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ORIGINAL PAPER

Escherichia coli Growth Changes by the Mediated Effects After
Low-Intensity Electromagnetic Irradiation of Extremely High
Frequencies

Heghine Torgomyan • Karlen Hovnanyan •

Armen Trchounian

� Springer Science+Business Media New York 2012

Abstract Water is the major constituent of environmen-

tal medium and biological systems. The effects occurring

in water as a result of low-intensity electromagnetic irra-

diation (EMI) in extremely high frequencies are supposed

to be the primary mechanism to create conditions for bio-

logical responses. The EMI effects on Escherichia coli,

after irradiation of their suspension, are most probably

water-mediated. Indirect effects of EMI at 51.8, 53, 70.6,

and 73 GHz frequencies on bacteria, through water, assay

buffer (Tris–phosphate buffer with inorganic salts at low or

moderate concentrations), or peptone growth medium were

studied. The mediated effects of 70.6 and 73 GHz irradi-

ated water, assay buffer, and growth medium on E. coli

growth characteristics were insignificant. But the results

were different for 51.8 and 53 GHz. EMI mediated effects

on bacterial growth were clearly demonstrated. The effects

were more strongly expressed with 53 GHz. Moreover, it

was shown that 70.6 and 73 GHz similarly suppressed the

cell growth after direct irradiation of E. coli in water or on

solid medium. Interestingly, for 51.8 and 53 GHz the

bacterial growth decreases after suspension irradiation was

less, compared to the direct irradiation of bacteria on solid

medium. Especially, it was also more expressed in case of

53 GHz. Also with electron microscopy, EMI-induced

bacterial cell sizes and structure different changes were

detected. In addition, the distinguished changes in surface

tension, oxidation–reduction potential and pH of water,

assay buffer, growth medium, and bacterial suspension

were determined. They depended on EMI frequency used.

The differences could be associated with the partial

absorbance of EMI energy by the surrounding medium,

which depends on a specific frequency. The results are

crucial to understand biophysical mechanisms of EMI

effects on bacteria.

Keywords Extremely high frequency electromagnetic

irradiation � Water � Bacterial growth � Colony numbers �
Cell morphology � Escherichia coli

Introduction

Electromagnetic irradiation (EMI) of extremely high fre-

quencies (range from 30 to 300 GHz frequencies), or milli-

meter waves (length of a wave from 10 to 0.1 mm), with low

intensity (power flux density till 10 mW/cm2) is widely

spread environmental physical factor [1–5]. The funda-

mental knowledge about EMI is very important, because of

its ubiquitous existence in almost any environment. It causes

biological response—stimulative and depressive effects on

living organisms at all levels of organization, including

bacteria [1, 2, 4–8]. Investigation of these EMI effects started

immediately, following the utilization of these frequencies in

satellite communication, radiometry, radar, and remote

sensing technologies [1, 2, 5, 7–9]. These devices produce

EMI of much higher degree of coherence than do the sources

of natural origin [7, 8]. This feature facilitates EMI
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discernment by organisms [10]. Biological effects mainly

depend on irradiation intensity and frequency, on composi-

tion of growth and irradiation media, and have a resonance

character [2, 4–6, 11–17]. Due to the feature to cause bio-

logical, especially bactericidal effects, EMI is used in ther-

apeutic practice as a mono-therapy or combined with drugs

(such as antibiotics) [1, 5, 6, 10, 18]. Moreover, this EMI has

disinfecting applications at moderately low temperatures in

treatment of agricultural wastewater and meat, rice, juices,

and other food products [19, 20]. Also, it is known that EMI is

used for long-range interactions between bacteria and dif-

ferent cells using water as a medium [21–23].

EMI energy without breaking molecular bonds can cause

the molecular dipoles to vibrate [3], inducing mechanical

resonance of system [23]. Bacterial effects of extremely high

frequency EMI might be explained by EMI effects on

charged particles containing structures and molecular

chains. This biophysical mechanism has not yet been clari-

fied although EMI can alter membrane properties [3–5, 13,

16, 17, 20, 24], exo-polysaccharide matrix [18], genome

conformations or prophage switches [2, 8, 25], and other

cellular structures [26, 27].

