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Abstract

:

Since 2007, resonant coupling wireless power transfer (WPT) technology has been attracting attention and has been widely researched for practical use. Moreover, dosimetric evaluation has also been discussed to evaluate the potential health risks of the electromagnetic field from this WPT technology based on the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines. However, there has not been much experimental evaluation of the potential health risks of this WPT technology. In this study, to evaluate whether magnetic resonant coupling WPT induces cellular stress, we focused on heat shock proteins (Hsps) and determined the expression level of Hsps 27, 70 and 90 in WI38VA13 subcloned 2RA human fibroblast cells using a western blotting method. The expression level of Hsps under conditions of magnetic resonant coupling WPT for 24 h was not significantly different compared with control cells, although the expression level of Hsps for cells exposed to heat stress conditions was significantly increased. These results suggested that exposure to magnetic resonant coupling WPT did not cause detectable cell stress.
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1. Introduction


Wireless power transfer (WPT) is useful technology for supplying power without cables connected to a power source, and will lead to downsizing, battery-less operation and enhanced mobility. After the first WPT experiment by Nikola Tesla at the end of 19th century, many experiments involving WPT technology have been carried out using microwave, laser and electromagnetic induction [1]. In 2007, Kurs et al. [2] suggested a new WPT technology using the resonant coupling phenomenon. This new WPT technology transfers power between two pairs of coils with electromagnetic fields (EMFs), similar to electromagnetic induction technology, but can extend the power transfer distance at only the resonant frequency of the coils, and has been experimentally demonstrated to transfer power to a 60-W light bulb across a distance of 2 m with approximately 40% efficiency using self-resonant helical coils at approximately a 10-MHz resonant frequency. This new EMF-related WPT technology is expected to be used for many applications, such as supplying power to home appliances and industrial equipment, and charging electric vehicles. Therefore, many researchers have conducted studies related to this WPT technology and have demonstrated its practical use. For example, Nagano Japan Radio Co., Ltd. demonstrated a wireless power charging system for electric vehicles using magnetic resonant coupling WPT. The system transfers 1 kW of power across 30 cm with 88% efficiency at a 13.56-MHz resonant frequency [3]. Korea Advanced Institute of Science and Technology also developed a wireless power charging system for the Online Electric Vehicle, which transfers 100 kW of power across 20 cm at a 20-kHz resonant frequency [4]. As another example, Sony demonstrated wireless power transfer for home appliances using magnetic resonant coupling WPT also at a 13.56-MHz resonant frequency [5].



There are, however, concerns about the potential health risks of EMF-related technologies. Induction heating cookers and mobile phones, which are primary examples of EMF-related technology, have been studied extensively using both dosimetric and experimental methods to evaluate their potential health risks [6,7,8,9,10,11]. In contrast, the potential health risks of EMFs from WPT using the resonant coupling phenomenon have already been discussed based on the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines and dosimetric evaluation [12,13,14,15], but there have been very few experimental evaluations [16,17].



For experimental evaluation of the human health risks associated with EMFs, in vitro studies are used mainly to supply experimental evidence missing from human studies. Many in vitro studies have focused on carcinogenesis, mainly with two targets, cellular genotoxic effects and non-genotoxic effects, such as gene expression related to cell functions, to evaluate potential carcinogenesis [18]. In light of this, we previously evaluated cellular genotoxic effects under the conditions of magnetic resonant coupling WPT with 12.5-MHz resonant frequency, and found that magnetic resonant coupling WPT did not cause detectable effects [17]. In the present study, we focused on heat shock proteins (Hsps) as gene expression related with cell function. Expressed in response to cellular stress conditions such as heat, heat shock proteins (Hsps) help other proteins assemble correctly and prevent unfolding, and modulate a wide range of cellular functions, such as thermotolerance, anti-apoptosis function and immunogenicity. Many in vitro studies of the relationship between expression of Hsps and various frequency ranges of EMFs, such as extremely low frequency, intermediate frequency and radio frequency fields, have been conducted [18,19,20,21]. To our knowledge, however, there have been very few in vitro studies evaluating the expression of Hsps not only for resonant coupling WPT but also for EMFs near the 10-MHz frequency range. Therefore, in this study, we evaluated expression levels of Hsps 27, 70 and 90 under the conditions of magnetic resonant coupling WPT with 12.5-MHz resonant coupling frequency to investigate whether exposure to magnetic resonant coupling WPT induces cellular stress.




