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Abstract
The aim of this study was to investigate the electric field frequency and the time of exposure that causes maximum inhibition
of Escherichia coli (E. coli) growth.
Methods and Results: Bacterial suspensions were subjected to an extremely low frequency electric field (ELFEF) with a 0.1
Hz interval between 0.2 Hz and 0.4 Hz. The bacterial growth was observed through optical density (OD) readings. OD values were
taken every hour for four hours to monitor bacterial growth in both exposed and unexposed samples. The antibiotic susceptibility
test was done to determine the difference between the susceptibility of both exposed and unexposed bacterial samples. Structural
changes in the exposed bacterial samples were monitored by transmission electron microscope (TEM). The bacterial growth curve
revealed a highly significant growth inhibition after being exposed to 0.2 Hz at 2 hours’ exposure time. E. coli suspension exposed
to ELFEF at inhibition frequency 0.2 Hz showed a significant increase in susceptibility to antibiotics Keflex, meropenem, and
piperacillin-tazobactam.
Conclusion:The current data suggest that treating E. coli with 0.2 Hz for 2 hours is an effective, prospective, and novel
technique for reducing cellular growth and dramatic alteration in the cell membrane. TEM clarified the great destruction of the
bacteria cell wall. (International Journal of Biomedicine. 2022;12(2):293-298.)
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Introduction
There is an interest in applications of a pulsed
electromagnetic field with different frequencies in the medical
field, such as pain control, enhancing the efficacy of anticancer
drugs, cancer cell proliferation and apoptosis, and transdermal

delivery of low permeant drugs.(1-4) Previous studies on
extremely low frequency electromagnetic waves succeeded in
controlling the growth of Ehrlich tumors.(5,6) It was shown that
extremely low frequencies from 6 Hz up to 500 Hz radiation
can process wound repair,(7,8) skin, and bones.(7-10) Cellular
activity of microorganisms has recently been controlled using
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extremely low electromagnetic waves with a very low field
strength that resonate with bioelectric signals created during a
specific metabolic activity.(11,12) The exposure of Agrobacterium
tumefaciens (the common cause of crown gall disease in plants)
to 1 Hz square amplitude modulating waves for 90 minutes
changed its cellular activity and DNA structure, inhibiting
growth and affecting virulence.(13)
Extremely low frequency electric field (ELFEF) effects
on bacteria have been investigated. Depending on the bacterial
strain and the physical parameters such as frequency and field
strength, it has been demonstrated that ELFEF can negatively
or positively affect cell growth, viability, and bacterial
antibiotic sensitivity.(14,15)
The category of microorganisms includes a massive
range of organisms, including bacteria, fungi, viruses, algae,
archaea, and protozoa.(16) Some microorganisms that are
seen to be beneficial to health are termed probiotics and are
available as dietary supplements, or food additives.(17) But some
microorganisms, particularly bacteria, are harmful to plants,
animals, or humans by attacking their cells and causing disease,
for example, Salmonella, E. coli, and MRSA.(18) There is a type
of bacteria that can be harmful or useful for the human body, such
as E. coli, which normally dwell in the intestines of humans. It
can also be found in the intestines of some animals.(19)
The majority of E. coli strains are safe and even beneficial
to the digestive system. Some strains like enterotoxigenic E.
coli (ETEC), enteropathogenic E. coli (EPEC), and Shiga
toxin-producing E. coli (STEC), can cause breathing issues,
pneumonia, diarrhea, and urinary tract infections. E. coli
is responsible for 75 to 95% of urinary tract infections.(20)
Healthy persons who have been infected with E. coli typically
feel better within a week. However, some people have a
significant kidney issue known as hemolytic uremic syndrome.
(21)
The elderly and children are more likely to be affected.
(22)
The traditional and effective method to destroy bacteria
and other harmful microorganisms in the body is antibiotics,
such as Amoxicillin, Doxycycline, Cephalexin, Ciprofloxacin,
Clindamycin, Gentamycin, and Azithromycin.(23)
Bacteria often develop resistance to antibiotics;
therefore, there is a constant search for alternative ways to
combat harmful bacteria. The application of a pulsed electric
field will help in preventing bacterial resistance. It has been
reported that stimulation or inhibition of bacterial growth is
dependent on the field strength of the electric field radiation
and types of bacteria.(24-26)
Therefore, this research studied the effects of electric
field frequencies on bacterial growth at different time
exposures, as well as the effects of the chosen range of electric
field frequency (0.2-0.4H z) on bacteria. The optical density
(OD), which is a measure of the quantity of light absorbed by a
bacterial suspension, was used to determine the growth in the
organism's cell mass. The TEM examined the ultrastructure of
the bacteria.

