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Abstract: In this mini-review, we summarize the current hypotheses, theories and experimental evidence
concerning the electromagnetic activity of living cells. We systematically classify the bio-electromagnetic
phenomena in terms of frequency and we assess their general acceptance in scientific community. We
show that the electromagnetic activity of cells is well established in the low frequency range below 1 kHz
and on optical wavelengths, while there is only limited evidence for bio-electromagnetic processes in ra-
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dio-frequency and millimeter-wave ranges. This lack of generally accepted theory or trustful experimental results is the
cause for controversy which accompanies this topic. We conclude our review with the discussion of the relevance of the

electromagnetic activity of cells to human medicine.
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INTRODUCTION

Living cells are electromagnetically active. While some
electromagnetic processes in cells have been experimentally
observed, explained by recognized biophysical phenomenon,
and their purpose is known as well as covered in textbooks,
there are also phenomena which are either only speculated or
not sufficiently proved yet. It is still not clear to which extent
may the particular mechanism of electromagnetic activity be
understood as a general phenomenon in biology and whether
it may be expected to play an important role in the physiol-
ogy of cells. Generally, the proved or hypothesized mecha-
nisms underlying electromagnetic processes in cells are dis-
tinctive in terms of frequency. In this mini-review, we sum-
marize current knowledge about the electromagnetic activity
of cells with respect to frequency - we cover the electromag-
netic spectrum from extremely low frequencies up to visible
light and beyond (Fig. 1).

Comprehensive knowledge of electromagnetic activity is
important for several reasons. Firstly, the deeper understand-
ing of electromagnetically active processes in cells may open
a new way for diagnostics. Secondly, we can expect that
these processes could be affected by external complementary
electromagnetic fields. This would be important for novel
therapeutic methods. And last but not least, the approach we
advocate here is that if we understand the function of en-
dogenous electromagnetic field in cells, we might be able to
modulate this field and its effects perhaps by using chemical
substances rather than external electromagnetic fields.
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INTRODUCTION TO ELECTROMAGNETICS

Electromagnetics cover various forms of the electromag-
netic phenomena, but all of them are, in fact, connected with
the same physical reality - the electric charge. Depending on
the most pronounced specific feature of the field, we talk
about the electric field, the magnetic field or electromagnetic
waves. Here we are exclusively focused on (i) non-stationary
electric fields, i.e. the non-radiative electric field which
changes over time, and (ii) electromagnetic waves, i.e. elec-
tromagnetic radiation. From a classical point of view, gen-
eration of electromagnetic radiation takes place when the
electric charge, either free or bounded in molecules, under-
goes a non-uniform movement; typically oscillation. On the
other hand, quantum approach attributes generation of elec-
tromagnetic radiation in the form of photons to radiative
transition of charged particles from a higher energy level to a
lower one.

ELECTROMAGNETIC ACTIVITY OF CELLS VER-
SUS FREQUENCY

This mini review is structured in terms of frequency. We
start with low frequency phenomena and continue through
radiofrequency band and millimeter waves up to light. We
review the mechanism, purpose and the measure of under-
standing of electromagnetic phenomena at these frequencies
in cells (Fig. 2). The very well-known phenomena are cov-
ered only briefly by references to more comprehensive litera-
ture, while less understood phenomena are discussed with
more details.

Sub kHz - Ionic Currents
The bioelectromagnetic phenomena in the region be-
tween the stationary field and the oscillatory field with the
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frequency up to hundreds of Hz are widely known and very
well understood [1,2]. They are caused by electrochemical
potentials between two sides of biological membranes. The
electric potential difference is established through different
concentrations of ions on two sides of the membrane. The
lipid bilayer forming the membranes forms the barrier for the
diffusion of ions. Using ion channels and ion pumps, which
are active protein complexes incorporated into the mem-
brane, cells may actively maintain the concentration gradient
of ions between both sides of the membrane. Nonexcitable
cells maintain their electrostatic potential stable from the
macroscopic point of view, while excitable cells like neurons
or muscle cells are able to actively modulate their potential
and generate a so-called action potential which serves for
signaling purposes. Since the fluctuations of the membrane
potential are connected with nonstationary ionic currents, i.e.
acceleration of the electric charge, one may expect that
electromagnetic radiation will be generated during this
process. However, such radiation has very low power and,
moreover, it is effectively attenuated by conductive
physiological buffers. Therefore, we understand this
phenomenon as non-stationary low-frequency electric field.

