. Int. J. Hyperth. 2009, 24, 451–466. [Google Scholar] [CrossRef] [PubMed]

	



Karathanasis, E.; Cervadoro, A.; Giverso, C.; Pande, R.; Sarangi, S.; Preziosi, L.; Wosik, J.; Brazdeikis, A.; Decuzzi, P. Design Maps for the Hyperthermic Treatment of Tumors with Superparamagnetic Nanoparticles. PLoS ONE 2013, 8, 57332–57346. [Google Scholar]

	



Hayashi, K.; Sakamoto, W.; Yogo, T. Smart Ferrofluid with Quick Gel Transformation in Tumors for MRI-Guided Local Magnetic Thermochemotherapy. Adv. Funct. Mater. 2016, 26, 1708–1718. [Google Scholar] [CrossRef]

	



Wu, K.; Wang, J.P. Magnetic hyperthermia performance of magnetite nanoparticle assemblies under different driving fields. AIP Adv. 2017, 7, 56327–56336. [Google Scholar] [CrossRef]

	



Mamiya, H.; Takeda, Y.; Naka, T.; Kawazoe, N.; Chen, G.; Jeyadevan, B. Practical Solution for Effective Whole-Body Magnetic Fluid Hyperthermia Treatment. J. Nanomater. 2017, 20, 1–7. [Google Scholar] [CrossRef]

	



Xia, Q.; Li, L.; Zhao, L. Silica nanoparticle-based dual-responsive nanoprodrug system for liver cancer therapy. Exp. Ther. Med. 2017, 14, 2071–2077. [Google Scholar] [CrossRef] [PubMed]

	



Han, K.; Chen, S.; Chen, W.-H.; Lei, Q.; Liu, Y.; Zhuo, R.-X.; Zhang, X.-Z. Synergistic gene and drug tumor therapy using a chimeric peptide. Biomaterials 2013, 34, 4680–4689. [Google Scholar] [CrossRef] [PubMed]

	



Luo, H.; Wang, Q.; Deng, Y.; Yang, T.; Ke, H.; Yang, H.; He, H.; Guo, Z.; Yu, D.; Wu, H.; et al. Mutually Synergistic Nanoparticles for Effective Thermo-Molecularly Targeted Therapy. Adv. Funct. Mater. 2017, 27, 1702834–1702844. [Google Scholar] [CrossRef]

	



Li, M.; Bu, W.; Ren, J.; Li, J.; Deng, L.; Gao, M.; Gao, X.; Wang, P. Enhanced Synergism of Thermo-chemotherapy For Liver Cancer with Magnetothermally Responsive Nanocarriers. Theranostics 2018, 8, 693–709. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, X.P.; Tmai, T.T.; Ha, P.T.; Pham, H.N.; Luu, H.N.; Do, H.M.; Tran, D.L.; Nguyen, H.N.; Nguyen, L.T.; Ho, A.S.; et al. Multifunctional Drug Nanosystems: A Summary of Recent Researches at IMS/VAST. Biomed. Eng. 2015, 4, 55–57. [Google Scholar]

	



Lin, T.; Guo, W.; Long, Q.; Ma, A.; Liu, Q.; Zhang, H.; Huang, Y.; Chandrasekaran, S.; Pan, C.; Lam, K.S.; et al. HSP90 Inhibitor Encapsulated Photo-Theranostic Nanoparticles for Synergistic Combination Cancer Therapy. Theranostics 2016, 6, 1324–1335. [Google Scholar] [CrossRef]

	



Partanen, A.; Yarmolenko, P.S.; Viitala, A. Mild hyperthermia with magnetic resonance-guided high-intensity focused ultrasound for applications in drug delivery. Int. J. Hyperth. 2012, 28, 320–336. [Google Scholar] [CrossRef]

	



Jain, T.K.; Richey, J.; Strand, M.; Leslie-Pelecky, D.L.; Flask, C.A.; Labhasetwar, V. Magnetic nanoparticles with dual functional properties: Drug delivery and magnetic resonance imaging. Biomaterials 2008, 29, 4012–4021. [Google Scholar] [CrossRef]

	



Dilnawaz, F.; Singh, A.; Mewar, S.; Sharma, U.; Jagannathan, N.R.; Sahoo, S.K. The transport of non-surfactant based paclitaxel loaded magnetic nanoparticles across the blood brain barrier in a rat model. Biomaterials 2012, 33, 2936–2951. [Google Scholar] [CrossRef] [PubMed]

	



Wang, A.; Li, S. Hydroxycamptothecin-loaded nanoparticles enhance target drug delivery and anticancer effect. BMC Biotechnol. 2008, 8, 46. [Google Scholar] [CrossRef]

	



Blasiak, J.; Widera, K.; Pertyński, T. Hyperthermia can differentially modulate the repair of doxorubicin-damaged DNA in normal and cancer cells. Acta Biochim. Pol. 2003, 50, 191–195. [Google Scholar] [CrossRef]

	



Hui, G.; Yu, L.L.; Man, Z. Inactivated Sendai Virus Induces Apoptosis Mediated by Reactive Oxygen Species in Murine Melanoma Cells. Biomed. Environ. Sci. 2016, 12, 877–884. [Google Scholar]

	



Barrott, J.J.; Haystead, T.A.J. Hsp90, an unlikely ally in the war on cancer. FEBS J. 2013, 280, 1381–1396. [Google Scholar] [CrossRef] [PubMed]

	



Pick, E.; Kluger, Y.; Giltnane, J.M.; Moeder, C.; Camp, R.L.; Rimm, D.L.; Kluger, H.M. High HSP90 Expression Is Associated with Decreased Survival in Breast Cancer. Cancer Res. 2007, 67, 2932–2937. [Google Scholar] [CrossRef]








[image: Ijms 22 02542 sch001 550] 





Scheme 1. Schematic illustration of smart nanofiber mesh loaded with MNPs, DOX and 17AAG for combination therapy to treat breast cancer. The nanofiber generates hyperthermia effects from MNPs upon exposure to an alternating magnetic field, which causes heat-induced cell killing as well as enhanced DOX chemotherapeutic efficiency. The efficiency of hyperthermia is further enhanced by releasing the 17AAG from the nanofiber mesh, which causes the inhibition of HSPs by hyperthermia. 
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Figure 1. (A) SEM image of PCL based nanofiber meshes and (B) average diameters of nanofiber meshes (a: PCL, b: MNP-PCL, c: MNPs/DOX-PCL, d: MNPs/17AAG-PCL, e: DOX/17AAG-PCL, f: MNP/DOX/17AAG-PCL). 
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Figure 2. Infrared thermal images of (A) PCL based nanofiber mesh and (B) MNP-PCL nanofiber mesh with different MNPs contents in AMF application. Heating profiles of (C) PCL based nanofiber mesh and (D) MNP-PCL nanofiber mesh with different MNPs contents during AMF irradiation at different times. 
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Figure 3. (A) DOX and (B) 17AAG release profile from the MNP/DOX/17AAG-PCL nanofiber mesh at different pH and with or without AMF application. 
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Figure 4. Viability of MCF-7 cells treated with different concentration of (A) DOX and (B) 17AAG, and different heating time (C) DOX (0.1 μg/mL) and (D) 17AAG (0.1 μg/mL). (NS means No significance; Data are mean ± SD, n = 6, ** p < 0.01). 
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Figure 5. Viability of MCF-7 cells treated with PCL-based nanofiber meshes under AMF irradiation. (Data are mean ± SD, n = 6, ** p < 0.01 * p < 0.05). 
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