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Abstract
The goal of this work was to evaluate the biological effect of the extremely-low-frequencies. We started by evaluating the effect of frequencies with the anti-bacterial 
functions listed in the Rife frequency database on the growth of Escherichia coli. Among the 11 sets of frequencies tested, we found that only one set comprising 
frequencies below 100 Hz showed a significant effect on the growth of E. coli, and it was an enhancement effect instead of an inhibition on growth. We further tested 
various sets of frequencies without anti-bacterial functions but comprising frequencies below 100 Hz, and they all exhibited significant promoting effect on the growth 
of E. coli when exposed to the irradiation for 1 h. We further evaluated the effect of the extremely low-frequency on the growth of E. coli by scanning from 0-100 Hz. 
The results showed that the growth rate was noticeably enhanced for the group exposed to the irradiation at the range of 0-100 Hz, with the range of 40-60 Hz being 
the most effective. In addition, the effect was time-dependent, demonstrated by a significant increase of growth rate observed after exposure of 1h but a slight decrease 
for exposure of 16 h.  The results of this study provided robust data on the biological effect of ELF on the growth of E. coli, an important group of human microbiota, 
which has critical implication on the safety risk of these frequencies on human health.
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Introduction
In the natural world, almost all living organisms are “immersed” 

in a variety of electromagnetic field (EMF), and interact with them. 
Living organisms including bacteria have great diversity and may have 
different sensitivity to EMF, which are known to have wide spectrum 
and different characteristics [1]. For many years, the electromagnetic 
irradiation (EMI) effects of the extremely low frequency electromagnetic 
fields (ELF-EMF) on biological systems have been debated. Some 
studies showed there was no significant biological effect [2-5], while 
others demonstrated significant effect of the ELF irradiation [6-10], 
especially the frequency of 50 Hz, which can be found everywhere 
in daily life (such as power lines, ordinary household appliances, and 
communication devices) [11]. As for the biological effect on human 
health, both harmful and useful effects have been reported [12-16]. 
The root cause of the conflicting results is due to the lack of essential 
controls for experiments conducted [14]. 

The ELF-EMF effects are dependent on various factors such as 
frequency, field strength, exposure time, cultivation mode and genotype 
[17-19]. Most work with cellular systems was performed by choosing 
one specific frequency or one modulation frequency with varying field 
intensities. Screening of a wide range of frequency and intensity has not 
yet been done.

As for the mechanism of the effect, water, as the major constituent 
of growth medium as well as biological systems, was speculated to 
play a role in mediating the EMI effect on E. coli, and the mediated 
effect through water  at extremely high frequencies  of 1.8, 53, 70.6, 
and 73 GHz on E. coli growth was clearly demonstrated [20,21]. 
However, there is no information regarding the mediating effect of 
water for ELF. 

For this study, Escherichia coli strain DH5α was chosen to examine 
the electromagnetic irradiation effect of ELF. We started by examining 
numerous frequency combinations with antibacterial functions (i.e. 
E. coli inhibitory programs, chlorine, ozone, antibiotic and general 
antiseptic programs) listed in the Rife database (https://www.spooky2.
com/), which is a compilation of frequencies from Rife frequency 
researchers and can be accessed and downloaded online, and then 
focused on the frequency combinations below 100 Hz. 

To better understand the effect of the ELF, we designed an ELF 
exposure system to generate a weak uniform ELF-EMF. By using this 
system, a screening study was performed by sweeping frequency in the 
range of 0-10000 Hz initially, and then narrowed down to the range 
of 0-100 Hz and followed by focusing on the frequency of 50 Hz. The 
primary goal was to gain more knowledge of frequency that showed the 
most significant impact on the growth of the E. coli. 

By simultaneously examine the effect of different ranges of 
frequencies, including scanning a few distinctive frequencies or 
sweeping in different ranges of frequencies, it increased the robustness 
of the results. In addition, with the effort to shed light on the mechanism 
of biological effect, we also examined the mediating effect of 50 Hz 
through water and growth media on the growth of E. coli.
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the foregoing experiments to make sure the test sample was prepared 
appropriately for all experiments.

Electromagnetic irradiation procedure
Figure 1 shows the schematic diagram of the ELF exposure system. 

