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Abstract

:

The application of magnetomechanical stress in cells using internalized magnetic nanoparticles (MNPs) actuated by low-frequency magnetic fields has been attracting considerable interest in the field of cancer research. Recent developments prove that magnetomechanical stress can inhibit cancer cells’ growth. However, the MNPs’ type and the magnetic field’s characteristics are crucial parameters. Their variability allows multiple combinations, which induce specific biological effects. We previously reported the antiproliferative effects induced in HT29 colon cancer cells by static-magnetic-field (200 mT)-actuated spherical MNPs (100 nm). Herein, we show that similar growth inhibitory effects are induced in other colon cancer cell lines. The effect of magnetomechanical stress was also examined in the growth rate of tumor spheroids. Moreover, we examined the biological mechanisms involved in the observed cell growth inhibition. Under the experimental conditions employed, no cell death was detected by PI (propidium iodide) staining analysis. Flow cytometry and Western blotting revealed that G2/M cell cycle arrest might mediate the antiproliferative effects. Furthermore, MNPs were found to locate in the lysosomes, and a decreased number of lysosomes was detected in cells that had undergone magnetomechanical stress, implying that the mechanical activation of the internalized MNPs could induce lysosome membrane disruption. Of note, the lysosomal acidic conditions were proven to affect the MNPs’ magnetic properties, evidenced by vibrating sample magnetometry (VSM) analysis. Further research on the combination of the described magnetomechanical stress with lysosome-targeting chemotherapeutic drugs could lay the groundwork for the development of novel anticancer combination treatment schemes.
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1. Introduction


Mechanical stimulation is a very promising strategy, based on which novel therapeutic biomedical technologies can be developed. Mechanical stimulation is known to affect the growth and differentiation of stem cells [1], and thus, various applications employing this strategy have been proposed in the fields of tissue engineering and regenerative medicine [2]. Interestingly, mechanoresponsive genes have been identified, highlighting that mechanical stress alone can regulate the transcription of certain genes [3]. Mechanical forces are considered to be significant regulators in tumor growth, metastasis, as well as anticancer treatment response [4]. In fact, various studies have described the inhibition of tumor growth in preclinical tumor models, which is achieved solely by mechanical effects [5,6,7]. Interestingly, various oncogenes have been found to activate the same signaling processes that are triggered as a response to mechanical stress [8].



The effects of mechanical forces applied on cells are dependent on the forces’ characteristics such as the direction, magnitude, and duration of the force application [9]. Therefore, it is significant to apply specific forces on cells, with great precision and accuracy. The ability to apply these precisely controllable forces could be a critical tool for the development of innovative and efficient anticancer biomedical strategies.



However, precision at the cellular scale is quite difficult to achieve. Magnetic nanoparticles, being structures whose dimensions lie in the nanoscale, constitute an excellent tool for such meticulously defined precision. Moreover, their magnetic properties allow for the remote, controlled, and non-invasive application of the defined mechanical forces at the magnitude, direction, and application time required [10,11].



Examples of biomedical applications of externally controlled MNPs are the achievement of magnetically driven endocytosis in prostate cancer PC-3 cells [12], magnetic cell levitation [13], and the induction of swelling and apoptosis in THP-1 monocytic leukemia cells [14]. It is becoming evident that MNPs, allowing for the highly controllable application of magnetomechanical forces when being exposed to tunable magnetic fields, offer various possibilities as a stimuli-responsive system, which can be employed in novel biomedical applications.



Alternating magnetic fields specifically have been employed in various studies in order to remotely control MNPs for the intracellular triggering of cellular responses. Endocytosed MNPs, actuated by an external alternating magnetic field, have been shown to destabilize the membrane of lysosomes through mechanical disruption, which leads to cell death due to the release of the highly acidic lysosomal contents into the cytoplasm [15,16]. Moreover, MNPs may specifically bind to the cancer cell membrane and induce cell death by exerting magnetomechanical stress [17,18]. Importantly, the intracellular localization of the mechanical-force-applying MNPs has been proven to be more efficient in damaging cancer cells than the membrane-bound localization [18].



Therefore, applying localized mechanical stress appears to be a very promising tool in cancer research, as it can have a profound effect on cancer cell proliferation and tumor growth kinetics [19]. In this context, various magnetic nanostructures have been investigated as potential tools for the application of magnetomechanical stress under magnetic field exposure in cancer cells [20]. Kim et al. used magnetic disk-shaped structures to mechanically disrupt the membrane of cancer cells, resulting in a 90% inhibition in cell growth [21], while Shen et al. used MNPs’ elongated aggregates to induce necrosis in cancer cells by disrupting both the lysosomal and the cellular membranes [22]. Magnetic nanocubes were employed for targeting mitochondria and inducing apoptosis via mechanical stress in vitro and in vivo in preclinical glioblastoma models [23]. Furthermore, magnetomechanical stress applied through actuated magnetic nanowires was described to enhance the doxorubicin anticancer effect in vitro [24]. Cylindrical magnetic nanoparticles have also been used for inducing apoptosis in cancer cells via magnetomechanical stress effects [25]. Besides the variety of structures with shape anisotropy available, among the most commonly used types of nanoparticles for the application of magnetomechanical stress in cancer cells are spherical nanoparticles [20].