Moreover, EMI is absorbed by water and the effects on

bacteria can be mediated by the changes in water clusters

structures [3, 5, 12, 14, 28–32]. These effects might be

long-term [28, 30, 33]. But water molecules are considered

as EMI primary targets in their own resonant frequencies

(50.3, 51.8, 64.5, 65.5, 95, and 105 GHz) [6, 28, 30].

It has been shown that ‘‘noise,’’ from 53 to 68 GHz

frequencies EMI (from 4.2 to 5.6 mm) had depressing and

promoting effects on Escherichia coli growth either med-

iated by the water or buffer solution [11]. The effects were

similar to the direct irradiation ones. So, it is interesting to

understand the role of water or environmental liquid

medium in EMI bacterial effects.

The coherent EMI of 51.8, 53, 70.6, and 73 GHz fre-

quencies alter water molecules properties (absorbance,

conductivity, and pH) [5, 14, 29]. But these frequencies also

have dramatic decreasing effect on E. coli growth and via-

bility [5, 12–17]. Probably the oscillation of water molecules

can alter membrane protein conformation, degree of their

hydration, and other properties [2, 13, 14, 16, 17, 20, 24, 34].

Moreover, difference between direct bactericidal effects of

EMI at mentioned frequencies might also be associated with

their primary resonant interaction with bacteria. EMI,

therefore, can cause bacteria to vibrate and change metabolic

activity, especially associated with their membranes [20].

In this paper the coherent 51.8, 53, 70.6, and 73 GHz

frequencies EMI with low-intensity (low power flux density)

mediated effects on E. coli growth and cell morphology are

reported. The changes in water, assay buffer, liquid growth

medium and bacterial suspension properties were deter-

mined after EMI of mentioned frequencies.

Materials and Methods

Bacteria and Preparation to Assay

The E. coli wild type strain, K12(k), was grown in peptone

medium (0.2 % peptone, 0.5 % NaCl, and 0.2 % K2HPO4,

pH 7.5), in anaerobic conditions by fermenting glucose

(0.2 %) at 37 �C, till stationary growth phase (18–20 h).

Then, bacteria were harvested and concentrated by centri-

fugation. Thereafter, the bacteria were divided into two

parts—for control and for irradiation. For E. coli irradiation

in bi-distilled water bacteria were transferred into the Petri

plate with *1 mm suspension thickness [11–17]. Also, the

direct irradiation was performed after culture dilution and

spreading evenly over the surface of solid peptone agar

plates [14].

In order to determine the EMI effects on medium, Petri

plates with *1 mm suspension thickness of bi-distilled

water, assay buffer (150 mM Tris–phosphate buffer con-

taining 0.4 mM MgSO4, 1 mM KCl, and 1 mM NaCl, pH

7.5), or growth medium were prepared appropriately [11, 12,

14].

EMI Procedure

The irradiation of bi-distilled water, assay buffer, growth

medium, bacterial suspension, and bacteria on solid plate

was performed by G4-141 or G4-142 types EMI generators

(State Scientific-Production Enterprise [SSPE] ‘‘Istok,’’

Fryazino, Moscow Region, Russia) with coherent electro-

magnetic waves of 51.8 and 53 or 70.6 and 73 GHz fre-

quencies (5.79, 5.66, 4.23, and 4.11 mm wavelengths),

respectively. The irradiation time was 1 h. The amplitude-

modulation frequency was 1 Hz (frequency stability was

0.05 %) and the distance from the conical antenna to the

object of irradiation was *20 cm (the far zone); for this

distance, the power flux density measured using a power

meter (SSPE ‘‘Istok,’’ Fryazino, Moscow Region, Russia)

was 0.06 mW/cm2 (power was equally distributed in the

exposed sample and power reflected to the waveguide sys-

tem was insignificant). The other irradiation conditions were

as described previously [11–17, 24]. After irradiation of

bacterial suspension, cells were immediately transferred into

the fresh growth medium (diluted in 1:100). For revealing the

mediated effects of the 51.8, 53, 70.6, and 73 GHz fre-

quencies EMI on bacteria by bi-distilled water, assay buffer,

and growth medium, bacteria were incubated in irradiated

medium during 15 min and then transferred into the growth

medium with glucose [11, 12, 14]. It should be noted that in

Petri dishes the cell density was *2 9 108 cells in ml sus-

pension. This was not enough to allow the further division of

cells. Also EMI effects were almost the same for different

concentrations of exposed bacterial cells [14, 17].
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Bacterial Growth and E. coli Colony Characterization

Bacterial growth was monitored by determining absor-

bance of the culture (growth medium with 0.2 % glucose)

with the Spectro UV–Vis Auto spectrophotometer (Lab-

omed, USA) at the wavelength of 600 nm as before

[11–17]. The cure of the cells number dependence from the

time was taken. The lag growth phase duration was the

period before bacteria began to double. Bacterial specific

growth rate was calculated with 0.693/doubling time of

optical density of the culture [11–17].

