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Abstract

:

With the development of nanotechnology, the emergence of new anti-tumor techniques using nanoparticles such as magnetic hyperthermia and magneto-mechanical activation have been the subject of much attention and study in recent years, as anticancer tools. Therefore, the purpose of the current in vitro study was to investigate the cumulative effect of a combination of these two techniques, using magnetic nanoparticles against breast cancer cells. After 24 h of incubation, human breast cancer (MCF-7) and non-cancerous (MCF-10A) cells with and without MNPs were treated (a) for 15 min with magnetic hyperthermia, (b) for 30 min with magneto-mechanical activation, and (c) by a successive treatment consisting of a 15-min magnetic hyperthermia cycle and 30 min of magneto-mechanical activation. The influence of treatments on cell survival and morphology was studied by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) assay and light microscopy. When applied, separately, magneto-mechanical and thermal (hyperthermia) treatment did not demonstrate strong reduction in cell viability. No morphological changes were observed in non-cancerous cells after treatments. On the other hand, the combination of magneto-mechanical and thermal treatment in the presence of MNPs had a synergistic effect on decreased cell viability, and apoptosis was demonstrated in the cancer cell line. Synergism is most evident in the cancer cell line, incubated for 120 h, while in the non-cancerous line after 120 h, an increase in proliferation is clearly observed. MCF-7 cells showed more rounded cell morphology, especially after 120 h of combined treatment.
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1. Introduction


In an effort to conquer cancer, many strategies are being used nowadays. Many studies have focused on the development of new anticancer drugs, with the aim of minimizing the damage to healthy tissues and therefore fewer side effects; however, most of them have failed in in vivo and clinical trials [1,2]. Therefore, the need to discover new techniques and methods is imperative. With the development of nanotechnology, the emergence of new anti-tumor techniques, such as magnetic hyperthermia (MHT) became possible. MHT is a technique, where an external alternating magnetic field is used to heat the area of the cancer tissue up to 41–45 °C, due to the local heating of the magnetic nanoparticles (MNPs), which finally leads to cell apoptosis [3]. By taking advantage of differences in the thermal resistance of normal and tumor cells, MHT can kill tumor cells selectively [4]. MHT has been proposed since the 1950s, as a method of treating cancer, using magnetic implants as thermo-seeds, which, when exposed to an alternating magnetic field (AMF), generate heat. Later, Gordon et al. [5] introduced the concept of “intracellular” MHT, where they used magnetite particles coated with dextran, which were totally internalized in cancer cells in vivo, in order to raise the tumors’ temperature after applying strong AMF. Recently, nanotechnology has contributed, not only to the treatment of cancer but also to its early diagnosis and detection [6]. The most commonly used materials for MHT are nanometer-sized (10–100 nm) ferrite nanoparticles, in particular magnetite (Fe3O4) and/or maghemite (γ-Fe2O3) [7]. When nanoparticles are exposed to an alternating magnetic field, they produce heat via two main mechanisms: (1) hysteresis loss and (2) relaxational losses [8]. An increase in the local temperature (values between 40 and 44 °C) is sufficient to negatively impact cancer growth [9]. Among the cellular effects upon treatment with MHT are decreased cell viability; cytoskeleton damage; the elevation of oxidative stress; cell cycle arrest; and cellular death by apoptosis [10]. After success in various pre-clinical models, MHT has already entered clinical trials by the direct injection of magnetic nanoparticles into solid tumors such as glioblastoma [11] and prostate carcinoma [12].



A relatively new technique that has increasingly emerged in recent years and is gaining ground towards cancer treatment is magnetο-mechanical stress (MM). In this technique, the magnetic field exerts magnetic forces on the MNPs, which in turn applies mechanical forces on malignant and non-malignant cell membranes, causing damage preferentially to cancerous tissues [13,14,15]. In addition, when MNPs are internalized in the presence of an alternating magnetic field, they can cause mechanical disruption of lysosomes, the release of lysosomal contents, and finally cell death [16,17]. In our previous studies, we showed that application a magneto-mechanical stress (especially pulsed field mode) in combination with MNPs caused the internalization of MNPs, decreased viability, and actin stress fiber alterations and apoptotic changes in MCF-7 and MDA-MB-231 cancer cell lines [18,19].