ELF exposure system including coils and culture flask has been 
specifically designed so it can fit inside the incubator with chambers 
to keep the culture flasks in place. The samples were divided into two 
groups, with one as the EMF-treated group, and the other the control 
or untreated group. In order to make sure the ELF-EMF generated was 
uniform for all samples, a flat coil (47 mm diameter, 7 mm height) was 
adopted to fit the bottom of the culture flask. The irradiation procedure 
was performed by connecting the coil to a commercially available 
frequency generator (FY2300 type, FeelTech Enterprise, China, http://
www.feeltech.net/). 

i) For evaluation the EMI effect of Rife frequencies on E. coli, three 
groups and a total of 14 programs of frequencies were used for the 
experiment (Table 1). Group A included 7 programs which were 
related to the inhibitory effect of E. coli, and group B encompassed 4 
programs regarding frequencies with anti-bacterial properties, and 
group C were programs with frequencies below 100 Hz. 

ii) For the wave-scanning effect experiment, the scanning wave was set 
in the ranges of 0-100 Hz, 100-500 Hz, 500-1000 Hz, 0-1000 Hz, 

Materials and methods
Bacteria and preparation 

Escherichia coli strain DH5α (obtained from Institute of ENNOVA 
Life Science and Technology) was maintained on Luria-Bertani (LB) 
medium with 1.5% agar (Cat#: A8190, Solarbio) at 4°C in the freezer. 

For each experiment, it was taken from freezer and suspended 
in a 50 ml Erlenmeyer flask containing 30 ml of LB liquid medium, 
comprising of 5 g/L yeast extract (Cat#: LP0021, Oxoid), 10 g/L 
Tryptone (Cat#: LP0042, Oxoid), 10 g/L NaCl (Cat#: S5886-1KG, 
Sigma), with pH set at 7 and agitation of 200 rpm on a rotary shaker at 
37°C for 12 h. This process ensured that bacteria were activated into the 
stage of exponential growth, thereafter the activated cells were used as a 
seed of inoculation for subsequent irradiation experiments.

For the irradiation experiments, the seed was inoculated into LB 
medium to obtain the suspensions of bacterial cells with an optical 
density of OD600 nm=0.1 (equivalent to a cell density of 1.0 × 106~107 

cell per mL suspension). Then the suspension was transferred into 
50 ml Erlenmeyer flasks containing 5 ml of suspension (thickness 
of the suspension was about 5 mm) to be used as the test samples. It 
should be noted that the cell density and thickness were optimized in 

Figure 1. Schematic illustration of the experimental design used for the measurement of growth characteristics of E. coli

Groups Programs* Frequencies (Hz) Description

A E Coli 1 (CAFL) 332.5, 798, 1729, 7847 Clearly related to the inhibitory effect of Escherichia 
coli

E Coli 1 (XTRA) 971.66, 974.14, 12250, 12281.25
E Coli 3 (XTRA) 882.44, 11125

E Coli 5 (XTRA) 330, 358, 539, 556, 634, 642, 776, 800, 840, 856, 
934, 1000, 1244, 1712, 1730, 7847

E Coli 6 (XTRA) 882.44, 974.14, 17724.2, 19566.31
E Coli (HC) 356000
E Coli (BIO) 282, 333, 413, 957, 1320, 172

B Wide Spectrum 
Antibiotic 4 (XTRA) 727, 787, 802, 880, 465 Related to the general inhibition of bacteria

Chlorine 35cl (XTRA) 208.56, 224.84, 19136.72
Chlorine 37cl (XTRA) 173.62, 187.15, 15929.69

Ozone Generate (XTRA) 78, 16, 15.99

C Accelerate Injury 
Healing (XTRA) 47 Not related to the biological effects of bacteria, but 

with similar to frequencies of “Ozone Generate”
Adynamia Geriatric 

(XTRA) 60, 27.5

Frequency Fatigue 
(CAFL) 10.55, 7.83

Table 1. List of Rife frequency used for evaluation of EMI effect on E Coli
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and 0-10000 Hz respectively; for frequency lower than 100 Hz, the 
scanning wave was set in the ranges of 0-20 Hz, 20-40 Hz, 40-60 Hz, 
60-80 Hz, and 80-100 Hz respectively. The duration of irradiation 
was set for 1 h. 

iii) For the single-wave effect experiment, a 50 Hz was chosen to examine 
the EMI effect with respect to the exposure time. The irradiation 
time was set for 1 h, 2 h, 4 h, 8 h and 16 h, and all the other variables 
were kept the same as the wave-scanning effect experiment.  

iv) For investigating the mediated effect of the frequency at 50 Hz on 
bacteria, three sets of samples were set up, which included 1) growth 
medium with bacterial culture (MB), 2) growth medium only 
(M), and 3) double distilled water only (W). For the EMF-treated 
groups, the three samples were exposed to the 50 Hz irradiation 
at room temperature for 1 h without agitation. After irradiation, 
fresh medium was added into MB, bacteria (same batch as used 
for MB) into M, and bacteria (same batch as used for MB) and the 
growth medium into W, followed by adjusting all the samples to the 
appropriate cell density as stated above. Upon finishing, all samples 
were immediately placed into the incubator at 37°C with agitation 
of 120 rpm for 1 h. 