Materials and Methods
Throughout the study, test organism E. coli (ATCC
27853) was obtained from the plant and microbiology
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department, Faculty of Science, Cairo University, Giza, Egypt.
The bacterial strain was subcultured on nutrient agar plates.
Preparation of bacterial suspension
To prepare broth subculture, two cultured colonies of
bacteria grown on a nutrient agar plate were inoculated into
5ml sterile nutrient broth of pH 7.4±0.2 (Lab M Limited, UK)
in a test tube and incubated at 37°C for 24 hours (incubator
of plue pard, PH050A, Italy). After adjusting the bacterial
cell concentration to the 0.5 McFarland standard,(27) a
standardized bacterial suspension of 20µl (1.5×108 CFU/ml)
was distributed into 1.5ml broth media tubes: 1.5ml of broth
medium (organism-free) was used as a blank tube (negative
control), 1.5ml of broth media seeded with the microorganism
was used as a positive control, and a corresponding number
of test tubes were produced to be subjected to various
frequencies; each experiment was performed in triplicate, with
the average taken into account. The tubes were cultured for
24 hours at 37°C in a shaking (20 rpm) incubator (Orbital/
Reciprocal Shaking Water Bath, Boekel). Spectrophotometer
measurements of OD at 560nm per hour were used to create
growth curves for bacterial cell cultures (Humalyzer Primus
manufactured for Human GmbH. Germany).
Experimental setup
The exposure system was constructed at the Biophysics
Department, the Cairo University, to develop an electric field
generator with a frequency range of 0.1-20 Hz and frequency
intervals of 0.1 Hz. For each frequency, the duty cycle was
increased by 10% each time until there was a 100% variation.
When 12V was utilized as an input source, the microcontroller
was automated to manage a power supply circuit (Venus
Scientific INC, NY) that can generate high output voltage
up to 1500V of direct current signals. During the exposure
duration, two parallel copper electrodes were utilized to
conduct the signal, and the sample was positioned between
them as shown in Figure 1.

Fig. 1. Schematic diagram for the exposure device.