Our team previously comparatively examined the antiproliferative effects of spherical magnetite MNPs with a hydrodynamic diameter of 100 nm actuated by static or alternating low-frequency magnetic fields with varying intensity (40–200 mT), frequency (0–8 Hz), and field gradients in HT29 colon cancer cells. We reported that the highest inhibition of cell growth (47% of control cell growth) was generated by the static field of the strongest field intensity (200 mT) and gradient [26]. This correlation between field intensity and the growth inhibitory effect is extremely interesting, and in this line, we proceeded to investigate herein the biological mechanisms involved.



Therefore, in this study, we examined whether the previously observed antiproliferative effects induced by magnetomechanical stress, applied via static-magnetic-field (200 mT)-actuated MNPs in HT29 colon cancer cells, is also induced in other colon cancer cell lines. Next, we investigated whether the induced cell growth inhibition is mediated by cell death and/or cell cycle arrest. Furthermore, we examined the effects of magnetic-field-exposed MNPs in HT29 3D tumor spheroids and investigated the intracellular localization of the endocytosed nanoparticles, which were found to accumulate in lysosomes. Consecutively, we examined lysosomes’ integrity after the exposure of their MNP content to the magnetic field and its effect on the cell growth rate. We believe that future applications of our findings could lead to the development of anticancer combination treatment schemes that are based on these MNPs, utilizing their lysosome-targeting properties and/or combining the cytostatic effect induced by field exposure in MNP-treated cells, with standard chemotherapeutic drugs, achieving enhanced anticancer potential.




2. Materials and Methods


2.1. Materials


Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from Gibco (Waltham, MA, USA). Fetal bovine serum (FBS), trypsin, penicillin/streptomycin, and phosphate-buffered saline (PBS) were purchased from Biosera (Boussens, France). Hoechst 33342, Lysotracker Red, and Lysotracker Blue were purchased from Invitrogen (ThermoFischer, Waltham, MA, USA). Propidium iodide (PI), RNAse A, acetic acid, trichloroacetic acid (TCA), Trizma base, sulforhodamine B (SRB), and all other chemicals mentioned were purchased from Sigma-Aldrich (St. Louis, MO, USA).




2.2. Cell Lines


Colon carcinoma cell lines were obtained from ATCC. Cells of mouse (CT26) or human (HT29 and Caco-2) origin were maintained in a humidified incubator with 5% CO2 at 37 °C. Cells were grown in DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 mM glutamine.




2.3. MNPs Treatment and Magnetic Field Exposure


Cells were handled as described in Spyridopoulou et al. [26]. Briefly, cells were seeded in 35 mm cell culture dishes, left to adhere overnight, and treated with 100 μg/mL MNPs (fluidMAG-D, Chemicell, GmbH, Berlin, Germany) for the indicated time points. For the fluorescence microscopy and the fluorescence flow cytometry experiments, fluorescently labeled nanoparticles (flMNPs) with the same properties were used (nano-screenMAG/R-D). The MNPs used are aqueous dispersions of magnetic iron oxides with an average hydrodynamic diameter of 100 nm, coated with starch. After incubation with the MNPs, cells were thoroughly washed with PBS to remove the MNPs that had not been internalized. Fresh culture medium was added, and the cells were exposed for 30 min to the static magnetic field of 200 mT generated by a Nd–Fe–B block magnet, as previously described. The magnetic field was calculated with COMSOL Multiphysics 3.5a (COMSOL Inc., Stockholm, Sweden), and the calculations were validated by measurements performed with a Hall Probe (THM 1176-MF, MetroLab Technology, Plan-les-Ouates, Switzerland). For a detailed characterization of the magnetic field, see Spyridopoulou, K. et al. (2018) and Maniotis, N. et al. (2017) [26,27]. Finally, treated cells were handled according to the assay employed.




