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Human and other creatures on Earth live in an environment with various 

Electromagnetic Fields (EMFs), including natural EMFs (e.g. geomagnetic field)[1, 2] 

and EMFs generated by man-made sources (such as electrical appliances and 

equipments)

Schumann Resonance (SR) is one of 

the well-investigated natural electromagnetic phenomena, which was first reported by 

Winfried Otto Schumann in 1952[3-6]. SR is a global electromagnetic resonance 

produced in the atmosphere by lightning, which consists of a base frequency about 7.83 

Hz and a series of derived frequencies at 14 Hz, 20 Hz, 26 Hz, 33 Hz, 39 Hz, 45 Hz, 

and 51 Hz[7].  is widely believed 

to benefit lives on the earth[4, 5, 7, 8].

 

[3, 9]. , it 

[4]. On 

the other hand, 

[10-13]. Moreover, 

[13-15]. 

In recent decades, there has been growing interest in applying Electric Fields (EFs) 

and EMFs to treat some common diseases, such as cancer[15-17], diabetes[18, 19], skin 

wound healing[20, 21] and neurological diseases[22, 23], etc. In particular, abundant 

[2, 13, 14, 24-32]. In early studies, Kirson et al have reported 

that an intermediate-frequency alternating EF yields a disruptive effect on cancer cell 

replication by impeding spindle formation during mitosis[24-26]. Concurrently, Sara 

Crocetti et al have revealed that an EMF with an extremely low frequency of 20 Hz and 

intensity of 3 mT suppresses the proliferation of breast cancer cells (MCF-7 cells) via 



the induction of DNA damage, while nonmalignant counterparts (MCF-10 cells) remain 

intact under the identical EMF exposure[27]. Furthermore, Buckner et al have shown 

that the inhibition of low-intensity EMF on cancer cells depends on  spatiotemporal 

signaling pathways[28, 29]. In a 

recent study, Mojdeh Barati et al have found that the exposure to extremely-low 

frequency EMF can induce necroptosis (a kind of programmed cell death) in breast duct 

carcinoma cells (MC4-L2 cells) by ROS accumulation and Ca2+ overload[33]. In 

addition, some studies have reported that EMFs of specific parameters can render 

cancer cells more sensitive to chemotherapy, thus increasing the efficacy of 

chemotherapeutic drugs[30-32]. Collectively, these works underscore the multifaceted 

potential of EF and EMF therapies in reshaping cancer treatment strategies. 

Previously, our group has demonstrated that a Bio-inspired EMF (BIEMF) can 

inhibit the proliferation of HeLa cells (human cervical adenocarcinoma cells) in a cell 

density-dependent manner[34]. The BIEMF used in our previous work has an extremely-

low frequency of 0.5 Hz, which is chosen based on the inherent vibrational frequency 

observed in certain cancer cells[35]. In this work, we intend to investigate the effects of 

extremely-low frequency SR-mimicking EMF (SREMF) on cancer cell proliferation. 

Unfortunately, t

 

Hence, 

we have designed a honeycomb-like emitter array that not only can generate EMFs with 

adjustable frequencies and uniform distribution, but also holds a potential application 

in wearable devices. 

 

 

 

2 Materials and Methods 

2.1 Emitter Design and SREMF Irradiation System 



2.1.1 Emitter Design by EMF Simulation 
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3 Results and Discussion 

3.1 Emitter Design 

3.1.1 Design of Single EMF Emitter 

 

Then, the Maxwell 3D module of ANSYS Electronics Desktop was employed to 

simulate the EMFs generated by the emitters (Case 1-9). A comparative study of EMF 

distributions on   above the emitters was conducted to identify an emitter 

with the optimal performance in EMF generation.  

 above the emitter  Case 

1-9  



 

 

 

 

Case Inner diameter (mm) Outer diameter (mm) Number of turns 

 

 

  

   

   

 

 

  

   

   

 

 

  

   

   

 



 

 for Case 1-9. a) 

. b-j) 

 Case 1 to Case 9. 

 

Table 3 The ratio of EMF intensity decline on the 20-mm plane 

     

     

     

     

     

     

     

     

     

     



3.1.2 Design of Emitter Array 

 

 

 

    

 

   

   

   

 

   

   

   

 



 

 a-b) 

c-h) on the  

Array 1 to Array 6. 

3.1.3 Verification of Simulation Models 

In this work, we have verified the simulation results by using a home-setup 

irradiation system as illustrated in 

at the frequency of 

 The amplitude generated by the signal generator was 0.78 V and the output 

voltage of the amplifier was 7.8 V, whereas the voltage on the emitter was 

 The EMF intensities on the lines from (0,-16,20) to (0,16,20) and 

from were measured for the single emitter (  and the 

emitter array (Array 1) respectively ( and then compared with the 



corresponding simulation  to 

EMF intensities and simulation results showed a similar trend, 

which decreased with the increase of the distance from the point (0,0,20) ( ). 