Several processes related to ion oscillations and frequen-
cies exceeding the range of classical electrophysiology and
reaching MHz have been proposed. Pohl suggested waves of
electric charge as a result of coupling of oscillating chemical
reactions with mobile ions in physiological buffers [3,4]. He
estimated that the frequency of such oscillations can reach
up to about 1 MHz. However, the only experimental tests of
this hypothesis were indirect and involved micro-
dielectrophoresis [4-10]. Pohl did not investigate the pro-
posed mechanism itself.

Tsong et al. proposed electroconformational coupling
(ECC) for cellular enzymatic systems [11-15]. In this theory,
enzymatic systems, particularly those in membrane struc-
tures, are able to receive, process and transmit high and me-
dium level intensity periodic potentials, e.g., electric poten-
tials. The ECC theory describes a four-state enzyme system
that converts electric field energy into chemical potential
energy if the frequency and the strength of the applied field
properly match the characteristics of the system. There is a
lot of experimental evidence for the validity of this hypothe-
sis [13,16-18]. Tsong also proposed that the inverse process
to that ECC of enzymes described above can generate local
oscillatory electric field in kHz - MHz range [19]. This in-
verse process has not yet been confirmed experimentally.

Radio-Frequency and Lower THz - Unexplored Terri-
tory

Electromagnetic activity of cells in the radio frequency
band is the least explored and at the same time the most con-
troversial issue. On the one hand, there is no generally ac-
cepted theory and undoubted experimental observation of
electromagnetic activity of cells in this region. On the other
hand, there are high expectations that electromagnetic activ-
ity of cells in this region would open a completely new field
of cell biology. The controversy of this topic comes from the
imbalance of promising implications, that the electromag-
netic activity of cells in this frequency region should have,
and the absence of defensible experimental evidence for such
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an activity. Since it is an unproved and at the same time a
widely discussed phenomenon, we will discuss it in detail.

Generally, the conditions for generation and propagation
of radio-frequency and microwave electromagnetic radiation
are optimistic, because the screening by ions does not have
such influence on higher frequencies.

Theories Related to Electrically Polar Mechanical Oscilla-
tions

Several theories were proposed how cellular processes
may give rise to electromagnetic field in the radio-frequency
and lower THz ranges. The prominent hypothesis, which
inspired research in this frequency region, was proposed by
Frohlich [20-23] who postulated that electrically polar intra-
cellular structures may undergo coherent longitudinal vibra-
tions in a non-linear regime. Under certain conditions, the
energy would condense in an ordered fashion in few modes
of motion and establish long-range correlation on a macro-
scopic scale. Frohlich's model implies the existence of an
electrodynamic activity of bio-molecules in the range be-
tween 100 GHz and 1 THz. There have been attempts to
prove the existence of such predicted coherent vibrations by
the Raman spectroscopy [24-28], but findings presented in
these works were later considered as probable artifacts [29-
33]. Frohlich's hypothesis is not generally accepted nowa-
days due to the absence of experimental evidence. However,
recent theoretical analysis indicates that at least one part of
Frohlich's model is biologically feasible [34]. Despite its
controversy, Frohlich's hypothesis still inspires new studies
[35,36].

The very recent view of Frohlich's hypothesis [35,36]
considers microtubules, which hypothetically vibrate due to
energy feeding from mitochondria, as structures generating
the electromagnetic fields. However, we must repeat that
despite the large number of works it inspired, Frohlich's hy-
pothesis was not experimentally confirmed yet.

Mechanical vibrations of electrically polar structures in
cells are, thanks to the straightforward simplicity of the con-
cept, the most popular hypothetical mechanism of generation
of an electromagnetic field in cells. Beside Frohlich's hy-
pothesis, there are several other theories describing electro-
magnetic activity of cells by this mechanism.