Escherichia coli colonies were characterized following

the incubation at 37 �C for 20 h [14].

Electron Microscopy Assays

Escherichia coli cells were visualized by transmission

electron microscopy (TEM) as described [35, 36]. The

negative contrasting was performed using 2 % phosphoric-

tungsten acid solution (pH 6.8–7.0). Microscopic prepara-

tions of bacterial suspensions were made from bacterial

sediments after centrifugation at 3,000 rpm for 10 min that

were fixed by 2.5 % solution of glutaraldehyde in 0.1 M

cacodylate buffer (pH 7.4) (cacodylate buffer) during 2 h

under room temperature. After three-phase washing in the

cacodylate buffer, the cells were fixed by 1 % solution of

tetra-oxide osmium in the cacodylate buffer during 1 h.

After washing in the cacodylate buffer, dehydration of

sample was conducted in ethanol or acetone at their

increasing concentrations—30, 50, 70, 96, and 100 % and

potting by mixture of Araldite on Lufft. Then the bacterial

sediment was polymerized in thermostat at 37 and 59 �C in

Araldite preparations. Ultrathin sections were prepared

using an ultra-cutter and stained in the uranyl acetate and

lead citrate. The sections were checked with the electron

microscope (Tesla BS-500, Czechoslovakia). For scanning

electron microscopy (SEM), samples were installed after

fixing on metallic substrates and evaporations by particles

of gold in a vacuum-evaporator. Electron microscopy

imaging analysis was performed using the program

‘‘Video-Test Structure-5, nanotechnology.’’

Determination of pH, Redox Potential, and Surface

Tension

The pH of growth medium, assay buffer, and bi-distilled

water was measured using a fine pH-potentiometer with

selective electrode (HJ1131B, HANNA Instruments, Por-

tugal). When needed, pH was adjusted by small amounts of

0.01 M HCl or NaOH.

The growth medium, assay buffer, bi-distilled water,

and bacterial suspension redox potentials (Eh) were mea-

sured with potentiometric method using the platinum (Pt)

(EPB-1, Gomel State Enterprise of Measuring Equipment,

Gomel, Belarus [GSEME], or PT42BNC, HANNA Instru-

ments, Portugal) and titanium-silicate (Ti–Si) (EO-2,

GSEME) redox electrodes [17] and were recorded in mV.

Pt electrode is sensitive to the presence of H2 and O2,

whereas Ti–Si electrode measures the overall Eh in

suspension.

The growth medium, assay buffer, bi-distilled water, and

bacterial suspension surfaces tensions were measured with

Du Noüy ring method [37]. The force is measured on a ring

shortly before a liquid film tears using a torsion meter. The

surface tension is calculated from the diameter (0.6 cm) of

the ring and the tear-off force. Surface tension of liquids

against air was recorded in dyn/cm.

Reagents and Data Processing

Agar, peptone (Sigma, USA), and glucose (Borisov Med-

ical Preparations Plant, Borisov, Belarus) as medium

components and other reagents of analytical grade (Carl

Roths GmbH, Germany; Unichem, China) were used.

The average data processed were statistical from three

replicates of independent measurements at 37 �C (except

electron microscopy assays). The SigmaPlot software was

used for determination of the standard errors (\3 %) and

the Student’s t test calculation was performed with the

validity criteria (p) (validity for the difference between the

changed values for each average data with irradiated bac-

teria and the non-irradiated control; if not mentioned,

p B 0.001) [14, 16].

Results

EMI Direct Effects on E. coli Growth, Colony

Formation, and Structure

It was shown that E. coli growth rate decrease after irra-

diation of bacterial suspension was more visible with 53

and 51.8 GHz, than with 73 and 70.6 GHz (Fig. 1b).