2.4. Cell Growth Assay


Cell growth was analyzed with the Sulforhodamine B (SRB) assay [28]. Cells were seeded in 96-well plates and left to adhere overnight. Then, cells were fixed with TCA, dried, and stained, as previously described [29]. Optical density was measured with a microplate reader (Enspire, Perkin Elmer, Waltham, MA, USA). Appropriate controls to exclude the background signal due to the presence of MNPs were included. The inhibition of the cell growth percentage was calculated by the following formula:


% growth inhibition = 100 − [(mean OD sample)/(mean OD control) × 100]












2.5. Fluorescence Microscopy


Samples were examined under a Zeiss Axio Scope A1 microscope (Zeiss Microscopy, Göttingen, Germany), and image acquisition was performed using the ZEN Blue imaging software (Zeiss Microscopy, Göttingen, Germany). For fluorescence confocal microscopy, live cells were visualized by confocal fluorescence microscopy on 8-well chambered glass coverslips (μ-slides, IBIDI, Gräfelfing, Germany), and imaging was performed on a customized Andor Revolution Spinning Disc Confocal System built around a stand (IX81; Olympus, Tokyo, Japan) with a digital camera (Andor Nixon+885, Andor Technology, Oxford Instruments, Abingdon, United Kingdom) (CIBIT Facility, MBG-DUTH). Image acquisition was performed with the Andor IQ2 software (Andor Technology, Oxford Instruments, Abingdon, United Kingdom). Image analysis was performed with the ImageJ v.1.50i software (U. S. National Institutes of Health, Bethesda, MD, USA).




2.6. Assessment of Cell Death


Cell death was analyzed by PI staining. Upon treatment, cells were either harvested by trypsinization (for flow cytometry analysis) or moved by handling the coverslip on which they were grown with forceps in a new culture dish filled with PBS (for fluorescence microscopy). Cells on the coverslip were stained with Hoechst 33342 for 40 min at 37 °C and, subsequently, with PI. Cells in suspension intended for flow cytometry analysis were only stained with PI. Excess dye was washed away with PBS, and cells in suspension were analyzed on the flow cytometer (Attune NxT flow cytometer, Thermo Fisher Scientific, Waltham, MA, USA), while data analysis was performed with the FlowJo V10 software (FlowJo LCC, Ashland, OR, USA), then cells on the coverslip were observed under a fluorescence microscope as described in Section 2.5.




2.7. Assessment of the Structural Integrity of Lysosomes


Cells were either grown on coverslips (for fluorescence microscopy) or in 100 mm cell culture dishes (for flow cytometry). Two hours after the exposure of cells to the magnetic field, cells were incubated with Lysotracker Red (50 nM) for 30 min. Cells treated with +MNPs−Field, −MNPs−Field, and −MNPs+Field were also assayed (+/− MNPs indicates cells incubation or not, respectively, with 100 μg/mL MNPs (fluidMAG-D or nano-screenMAG/R-D as stated) for 48 h unless a different time period is stated; +/− Field indicates whether cells have been exposed (+) or not (−) to the 200 mT static magnetic field for 30 min unless a different time point is mentioned). Coverslip-grown cells were visualized under a fluorescence microscope as described in Section 2.5. Images of multiple cells per treatment group were captured and analyzed with the ImageJ software, and the number of lysosomes was counted (as visible fluorescence spots). The results are expressed as % change compared to the number counted in −MNPs−Field (control) cells. At least six cells per group were analyzed in three independent experiments. Cells grown in culture dishes were harvested by trypsinization, washed, resuspended in PBS, and analyzed on the flow cytometer (Attune NxT, Thermo Fisher Scientific, Waltham, MA, USA) for the detection of Lysotracker fluorescence intensity. Data analysis was performed with the FlowJo V10 software (FlowJo LCC, Ashland, OR, USA).




2.8. Co-Localization of the MNPs with the Lysosomes


After the incubation of the cells grown in μ-slides with flMNPs for the indicated time points (30 min, 12 h, 24 h, or 48 h), cells were incubated with Lysotracker Blue (50 nM) for 30 min, before visualization under the confocal microscope, as described in Section 2.5. At least eight cells from each time point group were analyzed in three independent experiments.




2.9. Cell Cycle Analysis


The cell cycle was analyzed by DNA content quantification with PI staining. Cells were synchronized and incubated in serum-free medium for 24 h prior to treatment. Treated cells were harvested by trypsinization, washed out with PBS, and fixed and permeabilized in 70% ice-cold ethanol. Fixed cells were incubated at −20 °C for at least 24 h prior to analysis. On the day of the analysis, the ethanol was washed and cells were incubated with RNase A (10 μg/mL) and PI (50 μg/mL) for 40 min at room temperature in the dark. The cell cycle distribution was then analyzed on the flow cytometer. Data analysis was performed with the FlowJo V10 software (FlowJo LCC, Ashland, OR, USA).