For the Rife frequency’s evaluation experiment, a 10 V wave 
scanning with different programs of Rife frequencies (intensity range: 
0.1-3.0 mT) was used. For the wave-scanning effect experiment, a 10 V 
sine wave scanning was generated in the frequency range of 0-10000 Hz 
(0.1-3.0 mT) with the repetition rate of 60 seconds, and for the single-
wave effect experiment, a continuous 20 V sine wave at the frequency of 
50 Hz (2.3-2.5 mT) was generated. 

To investigate the growth characteristics of E. coli exposed to 
the ELF-EMF, the temperature was set at 37°C in an incubator with 
the temperature variation less than 0.3°C (non-thermal effects). The 
samples were kept in suspension by placing on a shaker at 120 rpm 
during the experiment. 

For all experiments, the control, also referred to as the untreated 
sample, was set up in triplicates under the same culturing conditions 
(e.g. placed on the same type of coil in the same incubator) as that for 
the treated group. The only difference is that the control group received 
no irradiation by keeping the frequency generator powered off.

Bacterial growth determination
The growth of cells was indicated by monitoring optical density at 

the wavelength of 750 nm using a UV–VIS Auto spectrophotometer 
(UV-2800 type, UNIC, China). Growth rate of culture was calculated as 
the optical density change over time (R=(ODT-OD0)/T) by taking OD 
of samples at the time of inoculation (0) and at the end of the exposure 
(T). EMF exposure effect was assessed in terms of the variation of 
growth rate between the treated and the untreated group. The degree 
of variation was calculated as follows: V (%) = (Rt-Ru)/Ru, where Rt and 
Ru were the growth rates of the treated and the untreated groups. Since 
the only difference between the treated and untreated groups was the 
irradiation, therefore, the variation of growth rate between these two 
groups is used to indicate the effect of the irradiation. All experiments 
were performed in triplicates with the data averaged and their standard 
deviation calculated. 

Results
EMI effect of rife frequencies on bacterial growth

Three groups of programs were tested. The results showed that 
growth rate was not affected substantially under the irradiation of the 
frequency programs from group A (Figure 2A). Three sets of frequencies 
tested enhanced the growth slightly, while the other 4 sets suppressed 
the growth, with effect less than 7%;  For the effect of programs of group 
B, there was a significant enhancement induced by the frequencies of 
“Ozone Generate”, and the increase in growth reached 25%, while the 
effect with other programs were less than 10%. The Ozone Generate 
program contains three frequencies under 100 Hz (78 Hz, 16 Hz, 15.99 
Hz), so we further examined programs in group C with frequencies 
below 100 Hz but not related to antibacterial functions. The results 
showed a significant enhancement in growth by all programs of group 
C (Figure 2B). 

EMI effect on bacterial growth for frequencies at different 
ranges

The growth rate was not affected when scanning in a relatively large 
range of frequency such as 0-10,000 Hz and 0-1,000 Hz. However, the 
growth rate was slightly enhanced at the lower range of frequencies 
when scanning at a relatively smaller range such as 500-1,000 Hz, and 

Figure 2. The growth rate variation of E. coli after irradiation by EMF at different Rife frequencies programs: (A) programs from group A related to the inhibitory effect of E. coli and 
group B with anti-bacterial properties (B) Programs from group C with frequencies below 100 Hz, with no anti-bacterial properties stated in the database. Error bars representing standard 
deviation of triplicate samples
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100-500 Hz; by lowering the frequency to 0-100 Hz, the growth rate 
was significantly enhanced with an average greater than 10% (Figure 
3A). By narrowing down the range of the frequency to 0-100 Hz, the 
EMI effect on E. coli growth was much more pronounced with the 
maximum increase reaching over 20% (Figure 3B). The effect was 
frequency dependent, and the range of 40-60 Hz and 60-80 Hz were the 
most effective in promoting growth of the E. coli. Based on these results, 
50 Hz was selected for subsequent single-wave experiments.

EMI effects on bacterial growth with respect to exposure time

The EMI effect for frequency at 50 Hz was dependent on exposure 
time as shown in Figure 4, where a significant increase in growth rate 
(>25%) was observed for groups with exposure time of 1 h and 2 h, 
while no promotion in growth observed for groups with exposure time 
of 4 h, 8 h, and 16 h. On the other hand, the prolonged exposure time 
(8 h and 16 h) resulted in a slight decrease in growth rates (6%) for the 
treated group relative to the untreated group.