The concept of multi-functional therapy in cancer has been discussed by many authors. By the combination of different types of therapies, however, the therapeutic index of the treatments can be improved by having non-additive normal tissue side effects but additive or synergistic therapeutic effects [20]. For instance, MHT, in combination with chemotherapy and radiotherapy, has been employed for the treatment of one of the most aggressive tumors—glioblastoma [21,22].



Therefore, the aim of this study will be achieved by the application of a combined strategy using both of the abovementioned techniques: magnetic hyperthermia and magneto-mechanical activation, to achieve an improved anti-cancer effect.




2. Materials and Methods


2.1. Chemicals


The magnetic nanoparticles used in this work were supplied by Chemicell GmbH, Germany (fluid MAG-D, Art No 4101). Fluid MAG-D nanoparticles consist of aqueous dispersions of magnetic iron oxides with an average hydrodynamic diameter of 200 nm and a multi-domain core. Their iron oxide core is covered with a hydrophilic polymer matrix (starch) to protect them against aggregation by foreign ions. All consumables used for cell cultivation have been described previously [18]. Transmission electron microscopy (TEM) and vibrating-sample magnetometer (VSM) measurements of these commercial MNPs have already been published [19,23], confirming the spherical shape of the MNPs, while hysteresis loops at low (5 K) and high temperature (300 K) yielded a distinct saturation magnetization Ms (5K) = 50 and Ms (300K) = 40 Am2/kg.




2.2. Cell Lines and Cultivation Conditions


Briefly, cancerous MCF-7 (ATCC, HTB-22) and non-cancerous MCF-10A (ATCC, CRL-10317) cell lines were cultivated up to 3 × 105 cells per petri dish (∅ 35 mm) in high-glucose (4500 mg/L) DMEM or DMEM F-12 media containing 10% FBS, 1 mM L-Glutamine, penicillin-streptomycin-amphotericin B, sodium pyruvate, non-essential amino acids, and insulin. DMEM F-12 medium for the MCF-10A cell line was supplemented with the addition of hydrocortisone (50 µg/mL stock solution, Merck, Germany) and human epidermal growth factor (20 ng/mL stock solution, Merck, Germany). Cultivation conditions of cells were 37 °C, 5% CO2, 95% air, and humid atmosphere.




2.3. Magnetic Hyperthermia (MHT) Set-Up and Treatment


Cancerous MCF-7 and non-cancerous MCF-10A cells were seeded in 35 mm petri dishes in a complete cellular medium containing 100 µg/mL MNPs (when mentioned) and were incubated for 24 h. The above concentration of MNPs proved to non-toxic for the cells in our previous study [24]. Then, the cells were detached and treated with MHT for 15 min until they reached the hyperthermia window (preferably 41–45 °C). Magnetic particle hyperthermia experiments in a commercial AMF generator (1.2 kW Ambrell Easyheat 0112), under a magnetic field amplitude of 60 mT and a frequency of 375 kHz, were performed. Each sample temperature was recorded in 0.4 s intervals for an ample period of time (i.e., 900 s) with an optic fiber temperature sensor immersed in the central region of each sample. It should be mentioned that each measurement consists of a heating part (~up to 900 s), where the temperature increases under the application of an AC magnetic field, and a subsequent cooling part (from 900 s to 1100–1600 s) in the absence of AC field is turned off. The schematic representation of a typical MHT set-up and a typical hyperthermia measurement cycle has been previously published in the Supporting Information of [25].




2.4. Magneto-Mechanical (MM) Set-Up and Treatment


Cell culture dishes containing the aforementioned cells and MNPs (when mentioned) were placed on a novel custom-made MM device with a 3D-printed turntable composed of an array of permanent magnets [13] and then were exposed to a pulsed field mode in extremely low frequency magnetic fields with intensity of 200 mT and frequency of 2 Hz, for a period of 30 min at room temperature.




2.5. Combined Treatment of Cells with MHT and MM


For the combined treatment, cells containing MNPs (when mentioned) were first exposed for 15 min in MHT, as was explained above, and then were exposed for 30 min in MM activation.