Cell membrane related theory of high frequency electro-
magnetic field generation considered vibrations of the polar
cellular membrane as a mechanism for generation of
acousto-electrical waves [37,38]. The deformations of mem-
brane were predicted to cause (i) departure from symmetry
and consequently (ii) a nonzero electromagnetic radiative
component where its intensity depends on the deviation from
the healthy state; in the case of healthy non-dividing cells,
both the radiation from and the electromagnetic sensitivity of
the cells is lowest. Vacuum wavelengths of the generated
electromagnetic waves fall into the region of millimeter
waves due to geometric and mechanical properties of the
cellular membrane.

A prominent role in the hypothetical electromagnetic ac-
tivity of cells is, from historical reasons, played by microtu-
bules. Nano-electromechanic properties of microtubules
make them good candidates for the generation of an electro-
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magnetic field, if they vibrate. Besides Frohlich's hypothesis,
also other experimentally proven phenomena were consid-
ered to drive these vibrations [39]. In silico calculations of
the electromechanical vibrations of microtubules have shown
that the vibrations generate very high intensities of electric
field, but only in the region within a few nanometers around
the microtubule [40-42]. However, there is an ongoing de-
bate about the possibility of microtubule vibrations in vivo.
Foster and others argue that the damping by cytosol pre-
cludes microtubules to vibrate [43]. On the other hand, it was
argued that the damping may be significantly lower due to
interfacial effects [44]. It is important to note, that the micro-
tubules do not necessarily need to have the character of the
oscillator in order to be brought into vibrations, but the en-
ergy transfer into vibrations of a specific frequency would be
highly inefficient in this case.

Another proposed mechanism of generation of a micro-
wave electromagnetic field in cells is connected with the
hypothetical electrosolitons in proteins. This proposed
mechanism involves both vibration of molecules and elec-
tron transport. The original inspiration comes from the work
of Davydov [45], who predicted solitons in alpha-helices of
proteins. This work was further developed and modified into
the concept of electrosoliton by Brizhik ef al. [46-49] in the
context of electromagnetic activity of cells. But at the same
time, there are still open theoretical questions about the exis-
tence of Davydov soliton itself [50,51]. Experimental tests
did not bring evidence for Davydov soliton in biological
systems [52] and there are no direct experimental tests of
electrosolitons existence up to our knowledge.

Theories Related to Electron Oscillations

It is still not clear what are the actual mechanisms and
frequency ranges for charge oscillations in biomolecules
which could give rise to an electromagnetic field. Ions within
cells and electrons / polarons with sufficient mobility in bio-
molecules could be able to oscillate in the kHz - THz region
(up to only MHz for ions). One of the necessary conditions
for the oscillation of electrons in bio-molecules is their elec-
tronic conductivity, which is being intensively studied. One
bio-molecule that is known to conduct electrons is DNA
[53,54]. One speaks (for DNA) of a so-called phonon as-
sisted conductivity attributed to polarons [55-57], which are
quasiparticles that involve a charge (here electron) and asso-
ciated deformation of the lattice (cloud of phonons). The
DNA polaron-based conductivity is now a widely and inten-
sively studied scientific field. Due to these conductive prop-
erties, a collective of authors label DNA as an antenna for
electromagnetic fields [58].

While proteins were generally accepted to be non-
conducting for a long time [59], some theoretical predictions
propose conduction or semiconduction to occur in them
[60,61]. Indeed, there is strong current evidence that metalo-
proteins enable enhanced electron transfer [62]. It has also
been shown that aromatic amino acids, such as tryptophan,
promote electron conduction [63]. There is, furthermore, a
very recent example of semiconduction of a metal-reducing
bacterial polypeptide named geopilin [64-66] also found in
other types of bacteria [67], which led the authors to propose
that conductive bacterial polypeptide nanowires represent a
common bacterial strategy for efficient electron transfer and
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energy distribution. Unless mechanisms and feasibility of
electronic conductivity in the high frequency region in bio-
molecules and bio-molecular structures are elucidated, any
generation of a cellular electromagnetic field based on elec-
tron oscillations will remain only a speculation.