Compared with non-irradiated control the growth rate

decreases were 32 % (p = 0.018), 43.5 % (p = 0.004),

18.9 % (p = 0.0025), and 26.7 % (p = 0.003) with 51.8,

53, 70.6, and 73 GHz, respectively. In the mean time,

E. coli growth lag-phase duration was increased after EMI

(Fig. 1a). The effect was more visible with 53 GHz, when

the lag-phase was prolonged by 61 % (p = 0.003) com-

pared with non-irradiated control (100 %). Such prolon-

gation was less with 51.8, 73, and 70.6 GHz, i.e., 31 %

(p = 0.004), 25 % (p = 0.018), and 15 % (p = 0.018),

respectively.

The effects are not just linked with the energy of EMI;

because higher the frequency of EMI, greater is the energy
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of a photon associated with it. Differences are also attached

with the different EMI effects on the structure of sur-

rounding water molecules [33]. Probably water molecules

absorb the EMI energy at specific frequencies [5, 6, 12, 14,

17, 21, 28, 30], which may be the first mechanism in cre-

ation of conditions for biological response.

On the other hand, resonance-like absorption of the EMI

energy of 51.8, 53, 70.6, and 73 GHz by bacteria on solid

growth medium and the number decrease of settled colo-

nies compared to non-irradiated control (100 %) also

occurred. The effects were more expressed with 51.8 and

53 GHz (Fig. 2). The number decreases of the settled

colonies compared with non-irradiated control was 38 %

(p = 0.004) with 51.8 GHz and 72.5 % (p = 0.003) with

53 GHz. Also, the decrease that occurred with the fre-

quencies of 70.6 and 73 GHz, compared with non-irradi-

ated control, was 22.2 % (p B 0.001) with 70.6 GHz and

30.6 % (p B 0.001) with 73 GHz (see Fig. 2). Interest-

ingly, in all cases EMI influenced not only on decreases of

the colonies numbers, but also on their dimensions (not

shown) [15]. As it was shown with 70.6 and 73 GHz

frequencies, the cell growth was suppressed similarly after

direct irradiation in water and on solid medium. Interest-

ingly, for 51.8 and 53 GHz frequencies the growth

decrease after suspension irradiation was less compared

with the irradiation on solid medium. These differences

could be associated with the EMI energy partial absorbance

by water, which changed the energetics of unshared pairs

of electrons in water molecules and created ionic and ori-

entation defects [29].

EMI Mediated Effects on E. coli Growth

Indirect effects of EMI at the frequencies of 51.8, 53, 70.6,

and 73 GHz on bacteria, by means of water, assay buffer,

or growth medium (see ‘‘Materials and Methods’’ section)

were examined. Compared with non-irradiated control

(100 %), lowering the growth rate in the case of water

irradiated with frequencies 51.8, 53, 70.6, and 73 GHz was

35 % (p = 0.004), 60 % (p = 0.003), 0.6 % (p = 0.356),

and 2.8 % (p = 0.351), respectively (Table 1). The buffer

irradiated with 70.6 GHz had no effect on the E. coli

specific growth rate. The irradiated buffer had increasing

effect in the cases of 51.8, 53, and 73 GHz—50 %

(p = 0.0025), 75 % (p = 0.003), and 1.5 % (p = 0.351),

respectively, on bacterial growth (see Table 1). 51.8, 53,

and 73 GHz irradiated growth medium had depressive

effect on bacterial growth—the decrease was 30.5 %

(p = 0.007), 51.3 % (p = 0.004), and 7 % (p = 0.669),

respectively, compared with the control. All over again no

effect was recorded with 70.6 GHz (see Table 1).