Investigation of the inhibition frequency of the E. coli bacteria
The standardized bacterial suspension (Luria Broth)
was used to make the cultured broth medium, which was then
incubated at 37°C for 24 hours. Subsequently, the bacteria
were divided into two groups: a control group that has not
been exposed and a group that has been exposed to ELFEF in
the frequency range (0.2-0.4Hz) with an interval frequency
of 0.1 Hz. OD values were taken every hour for four hours
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to monitor bacterial growth in both exposed and unexposed
samples.
Determination of the optimal exposure time
The standardized bacterial suspension was exposed to
an electric field at 0.2 Hz for different exposure time ranges
from 0.5 h to 2.5 h with an interval of 0.5 h. The samples
were incubated at 37°C at the end of the exposure duration.
The samples were shaken every hour and the absorbance was
recorded.
Antibiotic susceptibility test
Antimicrobial Drugs
Susceptibility testing was determined by three distinct
antibiotics: Keflex (K), piperacillin-tazobactam (PTZ), and
meropenem (MEM) against E. coli ATCC 27853 bacterial
strain.
Antibacterial Tests
The disc diffusion method was used to determine E. coli
susceptibility to these antibiotics. The fresh incubated E. coli
was suspended in sterilized saline (0.9% NaCl) until it was
adjusted to an 0.5 McFarland turbidity standard, resulting in a
suspension of 1.5×108 CFU/ml. E. coli suspension was
separated into two groups, control (unexposed) and exposed,
to ELFEF for 2 hours at inhibition frequency 0.2 Hz. After
the exposure period (2h), bacterial E. coli suspensions of two
groups were streaked on Mueller Hinton agar (MHA) plates.
With sterile forceps, the appropriate antibiotic discs were
placed on the agar surface; mild pressure was applied over
the surface of each disc to ensure contact. The plates were
incubated for 24 hours at 37°C. After that, each inhibition
zone’s diameter was measured by millimeters of the growth
inhibition zones. All tests were performed in triplicate.
Dielectric relaxation measurements for the bacterial cells
The dielectric measurements were carried out for the
samples in the frequency range 10Hz-MHz using a Loss
Factor Meter (type: HIOKI 3532 LCR Hi TESTER, version
1.02,1999, Japan), with a sample cell (PW 9510/60, Philips).
The sample cell had two squared platinum black electrodes of
0.64 cm2 area (A), which were separated 1 cm apart (d). The
capacitance of the samples was measured at each frequency
and the resistance was recorded at room temperature. The
absolute dielectric increment (ɛo), the relative permittivity (έ),
loss tangent (tan δ), dielectric loss (ε˝), conductivity (C) and
relaxation time (τ) of the samples were calculated for each
frequency using the following relations;
ɛʹ=C d / ɛo A
Eq. (1)
(δ)=1/2πƒC
Eq. (2)
ɛʺ=ɛʹ(δ)
Eq. (3)
τ =12πƒc
Eq. (4)
σ = 2πƒ ɛʺɛo
Eq. (5)
where fc is the critical frequency corresponding to the
mid-point of dispersion curves.
Morphological examination by TEM
TEM (JEM-1400; JEOL Ltd., Akishima, Tokyo, Japan)
was used to determine the morphological changes in E. coli
caused by exposure to an electric field at the most effective
frequency (0.2 Hz) for the most effective time (2 h). The
bacteria sample was centrifuged and the pellet was passed
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through some processing according to Demicheli et al.(28) CCD
camera model AMT, an optronics camera with 1632×1632
pixels, was used to capture the images for the processed
bacterial samples.
Statistical analysis was performed using the statistical
software package SPSS version 16.0 (SPSS Inc, Chicago,
IL). Variables were presented as the mean (M) and standard
deviation (SD). Multiple comparisons were performed
with one-way ANOVA. A probability value of P<0.05 was
considered statistically significant.

Results
Inhibition frequency of the E. coli bacteria
The bacterial growth curve of groups subjected to electric
pulses of frequencies in the range 0.2-0.4 Hz was compared
to that of the control group (Figure 2). After the groups were
exposed to 0.2 Hz, the findings revealed a highly significant
(P<0.05) growth inhibition. The changes in absorbance as a
function of the applied frequency between bacterial groups
exposed to the range 0.2-0.4 Hz and the control group are
shown in Figure 3. When compared to the control, the highest
growth inhibition (P<0.05) occurred after exposure to 0.2 Hz.

Fig. 2. The growth curve for control (unexposed
group) and exposed bacterial samples for 0.2, 0.3,
and 0.4 Hz.

Fig. 3. The variation in absorbance as a function
of frequency after 12 hours of incubation compared
to the control.
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Determination of exposure time
The growth inhibition of E. coli following exposure
to 0.2Hz for various exposure times was studied (Figure 4).
Two-hour treatment resulted in the greatest growth inhibition
(P<0.05) at the specified frequency (0.2 Hz).

(σ) for the control and exposed sample. The obtained data
indicated a high increase (P<0.05) in the relaxation time,
dielectric increment, and conductivity for the exposed sample,
compared to the control.
Table 2.
The relaxation time (τ), dielectric increment (∆έ) and
conductivity (σ) of control and exposed samples to ELFEF (0.2
Hz for 2 h)
Dielectric parameter
Test organism

Fig. 4. The exposure time for inhibition against OD.
The samples were exposed for different exposure times
ranging from 0.5 h. to 2.5 h with an interval of 0.5 h.