Recent experimental results indicate that microtubules
could play a role in cellular electromagnetic field generation
not only through their electrically polar vibrations but also
through their electronic conduction. It has been shown in the
measurement with the four probe connection on a single mi-
crotubule that, at a certain frequency of applied AC voltage
bias, DC resistance of the microtubule drops to about 10%
[68]. However, no mechanism explaining this phenomenon
has been proposed yet.

Even if high frequency conductivity of charges in bio-
molecules is demonstrated, it remains to be shown if there is
any endogenous metabolic process taking place which can
excite oscillations of bio-molecular electrons/polarons and
thus generate a cellular electromagnetic field.

The important question concerning electromagnetic ac-
tivity of cells is whether a radio-frequency electromagnetic
field from cells would have radiative character. Surpris-
ingly, this question is analyzed only superficially in litera-
ture. Pokorny and Wu [69] expected the cellular electro-
magnetic field at radio-frequency range to have mostly
near-field nature without highly pronounced radiative be-
havior. According to Havelka [41], who analyzed the radia-
tive electromagnetic power from vibrations of microtu-
bules, the radiative component forms only a very small part
of the total energy in the electromagnetic field caused by
this phenomenon. The expectation of a non-radiative char-
acter of the field has fundamental implication for the detec-
tion of such a field [70].

Experiments

There have been reports claiming direct electronic detec-
tion of electrodynamic cellular signals since 1980. Measured
from a single cell or a suspension of cells, positive experi-
mental reports have been published concerning the subject of
electromagnetic activity of yeast cells in the range around 1
kHz [71], 8 MHz [72-74], 1-52 MHz [8,9,75] and 7-80 MHz
[76,77]. Positive reports also exist on alga Netrium digitus
with peaks around 7 and 33 kHz [78]. Experiments aimed at
the detection of cellular electrodynamic signals within the
GHz range [79-81] have not delivered strong evidence for
such signals. It has recently been discussed that experimental
setups used in the above mentioned experiments have not
met all the necessary technical prerequisites for such sys-
tems, based on the predicted biophysical properties of cellu-
lar electrodynamic fields [70]. It explains a very limited suc-
cess of experiments within the GHz range and suggests that
reported positive results were, with high probability, mainly
artifacts.

Electrodynamic activity of cells was also suggested as an
explanation of the attraction or repulsion of dielectric parti-
cles to or from cells [3-7,82-85]. This dielectrophoretic ef-
fect was observed for several types of samples such as bacte-
ria, fungi, algae, nematodes and mammalian cells including
human leukocytes. The interpretation of the dielectrophoretic
effect as a result of a cellular electrodynamic field would
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serve as indirect evidence for an electromagnetic activity of
cells within the range of MHz. Unfortunately, there are no
reports with more details on this topic in recent years to our
knowledge.

Within the large number of experimental works on the
external electromagnetic field effects on biological systems,
there were some works interpreting obtained results as proof
of internal cellular electrically, namely polar vibrations being
affected by external fields [86-88]. This interpretation was
based on the idea that the obtained resonant effects are pos-
sible under the condition that there are structures in the cells
which already exhibit oscillatory behavior. Such structures
should be able to vibrate with a high quality factor at the
same frequencies as those applied externally. Indeed, if there
is a cellular structure able to resonate with an external elec-
tromagnetic field, then it is also able to generate electromag-
netic oscillations if energy is supplied [86,89]. Since, how-
ever, the reported effects are not specific or explainable also
by other mechanisms, we cannot consider the reports a proof
of electromagnetic activity of cells.

Higher THz and Infrared Radiation

Matter of any phase, chemical composition and structure,
emits electromagnetic radiation as a result of thermal move-
ment of charge in that matter. Near the thermodynamic equi-
librium, the emission follows the famous Planck's law. This
law states the maximal amount of radiation that the body
may emit from its surface. The actual emission is influenced
by the thermodynamic state of the body and the emissivity of
the interface between the body and the surrounding medium,
which is effected by the chemical and structural composition
of the body. The higher the temperature, the higher the emit-
ted electromagnetic power and frequency of emission. For
physiological temperatures, the emission maximum lies in
the infrared range.