2.10. Cyclin D1 and Cyclin B1 Protein Expression


Expression levels of cyclins D1 and B1 were analyzed by Western blot. Treated cells were lysed in RIPA buffer supplemented with protease inhibitors (100 μg/mL phenylmethylsulfonylfluoride (PMSF), 0.5 μg/mL leupeptin, 1.0 μg/mL pepstatin A, and 0.5 μg/mL aprotinin). The BCA protein assay was employed to determine the protein concentration in cell samples. The Pierce BCA protein assay kit was used according to the manufacturer’s protocol. Sixty micrograms of protein extracts was loaded in a 10% SDS-polyacrylamide gel, and following electrophoresis, proteins were blotted on 0.45 μm PVDF membranes. Membranes were blocked with 5% w/v BSA/TBST solution and incubated overnight, at 4 °C with primary antibodies against cyclin B1 (1:1000, 4138 Cell Signaling, Danvers, MA, USA) or cyclin D1 (1:500, 2978 Cell Signaling) in 5% w/v BSA/TBST. Following overnight incubation, membranes were washed with TBST and incubated with HRP-conjugated anti-rabbit secondary antibody (1:5000). Protein bands were visualized using the ECL/HRP chemiluminescent substrate and autoradiography film. Membranes were stripped with a stripping buffer (15 g/L glycine, 1 g/L SDS, 10 mL/L Tween20, pH 2.2) and incubated with anti-β-tubulin antibody (1:20,000, T7816, Sigma Aldrich), in 5% w/v non-fat dry milk in TBST. A pre-stained protein ladder was used to the monitor protein molecular weight (Nippon Genetics, Düren, Germany). Western blot densitometry band quantification was performed with ImageJ.




2.11. Tumor Spheroids


Tumor spheroids were generated according to the hanging drop method [30]. Briefly, cells pretreated with MNPs (100 μg/mL, 48 h) were subjected to the magnetic field and, after an overnight incubation, were harvested and resuspended in culture medium at a density of 12,500 cells per ml. The cell suspension was seeded in 20 μL drops inside an inverted 60 mm cell culture dish lid, which was filled with PBS to act as a hydration chamber. Ten drops were seeded per dish. The cells were left undisturbed for at least 24 h, following daily photographic observation under a bright field microscope (Zeiss PrimoVert Inverted Microscope equipped with a ZEISS Axiocam ERC 5C camera). The medium was replenished after 48 h. For the estimation of the spheroids’ volume, images for analysis were captured at the indicated timepoints with the microscope’s camera. Using ImageJ software, we determined the width and length of each spheroid. The volume of each spheroid was calculated with the modified ellipsoid formula:


  V =   w i d t  h 2  × l e n g t h  2   











At least 10 spheroids were analyzed per group, and three independent experiments were performed.




2.12. Magnetic Characterization of the MNPs


In order to investigate whether the acidic lysosomal environment affects the magnetic properties of the MNPs, we examined their mass magnetization following treatment with an acidic (pH = 4.5) or a neutral solution (deionized water, DIW) for 24 h at 37 °C. For the acidic solution, a citrate buffer was prepared by mixing citric acid 0.1 M with trisodium citrate 0.1 M at 1/1.25 v/v. After the 24 h treatment, the MNPs were recovered by centrifugation (15,000× g, 20 min) and three washes in DIW. The samples were freeze-dried (lyophilized) for 24 h in a BenchTop Pro (Virtis, SP Scientific, Warminster, PA, USA) dryer. The magnetic measurements were performed using a vibrating sample magnetometer (VSM) (Laboratory of Magnetism and Magnetic Materials, Department of Physics, Aristotle University of Thessaloniki, Greece). The oscillation frequency was 60 Hz, and the maximum applied field was 2 T.




2.13. Data Analysis and Statistics


All data are representative of at least three independent experiments unless stated otherwise, and the values are presented as the mean ± S.D. All data were analyzed with Sigma Plot v. 11.0. or Excel v. 10. Statistical comparisons between groups were performed using Student’s t-test. Differences between groups were considered statistically significant when p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001).





3. Results


Based on our previous results presented in Spyridopoulou et al. [26], we concluded that, among the static, rotating, and alternating magnetic field settings examined, it was the static magnetic field of the strongest intensity and gradient (200 mT) that induced the highest inhibition of cell growth in MNP-treated HT29 colon cancer cells. Therefore, in the present study, all field-treated cells were exposed to a static magnetic field of 200 mT for 30 min.



3.1. Effect of Magnetomechanical Stress on the Growth of Colon Cancer Cell Lines


First, we investigated whether the observed growth inhibitory effects of the 200 mT static magnetic field were also induced in other colon cancer cell lines besides HT29. Therefore, after confirming that 100 μg/mL MNPs was not toxic to either CT26 or Caco-2 cells following a 48 h incubation period, we comparatively studied the effect of magnetic field exposure on the growth rate of the MNP-treated cells. Both CT26 and Caco-2 cells’ proliferation rates were inhibited by the magnetic field, to a different degree. Specifically, a 55% or 70% inhibition in cell growth was observed for CT26 or Caco-2 cells, respectively (Figure 1A).



