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ABSTRACT 

The lethal response of cultured  cancer cells lines K-562, U-937, DG-75 and HL-60 were 

measured directly after exposure to a pulsating electromagnetic field ( PEMF,sinusoidal wave  

35mT peak ,50Hz, for 4 hours ) [ Traitcheva et al. 2003] and 24 hours later to determine the 

after - field- effect.The results were found to  depend  on the  medium, pH - value, 

conductivity and temperature. 

 From these experiments suitable conditions were choosen to compare the vitality between  

K-562 cells and normal human lymphocytes after PEMF treatment and photodynamic action. 

Both agents enhance necrosis synergistically for diseased as well as for healthy cells, but the 

lymphocytes are more resistance. The efficacy of PEMF on the destruction of cancer cells is 

further increased by heating (hyperthermia) of the suspension up to 440 C or by lowering the 

pH-value (hyperacidity) to pH 6.4. 

Similar  apoptosis and necrosis can be obtained using moderate magnetic fields (B ≤ 15 mT  

50 / 60 Hz)), but it requires longer treatment of least over a week .                                            

PEMF application 
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combined with anticancer drugs and photodynamic therapy will be very effective. 

 

Introduction 

Currently many studies report that low frequency (LF) pulsating electromagnetic fields 

(PEMF) can produce a variety of effects in living systems, especially in experiments in cell 

biology [for review see Repacholi et al. 1999; Binhi, 2002]. Lethal effects have been achieved 

recently on human cancer cell lines following LF-PEMF treatment. High magnetic flux 

densities (B=45mT) lasting for 3 1/2 hours yield marked DNA degradation in HL-60 cells as 

measured 24 hours after exposure, whereas lymphocytes show little necrosis [ Hisamitsu et al. 

1997]. Longer treatment (80 hours) of human chronic myeloid K-562 cells to moderate 

magnetic fields (B = 10- 20 mT) decreases the number of living cells to below 5 %.A  

FACScan determination [Studinski,1998] distinguishes between apoptotic and necrotic cells 

in the same suspension  [Pang et al. 2002]. 

The concentration of  antitumor drugs for killing human adenocarcinoma cells [ Ruiz-Gomez 

et al. 2002] or K-562 cells [ Traitcheva et al. 2003] can be decreased by combination with 

PEMF in order to produce synergistic necrotic effects..  

The effects of magnetic fields on cell lines K-562 and U-937 has been extensively tested 

using a wide range ( 10-55 mT (50 Hz), 37 and 420C (hyperthermia), pH 7.4-pH 6.4 

(hyperacidity) during 20-120 min) using the following combinations of treatment: 

A) PEMF alone, 

B) PEMF and cytotoxic actinomycin-C, and  
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C) PEMF and actinomycin- C, irradiated by visible light producing an additional lethal 

photodynamic effect. 

Combination  C) exhibits the highest necrotic efficacy [ Traitcheva et al. 2003; Berg 2003]. 

In order to develop an adjuvant physico-chemical cancer therapy using PEMF exposure one 

must search for the conditions, which produce the greatest difference in necrosis between 

cancer and healthy cells. Therefore the aim of the following experiments was to evaluate 

suitable A) and C) conditions for the strongest necrosis rate of K-562 cells contrary to as 

small as possible effects on human lymphocytes in order to provide the basis for a novel 

cancer therapy. 

Materials and Methods 

Cell cultivation 

Human K-562 chronic myeloid, leukemic cells were received from Fujisachi Cell Center 

(Japan). The culture medium was 90% RPMI (Gibco) with 10% fetal calf serum in the 

incubator (  10% CO2, 370 C). Human U-937 histocytic lymphoma cells with mononuclear 

phagocytic characteristics obtained from the American Cell Culture Collection, and cultivated 

by the Institute of Virology (Friedrich-Schiller Univ., Jena), in RPMI 1640 medium 

supplemented with 10 % fetal calf serum (Gibco Life Science, USA), 100 µg ml -1  

streptomycin and 100  U ml -1    penicillin ( Sigma, USA) at 370 C in a 5% CO2 incubator of 

90% humidity. For the human Burkitt's lymphoma line DG-75 and the human promyelocytic 

line HL-60 the conditions were similar  ( Table 1.) . The nutritional medium of lymphocytes 

from a 78 years old male was "chromosoma A" ( Biochrom Inc.). The final concentration was 

5x 10 5 cells / ml either in nutritional medium or in a 0.9% NaCl or in a 0.6M mannitol to stop 

further proliferation. 
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Field exposure system. 