For all types of treatments (MM, MHT, and combination) after that, the cells were incubated for 24 h or 120 h in order to proceed with the cell viability assay or morphology analysis.




2.6. Cell Viability Assay


After treatments, the cells were transferred to 96-well plates in order to determine the cell viability assay. To evaluate cell viability, the MTT test (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Merck Bulgaria EAD 48 Sitnyakovo Blvd., Serdika Offices, 6th fl., Sofia 1505, Bulgaria) [24] was used. The absorbance was measured at 570 nm with plate reader (Tecan Infinite F200PRO, Tecan Austria GmbH, Salzburg). For each type of treatment, four replicates were used. The results were normalized to the control group (cells without MNPs and any treatment).




2.7. Cell Morphology Analysis


The changes in cell morphology were observed under microscope Axiovert 200 (Carl Zeiss, Jena, Germany) and 40 × objective at 24 h and 120 h after treatment. To evaluate the morphological changes in cells after treatments, ImageJ software (ImageJ, U. S. National Institutes of Health, Bethesda, MD, USA) was used to obtain cell shape parameters as a cell area and perimeter within an individual image and to calculate their circularity, roundness, aspect ratio (AR), and solidity as signs of morphological changes. To obtain those values cells from least five images for each treatment were analyzed.



Circularity can be calculated as a shape parameter index in the ImageJ software. The definition of circularity (CI) in the ImageJ software is as follows:


C1 = 4π(A1/P12),



(1)




where A1 and P1 are the area and perimeter measured using ImageJ. When C1 = 1, then the cell is circle.



The ImageJ software defines the aspect ratio as follows:


AR1= major axis length of approximate ellipse/minor axis length of approximate ellipse



(2)







Therefore, the aspect ratio is equal to one for a perfect circle and increases with an increase in deformation.



The roundness parameter (R) can be presented as follows:


R = 4 × Area/(π × max diameter2)



(3)







When using R in particle shape analysis, the roundness values can be easily handled as numerical data.



Solidity is another cell parameter that ImageJ calculates as the area of a particle divided by its convex hull area:


S = area/convex area



(4)








2.8. Statistical Analysis


The data were analyzed using GraphPad Prism 5 (GraphPad Software, San Diego California USA) through one-way ANOVA and Tukey’s post-hoc test. Student’s t-test was used to determine if there is a significant difference between the different incubation times. The data were represented as mean  ±  SD; the p value was represented as statistical significance and was set to p  <  0.05.





3. Results and Discussion


3.1. Impact of Exposure of Cells to MH and MM


Figure 1 shows the hyperthermia temperature curves as a function of time for breast cancer (MCF-7) and non-cancerous (MCF-10A) cells, after magnetic hyperthermia (MHT), magneto-mechanical (MM) activation, and the combination of these two techniques (MHT and MM) with (w/) and without (w/o) MNPs. In all experiments, the magnetic field and the frequency were kept constant at 60 mT and 375 kHz, respectively. As it is obvious, in both cell lines, all samples with MNPs entered the hyperthermia window (41–45 °C), while the samples without MNPs did not (Figure 1a,b). The 41–45 °C temperature window is widely accepted as a regime able to lead cancer cells to apoptosis or even necrosis, depending on the phenotype features. In typical MHT setups, MHT is performed under non-adiabatic conditions, meaning that the samples under study are susceptible to temperature variations, due to heat exchanges with their surroundings. Therefore, the temperature increase that was observed in the samples (cancer or healthy cells) without MNPs is due to the heat transfer from the induction coil, but also due to the induced eddy currents, which are developed from the electric fields. These results are in agreement with relevant studies [26], where a similar temperature increase in the human monocytic leukemia cells (THP1) without MNPs, was also observed. The specific loss power (SLP), which is defined as the amount of induced heat per unit mass of MNPs per unit of time (ΔT/Δt), was calculated in all samples containing healthy or cancer cells with MNPs. More specifically, the SLP value for cancer cells (MCF-7) after magnetic hyperthermia and after the combined treatment (magnetic hyperthermia and magneto-mechanical activation) was 1504 W/g. Accordingly, for the corresponding healthy cell line (MCF-10A) after magnetic hyperthermia and after the combined treatment (MHT and MM), the SLP value was 1170 W/g. These results are similar to those obtained by the research of Sakellari et al. [19], where the SLP values varied from 771 to 1044 W/g for 1 and 0.1 mg/mL, respectively. The concentration of MNPs that we used in each under study sample was 0.1 mg/mL; therefore, this high SLP value, according to [19], is justified.