There are only a few reports in the related literature re-
garding direct measurement of infra-red (IR) light in biology
with intensity above that of the thermal blackbody radiation.
One of these reports was from Fraser and Frey who meas-
ured infra-red activity from electrically stimulated crab
nerves [90]. Non-thermal sub-millimeter wavelength radia-
tion was detected by Gebbie and Miller [91] from electrically
stimulated frog gastrocnemius muscle.

Visible Light - Luminescent Phenomena

Living cells may emit visible electromagnetic radiation
by several luminescent mechanisms, including bio-, auto-
and photo- luminescence. Bio-luminescence, i.e. the emis-
sion of light as a result of a chemical reaction, is quite com-
mon in some marine bacteria and also in larger marine or-
ganisms including vertebrates and invertebrates, and terres-
trial fungi and insects. Bio-luminescence is governed by spe-
cific photoproteins or luciferin-luciferase complexes. The
principle of light emission resides in the relaxation of the
electron excited state which is produced by oxidation of the
substrate.

Less known and understood is auto-luminescence, a by-
product of oxidative reactions, which is common to virtually
all metabolically active systems. Other common terms in
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related literature for this phenomenon are also ultra-weak
photon emission or biophoton emission. As the name sug-
gests, it has a much weaker intensity and no specific sub-
strates are required. It is spontaneously generated within an
organism without any external stimulation by light. The ori-
gin of auto-luminescence is derived from chemical reaction
of molecular oxygen during the oxidative metabolism of
lipids and proteins. At its beginning, reactive oxygen species
(ROS) are produced and lead to the formation of electroni-
cally excited species, which at their decay from excited state
to the ground state emit a photons. The intensity of such
emission is in the range from tens to several hundreds of
photons st em? [92].

Diverse living forms were examined for the presence of
auto-luminescence, starting with algae [93,94] and a variety
of microorganisms such as yeast [94-97] or bacteria [94-99].
Leaves [100,101] and germinating seeds [102,103] of higher
plants were also studied, whereas auto-luminescence moni-
toring could be among other applications exploited in agri-
culture. Obviously, a great number of papers have been al-
ready carried out on vertebrates including humans. The topic
of auto-luminescence from animals was intensively studied
by Russian scientists, who performed experiments on am-
phibians [104,105] and fish [106,107] or also by a Japanese
research group which studied the dependence of auto-
luminescence on the oxidative metabolism of a rat brain
[108]. Since the current scientific activities put a significant
importance to the cancer research, thus a significant amount
of works is focused on auto-luminescence from tumor for-
mations and cancer cells [109-111]. Finally, part of the work
focused on auto-luminescence deals with in vivo measure-
ments from human skin from different parts of the body
[112-115]. The fact, that auto-luminescence reveals a general
physiological and oxidative state of the human body
[115,116] provides an opportunity of potential applications
in human medicine, including dermatology, neurology or
oncology.

Extremely High Frequencies - Ultraviolet and Beyond

There is a limited number of reports on ultra-weak pho-
ton emission in the far UVA and UVB regions (< 350 nm)
[96]. However, there are no established mechanisms for any
chemical generation of excited species at such high energies.

There is no relevant reason to expect cellular electro-
magnetic activity on frequencies higher than that of visible
light, because (i) such very high energy processes are un-
likely to take place in biological systems and (ii) photons of
such high frequencies carry energy which may cause damage
to bio-molecules and subsequentially to cells.