The antibiotic sensitivity test
Table 1 demonstrates the antibiotic sensitivity for
unexposed and exposed E. coli to 0.2 Hz for 2 hours, revealing
a substantial difference between the unexposed (control)
and exposed samples. Samples exposed to 0.2 Hz exhibited
high, significant sensitivity (P<0.01) to antibiotics Keflex,
Meropenem, and Piperacillin-tazobactam (cell wall synthesis
inhibitors) (Table 1). All antibiotics (K, MEM, and PTZ) used
in this study showed antibacterial activity against exposed
and unexposed test organism E. coli (Table 1). On the other
hand, the activity of the antibiotics was remarkably increased
against E. coli exposed to ELFEF, compared to unexposed E.
coli. Antibacterial activity of Keflex showed activity (21.5
mm and 17.5 mm) against exposure to ELFEF and unexposed
E. coli, respectively. Meropenem showed activity (20 mm and
10 mm) against exposure to ELFEF and unexposed E. col;,
finally, Piperacillin-tazobactam showed activity (19.5 mm and
16.0 mm) against exposed and unexposed E. coli, respectively.

Relaxation
time (τ)
(×10-6sec)

∆ὲ=(ὲ0 - ὲ∞)

Conductivity (σ)
At 1 MHz
(× 10-3 S/M)

E. coli control

2.2±0.26

1900.05 ±0.96

47.83 ±0.63

Exposed E. coli
to 0.2 Hz PEF

4.9±0.67

5159.43 ±0.53

167.44 ±0.33

Investigation of morphological changes by TEM
TEM pictures of control E. coli cells are shown in Figure
5 (a,b), demonstrating that the cells’ contents are un-damaged
and their shape is preserved. The cells have a smooth outer
membrane and a well-preserved cell envelope. Furthermore,
the cells displayed binary fission, indicating active metabolic
processes. Figure 5 (c,d) shows TEM images of cells subjected
to 0.2 Hz, which demonstrate breakdown and disintegration of
the cell wall as well as aberrant septation.

Table 1.
The average diameter in mm of the inhibition zones of antibiotics
against unexposed and exposed E. coli to ELFEF (0.2 Hz for
2 h)
Mean of inhibition zone diameter (mm)
Test organism

Antibiotics
K

MEM

PTZ

E. coli

17.50±0.27 10.00±0.10

16.00±0.24

Exposed E. coli to
0.2 Hz ELFEF

21.50±0.22 20.00±0.19

19.50±0.16

K, Keflex; MEM, Meropenem; PTZ, Piperacillin-tazobactam

The dependence of dielectric properties on ELFEF
Table 2, represented the values of the relaxation time
(τ), the dielectric increment (∆έ), and the electric conductivity