3.2. Cell Viability


In our previous study, we established that pulsed filed mode in presence of MNPs (Pulsed (+) MNPs) of MM activation caused the highest cytotoxic effect on breast cancer cells [18]. For that purpose, in the present study, we used that mode of MM activation in combination with MHT in order to check, if the combined treatment can induce an enhanced cytotoxic effect on breast cancer cells. The performed MTT assay showed excellent biocompatibility of MNPs in the used concentration as the cell viability was near to 100% for MCF-7 (Figure 2). For MCF-10A, the viability of MNPs after 120 h post-incubation was even above 100%, revealing good cell proliferation (Figure 3). This result is important because it shows that the MNPs themselves do not cause a toxic effect on the cells. In our previous work, we showed that MNPs at the same initial loading concentration of 100 µg/mL were successfully internalized into cancer cells [18], and after 24 h of incubation they reached a concentration of 22,891 MNPs/cell, which proved to be toxic to cancer cells, when applying a low-frequency magnetic field [18]. The treatment of cancer cells (MCF-7) with MM (Pulsed (+) MNPs) revealed a long time (after 120 h incubation) effect on cell viability (under 50% decrease, as seen in Figure 2). In contrast, hyperthermia used alone did not have so strong an effect on cell viability. In Figure 2, it can be seen that cell viability kept values between 75 and 60% for both post-incubation periods. Apparently, after the application of combined treatment (MM and MHT), the cell viability dropped down very significantly to less than 20% (Figure 2), revealing the synergistic effect of combined treatment on cell viability.



MCF-10A cells treated with MM (pulsed (+) MNPs) or MHT (+ MNPs) separately showed lower survival rate at the shorter incubation time (24 h), while after 120 h post-incubation some recovery in cell viability was observed (Figure 3). Interestingly, the combined treatment (MM and MHT) of non-cancerous cells did not cause any enhanced effect on cell cytotoxicity. Probably, the higher sensitivity of MCF-10A to applied treatment (especially to MHT) is due to the easier and faster reaching of hyperthermic temperatures (Figure 1a).




3.3. Cell Morphology Assessment


The cell morphology of MCF-7 cells was examined by phase-contrast microscopy. Using the phase-contrast pictures and the ImageJ program, we calculated cell parameters as circularity, roundness aspect ratio, and solidity.



For the short post-incubation time (24 h, Figure 4 and Table 1), MCF-7 cells with almost all types of treatments showed more rounded cell morphology and enhanced solidity. AR levels were diminished, with the exception for cells treated with pulsed (+) MNPs and MHT without MNPs. The similar AR values of cells treated with pulsed (+) MNPs and MHT without MNPs to the value of the control confirmed the low effect of those treatments on cell viability shown earlier (Figure 4 and Table 1); 120 h after combined treatment the circularity of the cells became the highest (~1), which might be a consequence of the enhanced synergistic effect of this treatment on cell viability (Figure 5, Table 1). The roundness of MCF-7 treated in combination also retained the highest value (Table 1).



The typical MCF-10A cell morphology is elongated and spindle-shaped, indicated by a high AR coupled with low circularity (Figure 6 and Figure 7, Table 2). When a combined treatment (MM and MHT) was applied to cells, their circularity increased (about ~ 0.75 at 24h) and their AR ratio decreased, respectively (Table 2). The solidity of the cells of combined treatment also showed the highest value (Table 2). The values of both parameters also remained the highest after 120 h for cells with combined treatment (Table 2).