The prolongation of growth lag-phase duration indicates

about the unfavorable conditions for bacterial growth
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Fig. 1 The E. coli K12 lag-phase duration (a) and specific growth

rate (b) after irradiation at the frequencies of 51.8, 53, 70.6, and

73 GHz in bi-distilled water. As the control non-irradiated bacteria

were used (100 %). Bacteria were grown in peptone medium with

0.2 % glucose at pH 7.5 under anaerobic conditions at 37 �C. For

others, see ‘‘Materials and Methods’’ section. The data with 51.8 and

53 GHz were taken from [5, 14, 15]
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Fig. 2 The changes in the number of E. coli K12 colony-forming

units spread on solid growth medium after irradiation at the

frequencies of 51.8, 53, 70.6, and 73 GHz. The presented data of

70.6 and 73 GHz were adapted from [5, 14]
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[5, 16, 17]. Lag-phase had no changes in the cases of 70.6

and 73 GHz irradiations (see Table 1). The visible lag-

phase prolongations concerned to the water, buffer, and

medium mediated effects of 51.8 and 53 GHz were

detected (see Table 1). After water exposure to 51.8 and

53 GHz the lag-phase was increased by 73 % (p = 0.011)

and 130 % (p = 0.003), respectively, compared with con-

trol; in the case of buffer they were—by 47 % (p = 0.013)

and 65 % (p = 0.018), and in medium—13 % (p = 0.05)

and 21 % (p = 0.042), respectively.

So, from the results obtained it might be referred that

mediated consequence of 70.6 and 73 GHz irradiated

water, assay buffer, and growth medium on E. coli growth

was absolutely insignificant due to not great difference in

p values of compared groups. It is different for 51.8 and

53 GHz, because clear inhibitory effects on bacterial

growth were demonstrated, especially with 53 GHz.

EMI Effects on E. coli Cell Sizes and Structure

In order to find out the changes in cell sizes and structure by

EMI, electron microscopy analysis of E. coli cells was per-

formed. It was shown that after EMI with 51.8, 53, 70.6, and

73 GHz compared with non-irradiated control, bacterial cell

sizes and structure changes occurred (Table 2; Fig. 3).

Bacterial cells widths changes were negligible but the

lengths increased significantly; more changes were observed

with 70.6 GHz (see Table 2). Compared with non-irradiated

control, after the irradiation with 53 and 73 GHz (see Fig. 3)

and 51.8 and 70.6 GHz (not shown) the number of fila-

mentous cell forms increased; outer membrane bulging,

cytoplasm vacuolization, and bacterial shape changes by

EMI were also detected. These results indicate that EMI

affects on E. coli cell morphology; a further study is required.

The results obtained are likely to the proposal that EMI

of lower frequencies cause temporary alterations in cell

morphology [38] and modify the cytoplasmic membrane

leading to the damage of permeability of membranes to

nucleotides [39].

Besides, lipid membranes–water interfaces are known to

be dielectric transition regions. Their local organizations

are sensitive to weak electric field with dramatic conse-

quences on the membrane structure and functioning. There

is evidence that low-intensity EMI of extremely high fre-

quency (at specific frequencies) can destabilize the struc-

ture of hydrogen bonds in water near the membrane surface

and within the cell [32]. This by its turn affects on the

cellular functions and creates conditions for biological

response [5, 16, 31]. It is not ruled out that the alterations

in cell morphology might result by changes in water

properties.

EMI Effects on Water, Assay Buffer, Growth Medium,

and Bacterial Suspension Properties

The surface tension, Eh and pH of water, assay buffer,

growth medium, and bacterial suspension were determined

in control (without irradiation) and after irradiation of 51.8,

53, 70.6, and 73 GHz frequencies. pH values were deter-

mined for assay buffer, growth medium, and bacterial

Table 1 The E. coli K12-specific growth rate and lag-phase duration after 15 min incubation in bi-distilled water, assay buffer, and growth

medium irradiated with the frequencies of 51.8, 53, 70.6, and 73 GHz

Conditions Specific growth rate (h-1) Lag-phase duration (h)

Controla 0.9 ± 0.01 1.16 ± 0.02

Irradiation frequency (GHz) Water Assay buffer Growth medium Water Assay buffer Growth medium

51.8 0.59 ± 0.01 1.35 ± 0.02 0.63 ± 0.01 2.00 ± 0.03 1.70 ± 0.02 1.30 ± 0.03

53 0.36 ± 0.01 1.58 ± 0.02 0.44 ± 0.01 2.65 ± 0.01 1.90 ± 0.03 1.40 ± 0.02

70.6 0.90 ± 0.01 0.90 ± 0.01 0.90 ± 0.02 1.20 ± 0.02 1.10 ± 0.03 1.16 ± 0.02

73 0.88 ± 0.02 0.91 ± 0.02 0.96 ± 0.03 1.20 ± 0.01 1.20 ± 0.02 1.16 ± 0.01

a In the control, bacteria were grown correspondingly after incubation in non-irradiated water, buffer, and growth medium (see ‘‘Materials and