2. Results and Discussion


Expression of Heat Shock Proteins


In this study, we evaluated the expression of Hsps 27, 70 and 90 in WI38VA13 subcloned 2RA human fibroblast cells by western blotting, and the results are shown in Figure 1, Figure 2 and Figure 3, respectively. WI38 fibroblast cells (obtained from the Japanese Cancer Research Resources Bank, Osaka, Japan) have been used to evaluate the biological effects of various environmental stresses such as radiation, ultraviolet irradiation and EMFs [22,23,24,25,26]. It is also known that WI38 fibroblast cells express Hsps in response to heat stress conditions [27,28].
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Figure 1. The expression of Hsp 27 in WI38VA13 subcloned 2RA human fibroblast cells exposed to Wireless power transfer (WPT) and control cells for 24 h, or heated at 43 °C as positive control. The expression of Hsp 27 was standardized to that of β-actin. Data are presented as means ± standard deviation (SD) from three separate experiments. Photograph shows the typical results of Western blotting. * p < 0.05 compared with control. 
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The increase in expression of Hsps is related to the activation of the heat shock transcription factor (HSF), which regulates the expression of Hsps, and binds to the heat shock element (HSE) on heat shock genes. In the absence of heat stress, HSF is inhibited by Hsps, and, therefore, exists in a monomeric form that has no DNA-binding activity. When proteins unfold under heat stress conditions, Hsps bind to the unfolded proteins as a molecular chaperon to facilitate refolding, and release HSF. HSF assembles into a trimeric form that is exhibits DNA-binding activity, phosphorylates and then translocates into the nucleus. In the nucleus, HSF binds to HSEs and activates transcription of Hsp genes, e.g., Hsp 27, 70 and 90, to synthesize new Hsps [29,30,31]. In our results, the cells under heat stress conditions showed a statistically significant increase in expression of Hsps 27, 70 and 90 compared with control cells. In contrast, we found no statistically significant differences in expression of Hsps 27, 70 and 90 in cells exposed to WPT for 24 h compared with control cells. These results suggested that WPT exposure did not induce detectable cell damage or disrupt Hsp expression.
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Figure 2. The expression of Hsp 70 in WI38VA13 subcloned 2RA human fibroblast cells exposed to WPT and control cells for 24 h, or heated at 43 °C as positive control. The expression of Hsp 70 was standardized to that of β-actin. Data are presented as means ± SD from three separate experiments. Photograph shows the typical results of Western blotting. * p < 0.05 compared with control. 






Figure 2. The expression of Hsp 70 in WI38VA13 subcloned 2RA human fibroblast cells exposed to WPT and control cells for 24 h, or heated at 43 °C as positive control. The expression of Hsp 70 was standardized to that of β-actin. Data are presented as means ± SD from three separate experiments. Photograph shows the typical results of Western blotting. * p < 0.05 compared with control.
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Figure 3. The expression of Hsp 90 in WI38VA13 subcloned 2RA human fibroblast cells exposed to WPT and control cells for 24 h, or heated at 43 °C as positive control. The expression of Hsp 90 was standardized to that of β-actin. Data are presented as means ± SD from three separate experiments. Photograph shows the typical results of Western blotting. * p < 0.05 compared with control. 






Figure 3. The expression of Hsp 90 in WI38VA13 subcloned 2RA human fibroblast cells exposed to WPT and control cells for 24 h, or heated at 43 °C as positive control. The expression of Hsp 90 was standardized to that of β-actin. Data are presented as means ± SD from three separate experiments. Photograph shows the typical results of Western blotting. * p < 0.05 compared with control.
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3. Experimental Section


3.1. Exposure System


In this study, WPT exposure was carried out using a magnetic resonant coupling WPT exposure system, as shown in Figure 4. The details of the exposure system have been described in our previous reports [17,32]. In brief, the exposure system, built in a conventional CO2 incubator, has two self-resonant helical coils, a power-transmitting coil and a power-receiving coil, that function at a 12.5-MHz resonant frequency, and transfer power with 85.4% efficiency at 200-W input power. The cells are cultured between the power-transmitting coil and power-receiving coil using 60-mm-diameter cell culture dishes, and are maintained at 37 ± 0.2 °C with humidified 95% air and 5% CO2 during WPT exposure. The magnetic field level and specific absorption rate (SAR) level at each cell culture position are summarized in Table 1. These magnetic field and SAR levels are exceed the ICNIRP guidelines [33,34] of 80 A/m and 20 W/kg (localized SAR (limbs)) at 10 MHz for workers.



In contrast, the control condition was compared with WPT exposure using a conventional CO2 incubator with settings of 37 °C and humidified 95% air and 5% CO2. The cells under the control condition were exposed to ambient magnetic fields less than 0.55 μT (40 Hz–1 kHz), 0.13 μT (9 kHz–1 MHz), and 0.02 μT (1–30 MHz) measured using magnetic field meters (TMM-2, Denryoku Techno Systems, Kawasaki, Japan; EHP-200A, Narda STS, Pfullingen, Germany).
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Figure 4. Photograph of the exposure system designed for magnetic resonant coupling WPT and cell culture dishes of 60-mm diameter inside of the conventional CO2 incubator. 
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Table 1. Magnetic fields and specific absorption rate (SAR) at each cell culture position calculated using the finite element method with a mesh size of 0.1 mm × 0.1 mm. The data presented are expressed as mean ± standard deviation (SD). Data from [17,32].
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Type

	
Position A

	
Position B

	
Position C

	
Position D






	
Magnetic Field

	
169.2 ± 2.5 A/m (±1.5%)