Since the applied magnetomechanical force exerted by the magnetic-field-exposed internalized MNPs has a certain direction that depends on the direction of the applied magnetic field, we decided to investigate whether the geometry and relative orientation of the cell to the magnetic field affect the induced growth inhibitory effect. Both attached and suspended MNP-treated HT29 cells were similarly affected by magnetic field exposure as a growth rate of 47% or 40% was observed, respectively (Figure 1B). Noteworthy, the field’s effect on cells that had not been treated with MNPs (−MNPs+Field) was more profound in suspension as compared to attached cells (38% and 16% inhibition, respectively).




3.2. Cell Growth Inhibition Due to Magnetomechanical Stress Is Mediated by Cell Cycle Arrest


Despite the 40% or 47% cell growth inhibition observed for −MNPs+Field or +MNPs+Field cells, respectively (Figure 1A), neither −MNPs+Field, nor +MNPs−Fields, nor +MNPs+Field cells exhibited a larger number of dead cells compared to control (−MNPs−Field) cells, evidenced by the fluorescence microscopy of PI-stained cells (Figure 2A). This observation was further quantitatively confirmed with flow cytometric analysis (Figure 2B). In +MNPs+Field cells, only 13.5% of the cell population was dead, while, in the other groups, the percentages of dead cells were similarly low and no different from the control (7.6–13.9%). Two background controls that were not incubated with PI were also included in the analysis to assess the false positive signal MNPs might generate. As is depicted in Figure 2B, there was no MNP-derived background signal. We repeated the flow cytometry analysis of PI-stained cells immediately after the cellular exposure to the magnetic field (Figure 2B, 0 h) and 24 h later (Figure 2B, 24 h), and the results were similar to those collected for the cells that had been left to rest for 16 h after the field exposure (Figure 2B, 16 h). Taken together, these results suggest that the observed inhibition of cell growth in +MNPs−Field or −MNPs+Field cells cannot be attributed to cell death for the time period tested.



Having observed a 47% inhibition in proliferation, but no cell death in +MNPs+Field cells at the indicated time points, we proceeded to investigate whether the observed cell growth inhibition could be attributed to cell cycle arrest. Indeed, 24 h after exposure to the field, the percentage of cells in the G2/M phase was found to be higher in +MNPs+Field cells (37% of cell population in G2/M phase) compared to either −MNPs−Field (23% of cell population in G2/M phase), +MNPs−Field (25% of cell population in G2/M phase), or −MNPs+Field (28% of cell population in G2/M phase) cells (Figure 3A). Furthermore, we examined the protein expression of cyclins B1 and D1. Expression levels of cyclin B1, a master regulator of the G2/M transition, were upregulated 24 h post magnetic field exposure in ±MNPs+Field cells (Figure 3B(i,ii)). Moreover, levels of cyclin D1, which are expected to be elevated in the G2 phase, were moderately enhanced in +MNPs±Field cells as compared to control −MNPs−Field, 24 h after magnetic field exposure (Figure 3B(i,iii)).




3.3. Magnetomechanical Stress Effects on 3D Tumor Spheroids


The effect of magnetomechanical stress on cell growth was subsequently assessed in 3D tumor spheroids. Cells pretreated with MNPs (100 μg/mL, 48 h) were subjected to the magnetic field and, after an overnight incubation, were seeded according to the hanging drop method in order to form 3D tumor spheroids. After 96 h, the spheroids that had been formed out of the +MNPs+Field cells were smaller compared to all the other groups. Specifically, the volume growth rate of spheroids between days 0 and 4 (96 h) for +MNPs+Field cells was 60% relative to the growth rate exhibited by the control (−MNPs−Field) (n = 10) (Figure 4).




3.4. MNPs Accumulate in the Lysosomes


Fluorescence microscopy showed that a proportion of the MNPs that the cells had uptaken accumulated in the lysosomes (Figure 5C,D). It is of interest that a greater degree of co-localization between lysosomes and MNPs occurred in shorter co-incubation periods (30 min–48 h) (Figure 5D). Next, we enquired whether the applied magnetomechanical stress in the lysosomes via actuated MNPs was strong enough to induce lysosomal membrane permeabilization (LMP), a phenomenon that could be involved in the growth inhibition observed. A smaller number of lysosomes was observed in +MNPs+Field cells (72%) compared to control (−MNPs−Field) cells (100%) (Figure 5A). Independent exposure to either MNPs (+MNPs−Field) or Field (−MNPs+Field) did not affect the number of lysosomes. Furthermore, the acidity of lysosomes (as an indicator of their structural integrity) was evaluated by flow cytometry with Lysotracker staining 2 h after magnetic field exposure. The fluorescence intensity of Lysotracker was attenuated in +MNPs+Field cells (Figure 5B), indicating fewer lysosomes per cell and/or an increased pH in lysosomes.