The energy carried by a photon increases with the fre-
quency. Ultraviolet photons carry energy high enough to
cause molecular excitation which may lead to a permanent
rearrangement of that molecule. This mechanism may act on
vitally important molecules like DNA either directly or indi-
rectly by the influence on the production of reactive oxygen
species. Beyond the UVC range, photons reach such high
energy levels that they are able to cause ionization, i.e. to
liberate an electron from atom, and result in molecular dam-
age. X-ray and gamma ray radiation is therefore termed as
ionizing radiation [117].
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RELEVANCE TO HUMAN MEDICINE

The role of an endogenous electromagnetic field in
physiology and patophysiology remains a subject of specula-
tions. The molecular interaction is in its nature governed by
electromagnetic forces, but here we focus only on the non-
stationary and/or radiative electromagnetic fields. Again, we
may skip widely known electrophysiological issues.

Tsong proposed that oscillatory electric fields (kHz -
MHz range) generated at the level of cell membrane can
serve as signals for cellular communication [19,118]. Tsong
refers to the oscillatory electric field of cells as the “language
of cells” [19].

It was predicted that the endogenous cellular electrody-
namic field with a frequency between kHz and GHz range
may have a role in (i) the transport of reaction components
and (ii) in the influence of the kinetics of chemical reactions
[119,120], for instance for signaling purposes [121,122].
Long-range molecular interactions by electrodynamic fields
have been subject to several studies [23,123-125]. Since cer-
tain cellular structures are predicted to create spatially and
dynamically complex patterns (local minima and maxima of
field intensity) of the electrodynamic field [39-42], this in-
homogeneity in the pattern of the electric field should act by
force on molecules. A deterministic component added to the
diffusion movement of molecules would help organize the
movement of the reaction components [126]. Similarly, the
spatio-temporal organization of larger structures in the cell
could be influenced by the electrodynamic field [127].

Pokorny recently speculated that cancer is connected
with disruptions of cellular electromagnetic fields generated
according to Frohlich’s model [35,128]. In his view, during
the cancerogenesis, the decline of the zone of the strong
static electric field and of the space charge layer of protons
around mitochondria leads to a diminished level of water
ordering around microtubules. The damping of microtubule
oscillations is then increased. Nonlinear properties of the
microtubule system are weakened, which together with de-
creased efflux of the non-utilized energy from mitochondria
leads to small power of electrical oscillations. Coherent
processes in the cells are disturbed and random components
play more important role.

The role of electromagnetic properties of microtubules in
the formation of the consciousness is a keystone of the very
famous, yet controversial, hypothesis by Penrose and Ham-
eroff [129]. This topic, however, goes beyond the scope of
this review.

Since the first pieces of evidence of biological auto-
luminescence [130-132], scientists have been trying to find the
biological purpose of auto-luminescence in organisms. No
effort is being spared to prove the possibility of bio-
communication via the optical region of the electromagnetic
field within a single cell, between individual cells or even be-
tween entire organisms. A number of experiments were per-
formed to examine the potential role of photons in cell-to-cell
communication [133-138]. In such experiments, two biologi-
cal samples are in close distance separated from each other by
a chemical barrier; nevertheless the optical connection remains
possible. Moreover the chemical barrier can be designed to be
permeable just for selected frequencies. The impact of cell
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interactions on neighboring samples is studied after a certain
time period; one can observe change in cell division, energy
uptake, gene expression, orientation in space, etc. When the
optical path is disabled, the effects disappear.

However, the significance of auto-luminescence as one of
the means of bio-communication still remains a delicate topic
for passionate discussions, on account of physical limitations
primarily due to the high intensity of surrounding noise (back-
ground light), which is usually several orders of magnitude
higher than the intensity of spontaneous auto-luminescence. It
is yet unknown, if there is a certain mechanism within organ-
isms, which enables the detection of such low doses of light
and use them as a kind of information transfer [139].

DISCUSSION AND CONCLUSION

The electromagnetic activity of living cells is a highly
controversial topic because literally decades of intensive
research of this topic has not brought defensible experimen-
tal results yet. With the exception of well-established elec-
trophysiology and auto-luminescence, there are no trustful
experimental data showing any electromagnetic activity of
cells. For frequencies between few hundreds of Hz and hun-
dreds of THz we do not even have experimentally well-
established indication that cells may generate an electromag-
netic field significantly higher than that of thermal noise.
Despite this fact, a large number of theories has emerged
concerning the generation of an electromagnetic field in cells
and also an employment of this hypothetical field by cells.