      A sine wave generator ( Conrad Electronics, Hirschau) produced magnetic fields with B=10 or 

35 mT (peak ,50Hz) inside the thermostatically controlled solenoid ( 12 cm long, 6 cm inner 

diameter, resistance 25Ω) mounted together with a lens - focussing visible light on the cell 

suspension - and a heat absorbing  water layer of 7 cm thickness on an " optical bench " 

positioned outside the incubator. The magnetic flux density B was determined in the middle 

of the coil by the Teslameter FM 210T (Project Electronic, Berlin). 

 Irradiation conditions.  

The experimental scheme was always the same as descibed elsewhere by [ Traitcheva et al. 

2003]: 

Suspensions of 5.105 cells/ml were placed into small polystyrene cuvettes ( 4 mm broad x 10 

mm deep x 20 mm height) kept at 370 C, and either treated with PEMF alone (A) or by light 

irradiation in presence of 5. 10 -5 M methylene blue ( Merck, Darmstadt) as sensitizer (B) or 

by both agents  together (C). The cuvettes were was placed inside a water thermostated glassy 

tube (5 cm inner diameter) at 370C surrounded by the solenoid . For irradiation the white light 

beam ( > 400 nm, 55 mW/cm2 irradiance measured by a thermopile) from a tungsten- halogen 

lamp ( 24V, 150 W, Osram 64445) was focused for 30 min on the 0.1 ml cell suspension plus 

0.01 ml methylene blue stock solution inside the cuvette the temperature  (370C ) of which 

was controlled by the thermocouple ( Conrad Electronics).  

 

 

Measurements 
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The standard trypan - blue test ( 0.2%TB) was used for determinating the percentage of dead 

cells before and immediately after the treatments, as well as after 24 hours of storage at 370C 

in the incubator (without CO2). Colored cells - scored as necrotic - were counted again. 

The percentages of nonviable and viable cell were ascertained by an inverted light microscope 

(Olympus, Tokyo) equipped with a CCD-IRIS video camera (Sony, Tokyo). About  100 cells 

from the E- and C- cuvettes were counted 5 times. The standard deviations for their  averages 

in the 95% confidence limit (Student's -test) can be seen in the tables 1 and 2. The percentage 

of dead cancer cells before experiments varied from 1.5- 7%  and was always subtracted from 

the data in the tables. Moreover, the content of apoptotic and necrotic cells was distinguished 

by the FACScan technique  [Studinski,1998].    

In contrast all isolations of lymphocytes showed 100% vitality before beginning of 

experimental runs. The experiments were repeated 5 -7 times over 10 months. The relative 

values( experiment / control) was fairly constant, though  their absolute values changed 

during this time, because it was not possible to get always the same physiological and 

cultivation quality, resulting in differences in the amount of dead cells before the experiments 

as mentioned above. In other words the physiological state of cells in the nutrition or 

starvation medium is decisive for the efficacy of the field treatment. 

Results and Discussion 

Search for lethal effects under different conditions    

First of all the search for effects of essential parameters responsible for the lethality of cancer 

cells was carried out - using K-562, U-937, DG-75, and HL-60 cells - by changing the 

medium (nutritional or starvation), pH value, conductivity, temperature, time of treatment, 

flux density B). Some results  of these tests are included in table 1. 
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The data show: 

1. Hl-60 cells exhibit the highest sensitivity to field treatment in nutritional medium ( see also 

[Hisamitsu et al., 1997] ). U-937 cells, however, show similar sensivity  in starvation medium 

(mannitol of pH 6.5), which was used to stop further proliferation (Table 1). 

2. PEMF induced necrosis increases with rising temperature (hyperthermia to 44°C) and 

decreasing pH value (from 7.4 to 6.5) for K-562 cells (Table1). However, in  the physiological 

starvation medium 0.9% NaCl of the same low pH, but with much higher conductivity than 

mannitol , the percentage of dead cells is similar to that seen in nutritional medium (Table 1).  

The reason why is not clear.                                                                                                           

3. PEMF treatment alone can cause dramatic destructions of cell morphology. Besides small cell 

fragments the phase-contrast photomicrograph (figure 1) shows two vital U-937 cells (on the 

lower left side) and six apoptotic / necrotic cells of different shapes (shrinkage) and diameters 

after treatment by magnetic field of 10 mT for 6 hours at 39 - 40°C.           

4. Apoptotic fragments occur in Fig.1.After extension of treatment time to 48  hours ,FACScan 

analysis shows that most cells suffer from apoptosis: 0.5%vital,79,7% apoptotic,and 19,8% 

necrotic,whereas the control is 92,3% vital,2,75% apoptotic,and 4,8% necrotic.                                          

 

5. For the comparison of vitality between K-562 cancer cells and lymphocytes some conditions 

from table 1 (data from lines 1. and 8.  ) were chosen for table 2 .  