Interestingly, the highest co-localization rate of the MNPs with the lysosomes occurred after the shortest co-incubation period (30 min) (Figure 5D). Since fewer lysosomes were observed in +MNPs+Field cells (Figure 5A), we proceeded to investigate whether the highest co-localization rate of the MNPs and the lysosomes correlates with enhanced growth inhibition. Thus, the cell growth inhibition induced by the magnetomechanical treatment was comparatively investigated between cells that were treated with the MNPs for either 30 min or 48 h. However, no significant difference was observed for either +MNPs+Field (47% compared to a 50% inhibition rate for a 48 h or a 30 min co-incubation period, respectively) or −MNPs+Field cells (36% compared to 37% inhibition rate for a 48 h or a 30 min co-incubation period, respectively) (Figure 5Ε).




3.5. Lysosomal Acidic Conditions Affect MNPs’ Magnetic Properties


In order to investigate whether the exposure of MNPs to the lysosomal acidic environment affects their magnetic behavior, we examined the magnetic properties of the MNPs after being incubated in an acidic medium (pH 4.5) mimicking lysosomal condition. A ≈30% drop in the Ms value was observed for the MNPs incubated for 24 h in acidic medium (pH 4.5, Ms = 35.17 ± 0.67) compared to MNPs incubated in the neutral DIW (pH 7.0, Ms = 50.74 ± 2.6) (Figure 6), as determined with the VSM method. Moreover, a 24 h incubation period in DIW did not seem to affect the magnetic properties of the MNPs as the Ms value measured was similar to the control (MNPs diluted in DIW and immediately rinsed and processed).





4. Discussion


We previously comparatively examined the antiproliferative effects of spherical magnetite MNPs with a hydrodynamic diameter of 100 nm actuated by static or alternating low-frequency magnetic fields with varying intensity (40–200 mT), frequency (0–8 Hz), and field gradients in HT29 colon cancer cells. The highest cell growth inhibition observed (47% of control cell growth) was induced by the static field of the strongest field intensity (200 mT) and gradient [26]. Herein, we focused on the biological mechanisms mediating growth inhibition induced by the 200 mT static field in MNP-treated cancer cells.



First, we confirmed that the same growth inhibitory effect observed in HT29 cells is also applied in other colon cancer cell lines, specifically Caco-2 and CT26. Of note, while both human cell lines (HT29 and Caco-2) are well characterized and commonly used as in vitro colon cancer models, Caco-2 cells are regarded as a model of the small intestine, whereas HT29 cells as a model of the large intestine [31]. Moreover, these cell lines have different genetic and epigenetic alterations and different mutations in p53 [32]. HT29 and Caco-2 cell lines were derived from human patients while the CT26 cell line is of murine origin and was developed by exposing BALB/c mice to N-nitroso-N-methylur-ethane (NMU), resulting in a rapidly growing grade IV carcinoma [33]. Thus, CT26 cells represent an advanced stage of carcinogenesis [34]. The cell growth inhibitory effects exerted by the combination of MNPs and the 200 mT static magnetic field applied in all of the above in vitro colon cancer models highlights the applicability and effectiveness of the biomedical applications that can be developed based on these findings. The applicability of our results is also illustrated by the fact that the relative orientation and geometry between the cells and the field did not seem to affect the exerted growth inhibitory effect.



Mechanotransduction, the conversion of mechanical stimuli to a biochemical response by the cell, plays a crucial role in cellular processes including proliferation [35,36]. Specifically, mechanical stress has been previously shown to inhibit the progression of the G2/M phase in vitro [37,38]. Cell cycle arrest in the G2/M phase has been proven to enhance the antitumor effects of known chemotherapeutic agents [39]. In fact, cancer cells have been shown to display cell-cycle-specific sensitivities for certain drugs [40]. This interplay between cell cycle phase and drug efficacy has significant implications for drug administration scheduling. Paclitaxel, for example, is an anticancer agent, used to treat different types of cancers including lung, breast, and ovarian cancer [41]. Paclitaxel, as a microtubule inhibitor, is more efficacious during mitosis. Many chemotherapeutic agents such as platinum-based compounds and cyclin-dependent kinases (CDKs) inhibitors that induce cell cycle arrest, have been shown to antagonistically interact with paclitaxel’s activity in combination chemotherapy schemes, when given prior to or simultaneously with paclitaxel. On the same basis, various levels of synergy have been reported for many combinations of cell-cycle-specific drugs [42,43,44]. The sequence dependency of such interactions between antitumor drugs combined with agents that exert cell-cycle-specific activities may be considered so that synergistic effects can be achieved. Thus, there is a recently renewed interest in the discovery of novel CDK inhibitors, while pharmacologic inhibitors of CDKs 4 and 6 specifically have changed the treatment landscape for breast cancer [45,46,47,48,49]. In certain cases though, low therapeutic indexes, mixed cellular responses, and unexpected effects have been reported due to the diverse impact the inhibitors have in cells [42,48,50,51]. Therefore, the cytostatic effect exerted by the 200 mT static magnetic-field-actuated MNPs in HT29 cells is an important observation that could be further explored aiming at the development of novel anticancer combination therapies. Of note, it is a chemical-free approach that might have fewer implications when combined with other drugs. Furthermore, the p53 status of HT29 cells, which are p53-defficient [52], and the absence of dead cells in the +MNPs+Field-treated population indicate that a more thorough investigation of the observed effect should be conducted, focusing on different cell lines, both p53wt and p53mut.