Beside hypotheses which are quite far-fetched, there are,
of course, solid theories based on widely accepted physical
mechanisms. However, when we put numbers in these theo-
ries we find that the intensities of the generated fields are
very low or rapidly decreasing with the distance from the
generating structure. Therefore, the direct force effect of
such a field in biological processes, if any, is very likely to
be limited to very local areas in the vicinity of the generating
structure.

If we admit that electromagnetic fields play a role in the
physiology of cells, we must conclude that any alteration of
this field will lead to a modification in physiological proc-
esses. And we should concurrently ask whether any altera-
tion of the field of cells can be done by an external electro-
magnetic field which could interfere with the internal one,
because such mechanism would have evident medical appli-
cations.

A very large number of papers was published on the ef-
fects of radio-frequency and microwave electromagnetic
fields on cells and living organisms generally. Besides the
well-known thermal effect of the electromagnetic field, there
has been also an effort to show specific non-thermal effects
of weak radio-frequency electromagnetic radiation. Many
experimental reports followed by theoretical explanation
using hypothetical mechanisms were published over several
decades. A critical analysis of these papers reveals that the
reported effects are difficult to put in a unified framework
[40], some of them being subtle, rather non-specific and, in
numerous cases, also hardly reproducible. Despite their criti-
cal view, Apollonio et al. identified in their recent review
[140] a few specific mechanisms of non-thermal effects
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which may provide a plausible explanation of the observed
experimental results. These mechanisms include selec-
tive/micro-thermal heating and specific physical-chemical
mechanisms involving effects on activation energy of
chemical reactions, hydrogen bonds in the hydration layer,
radical pairs and iron ions. Even if all of those effects were
coming around, the weak field may very probably result only
in an unspecific effect in such a complex system like the
living cell.

The effects of electromagnetic radiation within frequen-
cies beyond microwaves are also mostly pronounced by
heating. Low intensity light has biological effect by fre-
quency-specific absorption in bio-molecules [141]. How-
ever, the issue of alteration of the function of internal opti-
cal-band electromagnetic activity, if any biologically rele-
vant function of such a field exists as a general phenomenon,
is rather problematic because the measured intensities of
endogenous light emission from cells are extremely low,
usually far below the ambient noise [142].

In conclusion, we argue that the relevance of electromag-
netic activity of living cells to physiology seems overesti-
mated in the majority of the suggested theories. Rather than
speculating about endogenous electromagnetic waves on the
level of cells and tissues and their hypothetical role in physi-
ology, which seems to be far-fetched based on the current
knowledge, we encourage first to research electromagnetic
events on the micro and nanoscopic level involving mole-
cules and macromolecules to provide solid foundations for
electromagnetic phenomena on a larger scale. Local events
fit better to the current state of knowledge in biophysics and
they are also better candidates for experimental testing and
potential applications.

Due to low specificity of the effects of external electro-
magnetic fields on cells, we may expect that there is only a
limited possibility to influence internal electromagnetic
fields of cells by a complementary field. If endogenous fields
have some role within the physiology and patophysiology, as
some hypotheses suggest, chemical alteration of the molecu-
lar substrate which generates those fields would have been
the only way to influence their function.

CONFLICT OF INTEREST

The authors confirm that this article content has no con-
flict of interest.
ACKNOWLEDGEMENTS

Authors acknowledge the support from the Czech Sci-
ence Foundation, grant no. GA13-29294S, and the Grant
Agency of the Czech Technical University in Prague, grant
nos. SGS13/138/0OHK3/2T/13 and SGS14/189/0HK3/3T/13.

CONTRIBUTIONS
Conceived the research: OK. Wrote the paper: OK, KC,
MC, MN. Prepared the figures: MN.

REFERENCES

[1] Buzsaki, G.; Horvath, Z.; Urioste, R.; Hetke, J.; Wise, K. High-
frequency network oscillation in the hippocampus. Science, 1992,
256(5059), 1025-1027.