     The columns in table 2 represent: 

I)    Only PEMF exposition of K-562 cells or lymphocytes in nutritional medium (pH 7.4, 

37°C); treatment time 4 hours at B = 35 mT, 
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II)     Same conditions as I), however, with 5x10 -5M methylene blue and 30 minutes 

irradiation   without field. 

(I + II)     The synergism is evident for simultaneous application I plus II during 4 hours field 

treatment including 30 minutes irradiation after 3hours and 30 minutes in the  field. 

6. Table 2 shows further relations between percentages of dead cells ( trypan- blue test): 

   -  from column I the quotient field (Ly) / field (K-562) = 0.26; that means the lethality of         

lymphocytes reaches    only 26% of that of K-562 cancer cells, 

 -    from column II the quotient light (Ly) / light (K-562) = 0.3; that means here the low lethality of  

lymphocytes is only about 1/3 of that of K-562 cancer cells. 

- from column (I+II) is evident that this effect surpass the sum of percentages I) and II), that 

means the values (I + II) > I and II. The synergism of field and light effects for lymphocytes 

reaches only 32% of the K-562 data. 

A comparable photodynamic effect as described for methylene blue (5x 10 -5) can also  be 

obtained also by a lower concentration of protoporphyrin IX (1x 10 -5) or by a higher 

concentration of actinomycin-C (25x 10 -5) [ Traitcheva et al. 2003]. 

Essential for higher lethal effects on cancer cells are their different susceptibilities to treatment, e. g. 

HL- 60 and U - 937 cells are more sensitive than K - 562 cells. Optimal conditions must be found  

for every tumor type by variation of all important parameters (see also examples in table 1) in order 

to develop an optimal noninvasive therapy. 

 

 

The prerequisite for a successful cancer therapy is not only a highly lethal PEMF- effect on cancer 

cells, but simultaneously the low influence on healthy cells of an organism. The results of table 1 
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show the great percentages of dead cancer cells after 24 hours storage at 37°C in an incubator 

without 5% CO2 (!), whereas lymphocytes exhibit  a higher vitality. 

That means there are good reasons that also tumor cells in an organism should be destroyed easier 

than healthy cells. 

- These findings are supported by even higher differences in vitality between HL-60 cells and 

lymphocytes [Hisamitsu et al.], who determined the extent of apoptotic splitting of the DNA 

backbone and trypan blue coloring  after 24 hours produced by 3.5 hours treatment with 45mT 

(50Hz) electromagnetic  field. Their paper shows nearly 100% dead HL-60 and ML-1 cells 

,compared to only  to about 10% dead lymphocytes and PMN cells only! The differences of 

relationships E/C in Table 1 and 2  are quantitatively not so high for nutrition medium kept in 

our  incubator without 5 % carbon dioxide.  

 

Exposure to  only 1 mT needs treatment times up of 72 hours to produce differences of a factor  two 

in  apoptosis induction between cancer cells (human squamous carcinoma SCLII) and normal cells 

(human amniotic fluid AFC) [Simko et al., 1998]. Similar long treatment times (4 days) using 

amplitudes > 3mT have been found necessary to induce for apoptosis and necrosis in the case of K-

562 and U-937 cells [Glück et al., 2001; Pang et al., 2002]. 

Considering our former long exposition  time results [Pang et al., 2002] a treatment of 1 - 2 weeks 

for some hours a day by about B ≥10 mT seems to be sufficient for starting the  process of 

improvement  in animals and patients in combination with hyperthermia (42-44°C) in the tumor 

region or hyperacidity ( by glucose infusion: hyperglycemia in the tumor region)[ v. Ardenne, 

1997]. 
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For special cases, a photodynamic device including light conductor and LASER beam will be 

suitable in future to enhance additional necrosis of tumors [USA patent pending by H. Berg, M. 

Lambreva and Genetronics, San Diego, USA]. 

Up to now only few results of antitumor treatments have been published. Field 

amplitudes B < 4mT ( 50/60 Hz) seem to be  ineffective as presented by [Mc Lean et al., 2003]. 

 Hence amplitudes B = 4 - 15 mT ( 50 - 120 Hz) and daily treatments  at least for some hours are 

necessary in for several results: 

- to stop angiogenesis inside the tumor and the growth of small tumors in mice [Williams et al., 

2001], also  presented recently at 25th BEMS Congress ( 2003; abstract 14-3), 

- to increase mouse survival and tumor growth inhibition as shown by [Tofani et al., 2002], 

- to treat cancer  patients successfully inside Helmholtz coils of 60 cm in diameter ( 5.5 mT) - 

including the neck, thoracic and abdominal area - without acute negative side effects [Ronchetto 

et al., 2003].  