Having observed a significant degree of co-localization between the internalized MNPs and the lysosomes, which is in line with the current literature [53,54], it was investigated whether the mechanical force applied by the internalized MNPs could affect organelles’ integrity and, therefore, mediate LMP. Several formulations of non-targeted MNPs have been previously shown to preferentially accumulate in lysosomes [53,54]. Lysosomes are cytoplasmic organelles that contain membrane-enclosed degradative enzymes (hydrolases) and are responsible for the degradation of a variety of macromolecules. LMP, a process that leads to the release of the hydrolases from the lysosomal lumen to the cytosol, has been under investigation as a novel therapeutic strategy and proven effective in many cancer models [55]. Specifically, magnetomechanical disruption of the lysosomal membrane via the actuation of internalized MNPs has been successfully achieved in vitro [56,57,58,59,60,61]. The force generated here via the magnetic actuation of the internalized MNPs was calculated to reach ≈29 pN per cell. This value was calculated based on the specific MNP type used, field characteristics, and number of internalized nanoparticles under the mentioned experimental conditions [26] and lies within the force magnitude range where mechanotransduction occurs [62].



Interestingly, in +MNPs+Field cells, we observed a loss in the pH gradient evidenced both by the significantly lower MFI of the Lysotracker dye (151 au in +MNPs+Field cells compared to 225–270 au in the other treatment groups) and the small fraction of cells exhibiting a Lysotracker positive status (63% in +MNPs+Field cells compared to 82–87% in the other treatment groups). Magnetomechanical disruption of the lysosomal membrane via the actuation of internalized MNPs has been achieved previously by other groups [56,57].



Remarkably, in our results, the degree of the +MNPs+Field-induced loss in the pH gradient, indicating a destabilized lysosomal/endosomal membrane, did not correlate with the degree of co-localization between MNPs and lysosomes. Crucially, the latter, along with the uptake rate of the MNPs by the cells, is time dependent.



We examined whether there are other parameters besides MNPs’ and lysosomes’ co-localization rate that affect the magnitude of the induced cell growth inhibition. Iron oxide nanoparticles, such as the MNPs used in this project, have been shown to be prone to degradation effects in acidic environments such as the interior of the lysosomes (pH 4.5–5.0) [63]. MNPs’ degradation could affect their magnetic properties [64] and, thus, their ability to apply the magnetomechanical force partly responsible for the observed growth inhibition effects in +MNPs+Field cells.



Indeed, it was found that the acidic pH of the lysosomes affects the magnetic properties of the MNPs, an observation confirming previously published results [64]. The lack of correlation between the degree of MNPs’ and lysosomes’ co-localization and the degree of the loss of the pH gradient in +MNPs+Field cells is not completely clear, but could be attributed to magnetization loss.