Methods’’ section), and the data were the same; p \ 0.01

Table 2 E. coli cell sizes in control and after EMI of 51.8, 53, 70.6,

and 73 GHz frequencies

Conditions Linear sizes (lm)

Width Length

Control 0.55 ± 0.05 1.85 ± 0.02

51.8 GHz 0.70 ± 0.03

p = 0.05

1.90 ± 0.01

p = 0.03

53 GHz 0.65 ± 0.01

p = 0.05

2.50 ± 0.05

p = 0.01

70.6 GHz 0.70 ± 0.01

p = 0.025

3.00 ± 0.05

p = 0.01

73 GHz 0.60 ± 0.01

p = 0.01

2.25 ± 0.02

p = 0.01

Irradiation time was 1 h; in control the measurements were done after

1 h; E. coli was cultivated till stationary growth phase (18–20 h); for

others, see ‘‘Materials and Methods’’ section

Cell Biochem Biophys

123



suspension (for water pH changes were determined in

previous works [5, 14]). The surface tension was calculated

for all cases—the surface tension values of water, assay

buffer, growth medium, and bacterial suspension were

71.0, 59.2, 65.1, and 66.0 dyn/cm, respectively. The

insignificant changes of these values occurred only in some

samples—the decrease in assay buffer with 51.8 and

53 GHz, and in bacterial suspension with 70.6 and

73 GHz; but there were not large differences in values of

samples compared with their non-irradiated controls.

Interestingly, the changes of pH values were detected

only for bacterial suspension, and the values increase only

for irradiation with 53, 70.6, and 73 GHz—1.05-, 1.02-, and

1.1-fold, respectively (p = 0.03, 0.05, 0.042) (Table 3).

The oxidation–reduction processes are known to provide

the vitality of living organisms, especially of bacteria

[16, 32]. The water Eh value mainly indicates that the redox

processes occurred in medium and in biological systems. In

this study the Eh data obtained from Pt and Ti–Si electrodes

represented Eh state of liquids. It was interesting that Eh

A

B

C
1 

1 

1 

2

2

2 

Fig. 3 Microphotographs of

E. coli K12 cells in control

(a) and after bacterial

suspension irradiation at the

frequencies of 53 (b) and

73 GHz (c). TEM with scale
bar 1.5 lm (1) and SEM with

scale bar 5 lm (2). For others,

see ‘‘Materials and Methods’’

section
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values of both electrodes in peptone medium decreased, but

in buffer and bacterial suspension only Ti–Si electrode

readings were decreased after irradiation of 53, 70.6, and

73 GHz (see Table 3). After EMI of 51.8 GHz, Eh value of

Ti–Si electrode in buffer was not changed, but in bacterial

suspension it was decreased. In water at pH 4.0 and pH 8.0

Pt electrode readings were not changed, but the records of

Ti–Si electrodes were increased (Table 4), although at pH

6 value, both the electrodes values were decreased. The

changes in Eh values could indicate the changes in water

and in other studied mediums after EMI of these frequen-

cies. Probably, EMI promoted modification of water

molecular cluster structuring [28, 30] and increase of free

H? and OH- dispersions; the number of excited water

molecules increased. So, Eh values and dissolving proper-

ties of water were changed. Also it was known that water

with solved air gases creates complex oscillatory redox

system [32]. The parameters of oscillation in water are

significantly more sensitive to physical actions (shaking,

pouring, moderate heating, exposure to EMI in a wild

range of frequencies) and adding various compounds,

which can increase the reactive oxygen forms in it [32].

Moreover, local super-saturation of air and changes in

gases content in water after EMI could occur [40].

Discussion

Low-intensity EMI effects of 51.8, 53, 70.6, and 73 GHz

frequencies on E. coli suspension have been studied by

determining bacterial growth and metabolic processes in

previous works from Trchounian’s lab [5, 11–17]. The

approaches were aimed to understand the role of water and/or

of the bacterial membrane in the responses of bacteria to such

action. These frequencies cause changes in membrane struc-

ture, dynamics, specific interactions between components,

oxidation–reduction and functional state of proteins, and

membrane-associated metabolic processes.