It is worth mentioning that the application of MHT alone to MCF-7 did not cause visible apoptotic changes in the treated cells (Figure 8). Apoptotic changes were detected in MCF-7 cells treated with pulsed (+) MNPs alone and were more pronounced in cells with combined treatment (Figure 8). Obviously, the synergistic cytotoxic effect of the combined treatment also affects the process of apoptosis in cancer cells. Further research is needed to quantify this finding.



Previously published data from our group, others [18,24,27,28,29], and current data clearly show that magnetic nanoparticles transmit mechanical forces under a external magnetic field treatment, which can cause morphological alterations and cytoskeletal disruption, decreased cell viability, and subsequent cell death. In comparison, the application of MHT alone on cancer cells elicited milder cellular effects, which was shown by other authors [20], most probably because of the large thermal diffusivity in cells, and the impossibility of nanoparticles to produce significant localized heating to kill cells. However, when MHT was applied in combination with magneto-mechanical activation, an enhanced synergistic anticancer effect was observed.





4. Conclusions


In this work, the effect of combined magnetic hyperthermia and magneto-mechanical activation treatment on breast cancer cells (MCF-7) and non-cancer cells (MCF-10A) was studied. For MCF-7 cells, the combined treatment caused an enhanced synergistic effect on cell viability, circularity, and apoptosis, while for healthy MCF-10A cells such an enhanced effect of combined treatment was not observed.



From the above results, it can be concluded that by the combination of different types of treatments (MHT and MM), the therapeutic index of the cancer treatment can be improved by having a synergistic therapeutic effect and a low effect on normal cells (low side effect).
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Figure 1. Experimental temperature against time curves for the (a) non-cancerous cell line (MCF-10A) and (b) cancer cell line (MCF-7) after magnetic hyperthermia (MHT), magneto-mechanical (MM) activation, and the combination of these two techniques (MHT and MM) with (w/) and without (w/o) MNPs. The applied experimental conditions were 60 mT/375 kHz. Shaded bands illustrate the hyperthermia window (Τ  =  41–45 °C). 
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Figure 2. Cell viability of MCF-7 cells after series of treatments. Statistics was done by one-way ANOVA and Tukey’s post-hoc test. The asterisks denote significant differences (*—p < 0.05 and ***—p < 0.001) between different treated cells as well as different incubation times. 
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Figure 3. Cell viability of MCF-10A cells after series of treatments. Statistics was done by one-way ANOVA and Tukey’s post-hoc test. The asterisks denote significant differences (*—p < 0.05, **—p < 0.01, ***—p < 0.001) between different treated cells as well as different incubation times. 
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Figure 4. Phase-contrast images of MCF-7 after 24 h of different treatments. Yellow box—zoomed part of the image; red arrow—presence of MNPs in cells. 
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Figure 5. Phase-contrast images of MCF-7 after 120 h of different treatments. Yellow box—zoomed part of the image. 






Figure 5. Phase-contrast images of MCF-7 after 120 h of different treatments. Yellow box—zoomed part of the image.
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Figure 6. Phase-contrast images of MCF-10A after 24 h of different treatments. Yellow box—zoomed part of the image. 
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Figure 7. Phase-contrast images of MCF-10A after 120 h of different treatments. Yellow box—zoomed part of the image. 






Figure 7. Phase-contrast images of MCF-10A after 120 h of different treatments. Yellow box—zoomed part of the image.
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Figure 8. Apoptotic changes in MCF-7 cells after 120 h treatment. Circles denote apoptotic cells. 
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Table 1. Circularity, roundness, AR, and solidity values calculated using Image J applied to the phase-contrast images of MCF-7 cells treated for 24 h and 120 h. Cells from at least five images for each treatment were analyzed. Statistics was done by one-way ANOVA and Tukey’s post-hoc test. All calculated values of different treatments were compared to the control. *—p < 0.1; **—p < 0.01; and ***—p < 0.001.






Table 1. Circularity, roundness, AR, and solidity values calculated using Image J applied to the phase-contrast images of MCF-7 cells treated for 24 h and 120 h. Cells from at least five images for each treatment were analyzed. Statistics was done by one-way ANOVA and Tukey’s post-hoc test. All calculated values of different treatments were compared to the control. *—p < 0.1; **—p < 0.01; and ***—p < 0.001.