5. Conclusions


Localized mechanical stress has been shown to significantly affect cancer cell proliferation and tumor growth dynamics; therefore, it is a very promising tool in cancer research. Magnetic nanoparticles allow for a highly localized and externally controlled application of mechanical stress. Herein, we further explored biological mechanisms involved in the growth inhibition induced in cancer cells by internalized MNPs actuated by a 200 mT static magnetic field. Of note, the stress applied did not induce cell death, but cell cycle arrest in the G2/M phase. Interestingly, as expected, the internalized MNPs were found to accumulate in the lysosomes while their structural integrity was affected post magnetic field exposure. It would be of particular interest to further study combinations of MNP-mediated lysosome-targeting strategies with chemotherapeutic agents to improve the anticancer activity of current anticancer treatments. We believe that future applications of our findings could lead to the development of novel anticancer combination treatment schemes incorporating MNPs, based on lysosome-targeting strategies enabled by these MNPs or the combination of the cytostatic magnetomechanical treatment proposed in this study with chemotherapeutic agents aiming at enhanced anticancer activity.
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Figure 1. Effect of magnetomechanical treatment on the growth of colon cancer cells. (A) Comparison between different cell lines. (B) Comparison between attached and suspended HT29 cells. HT29, CT26, or Caco-2 cells were treated with 100 μg/mL MNPs and/or exposed to a static magnetic field of 200 mT. Values represent the mean (n = 3) ± S.D. * Asterisks indicate a statistically significant difference compared to the control (Student’s t-test, p ≤ 0.05). 
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Figure 2. Propidium iodide live/dead cells analysis. (A) Fluorescence microscopy images of HT29 cells stained with the fluorescent DNA dyes Hoechst (blue) and PI (red). Nuclei of live cells appear blue, while nuclei of dead cells appear red. Cells were treated with MNPs (100 μg/mL, 48 h) and/or exposed to a static magnetic field of 200 mT and left undisturbed for 16 h before analysis. (B) Flow cytometry analysis of cell death. HT29 cells were treated with MNPs and/or exposed to a static magnetic field of 200 mT. The analysis of cell death was performed by PI exclusion. Cells were analyzed on a flow cytometer immediately (0 h), 16 h, or 24 h after the magnetic field exposure. Numbers in histograms indicate the percentage (%) of cells within each respective gate relative to the whole cell population. Results presented are representative of three independent experiments. 
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Figure 3. Effect of magnetic field exposure on cell cycle. (A) Cell cycle analysis after magnetic field exposure. HT29 cells were treated with MNPs, synchronized, and/or exposed to a static magnetic field of 200 mT. Flow cytometry analysis was performed 24 h post magnetic field exposure. (Ai) Flow cytometry histograms are representative of four independent experiments. (Aii) The data are presented as the means ± SD of three independent experiments. * Asterisk indicates statistical significance compared to the control (−MNPs−Field) group, Student’s t-test, p = 0.031. (B) Expression of cyclin B1 and cyclin D1. (Bi) Western blot analysis of cyclin D1 and cyclin B1 expression levels in ±MNPs±Field HT-29 cells. Cells were treated with MNPs and/or exposed to a static magnetic field of 200 mT. Cells were collected and lysed 24 h post magnetic field exposure. Densitometry analysis of the immunostaining results. Expression of cyclins (Bii) B1 and (Biii) D1 is presented as a normalized fold change compared to control (−MNPs−Field) expression levels (100%). Results presented are representative of two independent experiments. Tubulin was used as the normalization control. 
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Figure 4. Effect of magnetomechanical stress on the growth of tumor spheroids. Percentage of volume growth is expressed relative to the growth of control cells (−MNPs−Field) and refers to the difference in spheroids’ volume between Day 0 and Day 4 post seeding. HT29 cells were seeded 24 h after the magnetic field exposure. (i) Spheroids’ volume growth at 96 h post seeding expressed as % relative to control. Data presented as means ± SD. (ii) Photographs of representative spheroids captured at 96 h post seeding. At least 10 (n = 10) spheroids were analyzed. * Asterisk indicates a statistically significant difference (Student’s t-test, p ≤ 0.05). 
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Figure 5. Effect of magnetomechanical stress on lysosomes. (A) Fluorescence microscopy of ± MNPs±Field HT29 cells; lysosomes are stained red with the Lysotracker Red dye (i). (ii) Relative quantification of the number of lysosomes per cell expressed as % of the number counted in control (−MNPs−Field) cells. (B) Flow cytometry representative histograms of HT29 cells stained with Lysotracker Red. Median fluorescence intensity (MFI) values indicate the relative degree of Lysotracker fluorescence and, hence, the acidity level of lysosomes in various treatment groups. Fluorescence microscopy and flow cytometry analyses were conducted 2 h after magnetic field exposure. *** Asterisks indicate a statistically significant difference (Student’s t-test, p ≤ 0.001). (C) Co-localization of lysosomes stained with Lysotracker Blue and fluorescently labeled MNPs (red). (D) Time-dependent co-localization of lysosomes and MNPs. Fluorescence images were taken at various co-incubation time points of HT29 cells with MNPs. Lysotracker Blue dye was used to visualize the lysosomes, and fluorescently tagged MNPs (red) were used for the incubation (100 μg/mL). Yellow arrays indicate co-localized MNPs and lysosomes. (E) Effect of MNPs co-incubation period on induced cell growth inhibition. HT29 cells were treated with MNPs (100 μg/mL) for 30 min or 48 h and/or exposed to a static magnetic field of 200 mT. Cell growth was analyzed 48 h post magnetic field exposure with the SRB assay. Values represent the mean (n = 3) ± S.D. 
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Figure 6. Magnetic properties of MNPs after incubation in acidic medium. (A) Photographic observation of MNPs, after an incubation period of 24 h at 37 °C in the neutral solution DIW (pH = 7) or acidic medium mimicking lysosomal environment (pH = 4.5). The pale yellow color in the acidic medium (pH = 4.5) indicates the degradation process. (B) pH-dependent magnetization measurements. (i) VSM (Vibrating sample magnetometry) results. (ii) Results presented as means ± S.D. of three independent experiments. * Asterisk indicates a statistically significant difference compared to control (Student’s t-test, p ≤ 0.05). 
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