EMI signals can directly drive the main physiological

processes within cell at sharply defined frequencies; these

processes require ATP. This means that the influence on

the proton F0F1-ATPase, which is the main membrane

component and enzyme of bioenergetic relevance, can alter

cell functions [13, 16, 17, 24]. After such exposure, sig-

nificant changes in the activities of E. coli membrane-

associated enzymes and transport systems—H? transport-

ing F0F1-ATPase, formate hydrogen lyase (FHL), and

TrkA (K? transport) system—occurred. Also, depression

of H2 production was due to the changed dithiol-disulfide

transitions between FHL, the F0F1-ATPase, and H?/K?

transporting processes [5, 13, 16, 17, 24]. 51.8 and 53 GHz

frequencies with the most probability have the primary

effects on the F0F1-ATPase activity [5, 13]. But, 70.6 and

73 GHz EMI most likely, primarily do not affect F0F1, but

change the interaction between membrane proteins, espe-

cially through disulfide cross-links, by modifying their

structure and stability [5, 16, 17]. Moreover, straightened

Table 3 The pH and Eh values of growth, buffer mediums, and bacterial suspension in control and after EMI of 51.8, 53, 70.6, and 73 GHz

frequencies

Conditions Control 51.8 GHz 53 GHz 70.6 GHz 73 GHz

pH Eh
a (mV) pH Eh(mV) pH Eh(mV) pH Eh(mV) pH Eh(mV)

Medium 7.21 238/182 7.21

p = 0.63

154/110

p = 0.03

7.27

p = 0.36

140/91

p = 0.025

7.26

p = 0.67

132/89

p = 0.042

7.21

p = 0.67

153/107

p = 0.018

Buffer 7.49 212/57 7.49

p = 0.56

201/54

p = 0.352

7.52

p = 0.67

215/30

(p = 0.01)b

7.49

p = 0.63

215/38.9

(p = 0.025)

7.49

p = 0.47

198/19.9

(p = 0.015)

Bacterial suspension 6.7 20/7 6.8

p = 0.03

55/26

(p = 0.05)

7.05

p = 0.02

19/-12.4

(p = 0.042)

6.95

p = 0.01

47/-10

(p = 0.03)

7.35

p = 0.015

38/-10

(p = 0.01)

For conditions, see legends to Table 2 and ‘‘Materials and Methods’’ section
a Eh values of Pt/Ti–Si electrodes
b p value was for Ti–Si electrode readings, for Pt electrode records p value indicated non-valid change compared with non-irradiated control

(not presented)

Table 4 The water Eh values measured for different pH values in

control and after EMI of 51.8, 53, 70.6, and 73 GHz frequencies

pH Eh values of Pt/Ti–Si electrodes (mV)

Control 51.8 GHz 53 GHz 70.6 GHz 73 GHz

4.0 456/289

p = 0.05

459/349

p = 0.03

475/352

p = 0.03

435/328

p = 0.02

499/372

p = 0.04

6.0 418/174

p = 0.05

378/160

p = 0.003

345/144

p = 0.01

367/152

p = 0.025

298/142

p = 0.01

8.0 325/109

p = 0.025

321/120

p = 0.01

330/142

p = 0.01

317/112

p = 0.03

354/129

p = 0.05

For conditions, see legends to Table 2 and ‘‘Materials and Methods’’

section
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effects of antibiotics on EMI-exposed bacteria evidenced

their common and supplementary action mechanism on

cells, in which the cell membrane probably played the main

role [5, 13, 15, 17].

Moreover, the difference in the bacterial effects of EMI

at 51.8, 53, 70.6, and 73 GHz frequencies might be asso-

ciated with different effects on electro-physical parameters

of bi-distilled water [5, 14]. At the near ultraviolet region

(200–340 nm) water absorption was more increased after

exposure to 51.8 and 70.6 GHz, less to 53 GHz, and was

not changed with 73 GHz. Also, these frequencies had

different effects on the water pH values changes (see

Tables 3, 4). In case of 51.8 GHz the acidification occurred

for water at pH 6.0 and 8.0. However, in cases of 70.6 and

73 GHz water pH at 6.0 was increased, and water pH at 8.0

was decreased [5, 12, 14]. Additionally, pH values of assay

buffer and growth medium were not changed but altera-

tions in bacterial suspension were observed after EMI.