EMI effect on bacteria and indirect effect through medium 
and water

Consistent with the results obtained above, as shown in Figure 5, 
there was a significant increase in growth rate for the group with both 

the growth medium and bacteria being exposed to the 50 Hz irradiation 
for 1 h. However, for the other groups, no difference in growth rates was 
observed between the treated and untreated groups when the growth 
medium or the water was exposed to the 50 Hz irradiation only.

Discussion
Some of the frequency combinations supposed to produce an 

inhibition effect in the Rife database exhibited a promoting effect on the 
growth of E. coli, especially the “Ozone Generate” program containing 
three frequencies below 100 Hz. So, we further selected other 
programs with frequencies below 100 Hz but with no anti-bacterial 
functions stated in the database and found the same enhancing effect 
on the growth of E. coli. This is very intriguing results which led us to 
systematically examine the effect of frequencies under 100 Hz on the 
growth of E. coli. 

The issue of health hazards associated with EMFs produced by 
power lines or household appliances has been continuously debated, 
including different effects and the mechanism of these effects. Some 
even argued that such an effect may or may not exist due to the lack 
of essential controls of many researches published in this area [14]. 
To avoid such a concern, we used frequency at 0 Hz as control and 

Figure 3. The growth rate variation of E. coli after irradiation by EMF at different frequency ranges: (A) the scanning wave in the range of 0-10000 Hz, and (B) the scanning wave in the 
range of 0-100 Hz. Control: EMF-treated with 0 Hz radiation; Error bars representing standard deviation of triplicate samples

Figure 4. The EMF effect of frequency at 50 Hz on the growth rate of E. coli at different exposure time: 1 h, 2 h, 4 h, 8 h and 16 h; Control: EMF-treated with 0 Hz radiation for 1 h and 16 
h respectively. Error bars representing standard deviation of triplicate samples
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examined multiple ranges of frequencies simultaneously, which can 
all be compared to the targeting frequency. The results obtained here 
provided direct evidence of biological effects exerted by ELF-EMI at 
0-100 Hz, especially 50 Hz. 

It was reported that the cell cycle of human peripheral 
lymphocytes in culture was accelerated when exposed to 50 Hz 
irradiation of 5 mT [22], while an increased cell proliferation is 
regarded as cell transformation [23]. A growth increase of anchorage 
independent JB6 cells after exposure to a 60 Hz (1.1 mT) was 
demonstrated [24]. The EMI effect of 50 Hz on bacteria is of special 
interest because EMFs (50/60 Hz) can be caused by an alternating 
current (AC) which is inevitable for modern society.

In addition, EMI effect of 50 Hz showed the exposure time 
dependence, where a significant increase of the growth after exposure 1 
h but a slight decrease after exposure 4 h was observed. More in-depth 
study is needed to address the reasons of the time-dependent effect. 
It could be cell damage due to EMI exposure over time or it could be 
caused by worse and worse growth conditions in the treatment group 
due to the fast growth in the first couple of hours. Therefore, to evaluate 
the EMI effect, the cell density, cell viability, parameters of the growth 
media, should be all taken into consideration.

Many investigations suggested that EMI is absorbed by water 
and the effects on bacteria can be mediated by the changes in water 
clusters structures [25-27], and these effects might be long-term 
[26,28,29]. However, unlike the EHF-EMF, water or media treated 
with ELF-EMF did not induce an EMI effect for bacteria cultured with 
it, indicating no mediated effect (indirect effect) of ELF-EMF for this 
study. For future work, the experiment should be performed in higher 
electromagnetic field levels to investigate whether stronger ELF-EMF 
is effective for a mediating effect through medium or water.

Conclusion
This study reported the significant biological effect of extremely 

low-frequency electromagnetic irradiation on growth of E. coli. The 
results demonstrated that the growth rate was noticeably affected when 
treated by the EMI of frequencies below 100 Hz, whether they are 
combination of frequencies below 100 Hz or scanning frequencies in the 
range of 0-100 Hz. It was found that the frequency in the range of 40-60 

Hz had the most significant effect on growth rate. The EMI effect of 50 
Hz on the growth of bacteria was time-dependent, with an increase in 
growth within 2 h of irradiation, and an inhibition when the exposure 
time was over 4 h. It was demonstrated that the 50 Hz irradiation was 
a direct effect on the bacteria cells as treating media or water alone did 
not yield an EMI effect for bacteria cultured with it. These findings 
have applicable values for the fine chemical fermentation processes 
as biomass of E. coli could be enhanced significantly through the 
appropriate EMI stimulation. On the other hand, it also raises concerns 
regarding safety of these frequencies on the biological systems, which 
needs to be examined more systematically. 
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