	

	
Circularity

	
Roundness

	
AR (μm)

	
Solidity




	
Type of treatment

	
24 h

	
120 h

	
24 h

	
120 h

	
24 h

	
120 h

	
24 h

	
120 h






	
Control

	
0.6

	
0.5

	
0.35

	
0.35

	
2.4

	
2.5

	
0.65

	
0.6




	
Control (+) MNPs

	
0.9 ***

	
0.6 **

	
0.5

	
0.5

	
1.5

	
1.8

	
0.8 ***

	
0.7




	
Pulsed

	
0.7 *

	
0.55

	
0.55

	
0.4

	
1.45 ***

	
2.2

	
0.7 **

	
0.7




	
Pulsed (+) MNPs

	
0.9 ***

	
0.6 *

	
0.45

	
0.45

	
2.5

	
2.4

	
0.9 ***

	
0.7




	
Hyperthermia

	
0.5 ***

	
0.7 ***

	
0.4

	
0.45

	
2.55

	
2.4

	
0.65

	
0.85 ***




	
Hyperthermia (+) MNPs

	
0.95 ***

	
0.8 ***

	
0.6 **

	
0.65 ***

	
1.92 ***

	
1.6*

	
0.9 ***

	
0.8 **




	
Hyperthermia and Pulsed

	
1 ***

	
0.8 ***

	
0.65 ***

	
0.45

	
1.4 ***

	
2.5

	
0.85 ***

	
0.75




	
Hyperthermia, pulsed (+) MNPs

	
1 ***

	
0.95 ***

	
0.58 **

	
0.7 ***

	
1.55 **

	
1.5 **

	
0.9 ***

	
0.8 ***
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Table 2. Circularity, roundness, AR, and solidity values calculated using Image J applied to the phase-contrast images of MCF-10A cells treated for 24 h and 120 h. Cells from at least 5 images for each treatment were analyzed. Statistics was done by one-way ANOVA and Tukey’s post-hoc test. All calculated values of different treatments were compared to the control. *—p < 0.1; **—p < 0.01; and ***—p < 0.001.






Table 2. Circularity, roundness, AR, and solidity values calculated using Image J applied to the phase-contrast images of MCF-10A cells treated for 24 h and 120 h. Cells from at least 5 images for each treatment were analyzed. Statistics was done by one-way ANOVA and Tukey’s post-hoc test. All calculated values of different treatments were compared to the control. *—p < 0.1; **—p < 0.01; and ***—p < 0.001.





	

	
Circularity

	
Roundness

	
AR (μm)

	
Solidity




	
Type of treatment

	
24 h

	
120 h

	
24 h

	
120 h

	
24 h

	
120 h

	
24 h

	
120 h






	
Control

	
0.3

	
0.2

	
0.4

	
0.35

	
1.9

	
2.2

	
0.55

	
0.5




	
Control (+) MNPs

	
0.45

	
0.25

	
0.7

	
0.4

	
1.5

	
1.5

	
0.6 ***

	
0.55




	
Pulsed

	
0.35

	
0.25

	
0.3

	
0.45

	
2.7

	
2

	
0.55 **

	
0.55




	
Pulsed (+) MNPs

	
0.6 ***

	
0.4 ***

	
0.45

	
0.37

	
2.2

	
2.4

	
0.7 ***

	
0.5




	
Hyperthermia

	
0.4 *

	
0.35 ***

	
0.5

	
0.5

	
2.4

	
1.8

	
0.55

	
0.55




	
Hyperthermia (+) MNPs

	
0.45 ***

	
0.4 ***

	
0.35

	
0.35

	
2

	
2.6

	
0.6 ***

	
0.53




	
Hyperthermia and pulsed

	
0.35 *

	
0.25 *

	
0.4

	
0.3

	
2.3

	
2.3

	
0.5 ***

	
0.5




	
Hyperthermia, pulsed (+) MNPs

	
0.75 ***

	
0.55 ***

	
0.55 *

	
0.55 *

	
1.6

	
1.7

	
0.8 ***

	
0.65 ***
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