Moreover, the surface tension of water, assay buffer,

growth medium, and bacterial suspension after EMI was

not changed (see Tables 3, 4). The changes in Eh values

indicated the modifications in water, in studied mediums,

and in bacteria after EMI.

That is why the study was performed to understand the

role of liquid medium (water, assay buffer, and growth

medium) in bactericidal effects of low-intensity (0.06 mW/

cm2 power flux density) EMI of 51.8, 53, 70.6, and 73 GHz.

The E. coli suspension irradiation with the most probability

occurred by water mediation at the frequencies of 51.8 and

53 GHz. This also indicated the clear medium mediated

effects on bacterial growth with 51.8 and 53 GHz, which

was more with 53 GHz. Interestingly, for 51.8 and 53 GHz

the growth depression after suspension irradiation was less

compared with the direct irradiation of bacteria on solid

medium, especially with 53 GHz (see Fig. 2). These dif-

ferences could be connected with the EMI energy partial

absorbance by the surrounding medium, which depends on

a specific frequency. In contrast to 51.3 and 53 GHz, the

mediated effects of irradiated water, assay buffer, and

growth medium with 70.6 and 73 GHz on E. coli growth

were non-significant (see Table 1; Figs. 1, 2). Moreover,

there were no noticeable differences in the results of growth

suppression after irradiation in water or on solid medium

with 70.6 and 73 GHz (see Table 1; Figs. 1, 2). The results

point out that 51.8 and 53 GHz (resonant frequencies for

water) induce more strong effects on E. coli than 70.6 and

73 GHz frequencies do (not resonant frequencies for water).

EMI energy of used frequencies is lower than the energy

necessary to split molecular bonds for electrons transitions,

activation energy, energy of molecular vibration, and

others but it is higher than the molecular rotational energy

around bonds, the energy of Cooper pairings in supercon-

ductivity, and energy of magnetic ordering [3, 6]. So, such

EMI can affect the rotational degree of free molecules and

influence their conformational states. There is evidence

that water undergoes EMI-induced structural changes

especially at 50–70 GHz frequencies, which are close to

the rotational frequencies of water cluster structures. Such

restructuring remains for extended periods of time [3, 14,

28–33]. While interacting with living systems, EMI-

exposed water is able to induce different biological effects

corresponding to EMI parameters and exposure duration

[3, 5, 11, 12, 14, 31]. It is known that after EMI absorption,

water molecules (the primary molecular targets for EMI)

are able to transport EMI energy to primary physiological

targets to protein molecules by their hydration [3, 20, 32,

34]. It was found that the absorbing ability of water in

solution is lower than that of pure water and is dependent

on the solute molecular characteristics. This phenomenon

is explained by the decrease in the rotational mobility of

water molecules [33, 34]. There is evidence that low-

intensity EMI of extremely high frequency (at specific

frequencies) can destabilize the structure of hydrogen

bonds in water near the membrane surface and within cell

[32], altering the cell functions [5, 16, 31].

On the other hand, it is well known that cell membranes

or their parts are in a vibrational state at extremely high

frequencies [3, 10]. The oscillations of dipoles in membrane

occur with the very low intensity of 10-23 W. So the irra-

diation with used intensity can have a valuable effect on

dipole vibrations of bacterial membrane resulting in possi-

ble macromolecular conformational transitions [10, 21].

Moreover, EMI can induce the primary conformational

changes of macromolecules on bacterial membranes [26]

and result in the changes in cell structure and functions

[5, 13, 16, 17, 24]. EMI can alter membrane properties such

as membrane structure, dynamics, specific interactions

between components [3–5, 13, 16, 17, 20, 24]. Changes in

membrane might reflect on cell morphology. It was shown

that microwaves of lower frequencies cause temporary

alterations in cell morphology [38]. The changes in cell

sizes were visualized by electron microscopy after irradia-

tion of bacterial suspension with 51.8, 53, 70.6, and 73 GHz

also (see Table 2; Fig. 3). Alterations in bacterial cell shape

and structure were also detected (see Table 2; Fig. 3).
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