Depending on origin, age, seize and position of individual tumors, special modification of 

conditions are needed and must be developed now. In order to concentrate PEMF on localized 

tumors,  e. g. in brain the  the figure - of - eight coil [Ueno, 1994] may be effective for this purpose. 

Conclusions 

� Further determinations of PEMF induced  lethality of  cancer cells in vitro will be necessary for 

evaluating optimal differences from normal cells under laboratory conditions.This  should be 

comparable with circumstances of slow tumor proliferation in organisms(starvation conditions). 

In  other words the nutritional situation of the cells’ surroundings  influences the lethal efficacy 

of PEMF treatment on the one hand andand the geneticallyregulated stresson the other hand [Lin 

et al.2001]. 
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� The PEMF treatment will be enhanced synergistically by combination with a) cytotoxic agents (e. 

g. cisplatin, cyclophosphamide, adriamycin, actinomycin) [Traitcheva et al., 2003; Ruiz - Gomez 

2002] b) hyperthermia (42-44°C), and c) hyperacidity (pH 6.5) [v. Ardenne] 

� The combination of PEMF and hypothermia (by heat radiation from the solenoid) is completely 

noninvasive. 

� The synergism of PEMF with known photodynamic therapy has the advantage that the light can be 

focused directly by light conductors on the tumor region containing the accumulated 

photosensitizer. 

The great advantage of combined PEMF treatments is the possibility for noninvasive 

applications  to tumor therapy by simple equipments consisting of Helmholtz - coils or 

solenoids and a strong alternating current source at transmission line frequency (50 / 60 Hz). 
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Fig. 1 PEMF influence on cell morphology. Phase-contrast photo of U-937 cells after 

treatment by 10mT for 6 hours at 39-40°C. Upper right: 6 necrotic cells indicated by red 

fluorescence of propidiumjodide. Lower left :2 vital cells. 

 

 

 

 

Table 1: Differences between cancer cell lines and human lymphocites as percentages of dead cells 

induced by 4hours  treatment at35mT in various media and  conditions ( temperature, pH, 

conductivity). 

Mean values from 5  trypan - blue countings for each sample ( SD of mean values  Eversus C ; p< 

0.05). 

. 

Cells  Medium  
pH, conductivity (milli-Siemens) 

Temperature 
 0 C 

Experiment  
% 

Control   

% 
E/C 
 

Experiment 

% 
Control  

% 
E/C 
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after treatment  24h later *)  

K-562 nutrit., pH 7.4, 5mS/cm 

nutrit., pH 7.4, 5mS/cm 

0.6 mannitol, pH 6.5, 0.03mS/cm 

0.9% NaCl, pH 6.3, 13.6mS/cm 

37 

44 

37 

37 

6.1 ± 1.5 

16 

17 

5.4 

1.5 ± 0.5 

7 

6 

2 

4 

2.3 

2.8 

2.7 

24 ± 5 

78 

- 

36 

8 ± 2 

28 

- 

10 

3 

2.8 

- 

3.6 

DG-75 nutrit., pH 7.4, 5mS/cm 37 5.5 2.6 2.1 32 8 4 

U-937 0.6 Mannitol, pH 6.5, 0.03mS/cm 37 25.6 ± 7.8 11 ± 2.5 2.3 76 ± 6.2 54 ± 4 1.4 

HL-60 nutrit., pH 7.4, 5mS/cm 37 16 4.4 3.6 88 68 1.3 

Lymph. nutrit., pH 7.4 37 1.6 ± 0.4 0 - 6.8 ± 0.6 2.3 ± 0.4 2.9 

 

*) storage in an incubator at 37°C ( without 5% CO2 );  

 

 

 

 

 

Table 2 Comparison between cancer cell K- 562 and healthy Lymphocytes( no such dead cells in 

the beginning)  (SD of mean values of 5 times countings for K-562 versus lymphocites; p< 0.05) 

after: 

- I)  treatment by  B = 35mT at 37°C for 4 hours.Data from Table1,  

- II) treatment by light in presence of 5x 10 -5M methylene blue for 30 min, without field. 

- (I +II)  Synergism of 4 hours field including 30 min.  visible light irradiation of added methylene 

blue after 3  ½ hours. Three relations: next columns the last of them express synergism. 
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cells I% II% (I+II)% (I+II)/I (I+II)/II (I+II)/ I + II

K-562 6.1 ± 1.5 18 ± 3.2 46 ± 5.8 7.5 2.6 1.9 

Lymphocytes 1.6 ± 0.4 5.8 ± 1.4  14.8 ± 2.6 9.3 2.6 2 

 

 

 

 
 

 

 

 

 

 