Moreover, the measured  increased with 

the distance from the point (0,0,20) and the 

range of -24-24 mm from the point (0,0,20) (

(

range of -24-24 

mm from the point (0,0,20)

 

 



Fig. 4 Verification of SREMF intensity. a) The square-wave voltage to generate 

SREMF. b) Schematic illustration of the line from (0,-16,20) to (0,16,20) above the 

c) line from  above

d)  line from 

(0,-16,20) to (0,16,20). d) EMF intensities  on the line 

from  

 

3.2 The Biological Effects of SREMF 

3.2.1 The Effect of SREMF on Cancer Cell Proliferation 

EMFs of varied frequencies may yield different biological effects, which is known 

 

[10-13].

[13-15].

[45, 46]. 

Inspired by the SR, we generated an SREMF at the frequency of 7.83 Hz with the 

hexagonal emitter array designed in this work (Array 1). The effect of SREMF of two 

intensities ( , actual intensities measured by a Tesla meter) on cancer 

cell proliferation was investigated via colony formation assay with Hela cells. After 6-

day SREMF exposure, cell colonies were examined by crystal violet staining. 

Interestingly, the SREMF inhibits colony formation of Hela cells in a cell-density-

dependent manner ( ). At low cell density (100 cells/dish), no cell colony could be 

found in SREMF-exposed groups, while several colonies were formed in the non-

exposed controls. When the cell seeding densities were raised to 500 and 5000 

cells/dish, these was still no cell colony formed in the group treated with SREMF of 

, while a few colonies could be seen in the -treated group. As for the cells 

seeded at 10000 and 20000 per dish, colonies could be observed in both exposed groups 

after 6 days, but their numbers are significantly less than that of the non-exposed group. 

Moreover, fewer colonies could be found in the group exposed to SREMF o



compared with that of the -treated group. Previously, we have reported that a 

BIEMF of 0.5 Hz inhibits Hela cell proliferation in a cell-density-dependent manner, 

which could be explained by some collective antagonistic response evoked at higher 

cell density[34]. Notably, such an inhibitory effect of BIEMF disappeared for the cell 

seeding density beyond 3000 cells/dish. Although the inhibition of SREMF on Hela 

cell proliferation also diminishes as the cell density increases, the inhibition by SREMF 

persists at higher cell seeding densities. Indeed, SREMF demonstrates more than 50% 

inhibition on Hela cells even at the density of 20000 cells/dish ( ). Hence, our 

recent results suggest a stronger inhibitory effect of SREMF (7.83 Hz) than BIEMF 

(0.5 Hz). 



 
Fig. 5 Colony formation of Hela cells at the seeding densities ranging from 100 to 

20000 cells/dish. a) Representative photographs of cell colony formation. b) Cell 

colony area as a percentage of the dish area. (  

 

It is known that the process of cell death is generally accompanied by changes in 

cellular morphology[47, 48]. Hence, we have examined Hela cell morphology during the 

6 days of exposure at 2-day interval to verify the suppression by SREMF on Hela cells 

at the seeding density of 20000 cells/dish ( ). Compared to the non-exposed group, 



no obvious morphology change was observed for the exposed groups after 2-day 

SREMF exposure (  and ). In contrast, after 4 days of SREMF exposure, 

some cells of the exposed groups exhibit obvious morphological changes with a few 

cells showing signs of early-stage death (  and ). After 6-day SREMF exposure, 

cells of the exposed group show more dramatic morphological changes of shrinkage, 

blebbing and fragmentation (  and ), whereas Hela cells of the control group 

have formed healthy foci (  ). These observations have confirmed the inhibition 

of SREMF on Hela cell proliferation at the seeding density of 20000 cells/dish. More 

importantly, since the progression of swelling and shrinkage to blebbing in cell 

morphology is a known hallmark of apoptosis[47, 48], these results also suggest that the 

inhibition of SREMF may be mediated by the induction of apoptosis. Nonetheless, the 

exact mechanisms underlying SREMF-induced apoptosis of cancer cells warrant 

further investigation. 

 

Fig. 6 The morphology of Hela cells without and with 6-day SREMF exposure. a-c) 

without SREMF, d-f) with SREMF of 2 g-i) with SREMF of 6 . (Seeding 

density: 20000 cells/dish) 



3.2.2 The Effect of SREMF on Normal Cell Proliferation 

2  and .

 

cancer cells may have 

gained distinctive characteristics during tumorigenesis and thus become susceptible to 

the of SR. 

 

Colony formation of NIH/3T3 cells at the seeding densities of 500, 1000 and 

5000 cells/dish. a) Representative photographs of cell colony formation. b) Cell colony 

area as a percentage of the dish area.  

 



 

 without and with 6-day SREMF exposure.

(Seeding 

density: 1000 cells/dish) 

 

SREMF can significantly inhibit Hela cell 

proliferation, while exerting no observable effect on Similar to our 

results, several studies have shown that low-intensity 

[10-13]



 

 

 

 

extremely-low frequency (7.83 Hz) investigate 

the effects of SREMF on cancer and normal cell proliferation. 

 

generated by the 
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