Fig. 5. (a-d) TEM images of exposed and unexposed E.
coli ATCC 27853 to ELFEF (0.2 Hz for 2 h). Transmission
electron micrographs of (a) Unexposed (normal) E. coli
a normal morphology and had a smooth and compact
cell membrane with homogeneous electron density in the
cytoplasm, (b) Unexposed E. coli cells undergoing binary
fission, (c) Exposed E. coli demonstrating deformation
of bacterial cell as the cytoplasm shrinks (arrow 1). The
nucleus is completely damaged (arrow 2), (d) Exposed E. coli
exhibit cell-wall disruption, damage to the cell membrane,
and leakage of intracellular cytoplasmic constituents was
observed (arrow).
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Discussion
Plotting cell growth (absorbance) versus incubation time
can be used to investigate bacterial growth. It was possible to
obtain a sigmoid standard growth curve. Thus, increasing the
turbidity of the broth medium indicated an increase in the E.
coli cell mass. When E. coli was placed into a freshly prepared
medium, it took time to adapt to the new surroundings. This
phase was called the Lag phase, in which cellular metabolism
was accelerated, cells grew larger, but the bacteria were unable to
multiply, and therefore cell mass was maintained. During the log
phase, E. coli was growing rapidly. All their metabolic activity
was increased, and the bacterial cells duplicated at a consistent
pace by binary fission. The maximum amount of growth medium
was used, the culture attained its maximum rate of growth, and the
number of bacteria increased logarithmically (exponentially). It is
known that E. coli split every 20 minutes, resulting in a 20-minute
generation time. E. coli consumes all of the nutrients in the
growth medium as the bacterial population grows, resulting
in fast multiplication. As a result, waste products, harmful
metabolites, and inhibitory chemicals like antibiotics accumulate
in the medium. This changes the medium’s parameters, such
as pH and temperature, making the environment unsuitable for
bacterial growth. The bacterium’s reproduction rate will drop
down until it eventually stops dividing entirely. The cell enters
the stationary phase of its life cycle.
The current study presented a novel strategy for
inhibiting the growth of hazardous E. coli strains by utilizing
a low-frequency electric field at an inhibitory frequency. The
current findings revealed that exposing E. coli to 0.2 Hz for
2 hours resulted in highly significant growth inhibition. The
low-frequency, inhibitory impact of the electric field was
caused by interference with bioelectric signals created by the
bacterial cells’ physiological processes, which disrupted the
physiological process in progress.(29) It could also be linked
to pH changes, antimicrobial agent synthesis, electrophoretic
transfer of antimicrobial compounds into the biofilm,(30)
hyperoxygenation, or the formation of extra biocide ions.
Changes in cellular membrane permeability or structure
may result in the loss of cell inter-constituents and/or the
penetration of extracellular elements into the cell. The main
source of the extremely substantial increase in electric charges
is assumed to be changed in the charge distribution on the
protein molecules of the cellular membrane, which can be
markers of structural changes in the cellular membrane.
Antibiotic sensitivity tests involving inhibition of
cell wall synthesis revealed a variation in diameter of the
inhibition zone significantly, approving the influence of the
inhibitory frequencies on the cell wall. Keflex, Meropenem,
and Piperacillin-tazobactam act as cell wall synthesis
inhibitors. All antibiotics (K, MEM, and PTZ) used in this
study showed antibacterial activity against exposed and
unexposed test organism E. coli (Table 1). On the other hand,
the activity of the antibiotics was remarkably increased against
E. coli exposed to ELFEF in comparison to unexposed E.
coli. In previous studies, Meropenem displayed antibacterial
activity as cell wall inhibitors against Enterobacteriaceae (E.
coli and Pseudomonas aeruginosa); moreover, Piperacillin/
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tazobactam was less active against Enterobacteriaceae but
not P. aeruginosa. Keflex (cephalexin) showed moderate
activities against E. coli isolated from children with urinary
tract infections. According to the results of A. Abduzaimovic
et al.,(31) the sensitivity of E. coli to cefuroxime was 89.87%,
ciprofloxacin - 89.24%, gentamicin - 89.24%, cefalexin
- 87.97%. E. coli resistance to ciprofloxacin was 9.49%,
gentamicin - 8.86%, cephalexin - 8.23%.
TEM images showed the rupture of the cell wall at
0.2Hz, allowing the observed loss of intercellular contents.
The results of dielectric properties indicated a pronounced
increase in the average values of the dielectric increment, the
relaxation time, and the conductivity for exposed samples. The
relaxation time and electrical conductivity are directly related
to the macromolecular electric dipole moment which in turn
is dependent on the size and charge of the macromolecule and
thus, the significant changes in dielectric relaxation may be due
to the redistribution of cellular and molecular charges. It has
been verified that ELF-EMF can affect membrane functions.
The frequency range used in the present study was extremely
low, compared to the previous studies that used 50Hz with a
moderate effect on E. coli.(32,33)

Conclusion
The current data suggest that treating E. coli with 0.2 Hz
for 2 hours is an effective, prospective, and novel technique
for reducing cellular growth and dramatic alteration in the cell
membrane. It has the feature of being non-invasive, rapid, safe,
and inexpensive when compared to conventional therapies,
and it may be used to treat human illnesses and to pasteurize
and sterilize food products. Future in vivo investigations on
the implementation of this approach to assess its suitability as a
biophysical therapy for E. coli infection will be possible based on
the results of this research.
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