	
170.7 ± 2.2 A/m (±1.3%)

	
167.6 ± 1.7 A/m (±1.0%)

	
171.5 ± 2.2 A/m (±1.3%)




	
SAR

	
21.8 ± 9.5 W/kg

	
21.3 ± 10.0 W/kg

	
21.6 ± 12.1 W/kg

	
20.7 ± 9.7 W/kg










3.2. Cells and Culture Conditions


Human embryo lung-derived SV40 virus transformed WI38VA13 subcloned 2RA cells (obtained from the Japanese Cancer Research Resources Bank, Osaka, Japan) were cultured in Eagle’s Minimum Essential Medium with L-glutamine and phenol red (Wako Pure Chemical Industries, Osaka, Japan) and 10% fetal bovine serum (Bovogen Biologicals, East Keilor, VIC, Australia) at 37 °C in 95% air and 5% CO2 in a conventional CO2 incubator.




3.3. Western Blotting


The WI38VA13 subcloned 2RA human fibroblast cells were seeded at a density of 1 × 106 cells per dish. After incubation for 24 h in the conventional CO2 incubator, the cells were WPT exposed for 24 h. Positive control cells were first incubated at 37 °C for 14 h, then heated at 43 °C for 1 h, and finally incubated at 37 °C for 9 h (total 24 h).



Immediately after exposure, the cells were washed once with cold phosphate-buffered saline (PBS) (T900, Takara Bio, Shiga, Japan) and treated with 250 μL CelLytic™ M (C2978, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 20 μL protease inhibitor cocktail (P8340, Sigma-Aldrich), and then were collected by cell scraper into pre-cooled 1.5-mL centrifuge tubes. The tubes were then incubated for 15 min at 4 °C on a shaker and centrifuged at 1200 rpm (130 g) and 4 °C for 15 min to pellet the cellular debris. The protein-containing supernatant was removed to new pre-cooled 1.5-mL centrifuge tubes and stored at –80 °C for further analysis. Protein concentrations were measured using the Pierce™ BCA Protein Assay Kit (23227, Thermo Fisher Scientific, Waltham, MA, USA).



For electrophoresis, protein was added to the sample buffer (39000, Thermo Fisher Scientific), which was then boiled at 95 °C for 4 min. A 10-μL sample, equivalent to 10 μg of protein, was loaded onto 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel (SuperSep™ Ace 10%, Wako Pure Chemical Industries, Osaka, Japan) and separated by electrophoresis at 20 mA for 70 min with an electrophoresis system (058-07681, Wako Pure Chemical Industries), and then transferred to a nitrocellulose membrane (0.2-μm pore size, IB23001, Life Technologies, Carlsbad, CA, USA) using a iBlot 2 Dry Blotting System (IB21001, Life Technologies).



The nitrocellulose membranes containing blotted proteins were incubated with primary antibody (goat anti-Hsp 27 (polyclonal, AF15801, R & D Systems, Minneapolis, MN, USA), mouse anti-Hsp 70 (monoclonal, SMC-100, Stress Marq, Victoria, BC, Canada), mouse anti-Hsp 90 (monoclonal, SMC-149, Stress Marq) and rabbit anti-β-actin (polyclonal, GTX109639, Gene Tex, Irvine, CA, USA)), followed by secondary antibody [horseradish peroxidase-conjugated anti-goat-Immunoglobulin G (IgG; HAF109, R & D Systems), horseradish peroxidase-conjugated anti-mouse-IgG (NA931, GE Healthcare UK Ltd., Amersham Place, Buckinghamshire, UK), or horseradish peroxidase-conjugated anti-rabbit-IgG (HAF008, R & D Systems)] using a iBind Solution Kit (SLF1020, Life Technologies) and iBind Western System (SLF1000, Life Technologies) for 2.5 h at room temperature.



Protein expression was visualized using ECL Western Blotting Detection Reagents (RPN2209, GE Healthcare UK Ltd., Amersham Place, Buckinghamshire, UK), and scanned by a Light Capture System (AE-6955, ATTO, Tokyo, Japan). Quantification was performed using image analysis software (CS Analyzer version 3, Tokyo, Japan).




3.4. Statistical Analysis


All experiments were repeated three times on separate days, and the data are expressed as the mean ± standard deviation (SD). Statistical analysis was conducted using Tukey’s test for multiple comparisons. P values less than 0.05 were considered statistically significant.





4. Conclusions


In this study, to evaluate whether magnetic resonant coupling WPT induces cellular stress, we determined the expression level of Hsps in WI38VA13 subcloned 2RA human fibroblast cells using a western blotting method. The expression level of Hsps 27, 70 and 90 when cells were exposed to heat stress conditions significantly increased, but the expression level of Hsps under conditions of magnetic resonant coupling WPT for 24 h was not significantly different compared with control cells. These results suggested that exposure to magnetic resonant coupling WPT under conditions stipulated in the ICNIRP guidelines does not cause detectable cellular stress in human fibroblast cells.
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