[14]

[15]

[16]

[17]

[18]

[19]
[20]
[21]

[22]

Current Topics in Medicinal Chemistry, 2015, Vol. 15, No. 6 519

Collins, D.R.; Pelletier, J.G.; Pare, D. Slow and fast (gamma) neu-
ronal oscillations in the perirhinal cortex and lateral amygdala. J.
Neurophysiol., 2001, 85(4), 1661-1672.

Pohl, H.A. Electrical oscillation and contact inhibition of reproduc-
tion in cells. J. Biol. Phys., 1981, 9(4), 191-200.

Pohl, H.A. Natural cellular electrical resonances. Int. J. Quantum
Chem.: Quantum Biol. Symp., 1982, 9, 399-407.

Pohl, H.A. Natural alternating fields associated with living cells.
Int. J. Quantum Chem.: Quantum Biol. Symp., 1983, 11, 367-368.
Rivera, H.; Pollock, J.K.; Pohl, H.A. The AC field patterns about
living cells. Cell Biophysics, 1985, 7(1), 43-55.

Pohl, H.A.; Lamprecht, IL.H.D. Wechsfelder umgeben wachsene
Zellen. Umschau, 1985, 6, 366-367.

Holzel, R. Elektromagnetische Felder in der Umgebung lebender
Zellen. PhD thesis, Frei Universitdt Berlin, 1990.

Holzel, R. Electric activity of non-excitable biological cells at
radiofrequencies. Electro- and Magnetobiology, 2001, 20(1), 1-13.
Pokorny, J. Electromagnetic field generated by living cells. Faculty
of Mathematics and Physics, Charles University, 1990.

Westerhoff, H.V.; Tsong, T.Y.; Chock, P.B.; Chen, Y.D.; Astu-
mian, R.D. How enzymes can capture and transmit free energy
from an oscillating electric field. Proc. Natl. Acad. Sci. USA, 1986,
83(13),4734-4738.

Tsong, T.Y.; Astumian, R.D. Absorption and conversion of electric
field energy by membrane bound ATPases. Bioelectrochem. Bio-
energ., 1986, 15(3), 457-476.

Tsong, T.Y. Molecular recognition and processing of periodic
signals in cells: study of activation of membrane ATPases by alter-
nating electric fields. Biochimica et Biophysica Acta (BBA) e Re-
views on Biomembranes, 1992, 1113(1), 53-70.

Markin, V.S.; Tsong, T.Y. Frequency and concentration windows
for the electric activation of a membrane active transport system.
Biophys. J., 1991, 59, 1308-1316.

Markin, V.S.; Tsong, T.Y. Reversible mechanosensitive ion pump-
ing as a part of mechanoelectrical transduction. Biophys. J., 1991,
59,1317-1324.

Knox, B.; Tsong, T. Voltage-driven ATP synthesis by beef heart
mitochondrial FOF1-ATPase. J. Biol. Chem., 1984, 259(8), 4757-
4763.

Serpersu, E.; Tsong, T. Activation of electrogenic Rbp transport of
(Na, K)-ATPase by an electric field. J. Biol. Chem., 1984, 259(11),
7155-7162.

Liu, D.; Astumian, R.; Tsong, T. Activation of Nap and Kp pump-
ing modes of (Na, K)-ATPase by an oscillating electric field. J.
Biol. Chem., 1990, 265(13), 7260-7267.

Tsong, T.Y. Deciphering the language of cells. Trends Biochem.
Sci., 1989, 14(3), 89-92.

Frohlich, H. Bose condensation of strongly excited longitudinal
electric modes. Physical Letters A, 1968, 26, 402-403.

Frohlich, H. Long-range coherence and energy storage in biological
systems. Int. J. Quantum Chem., 1968, 2, 641-649.

Frohlich, H. 1969. In: Proceedings of First International Confer-
ence on Theoretical Physics and Biology; Marois, M. Ed.; 1967,
pp. 13-22.

Frohlich, H. Long range coherence and the action of enzymes.
Nature, 1970, 228, 1093.

Webb, S.J. Laser-Raman spectroscopy of living cells. Physics
Reports, 1980, 60(4), 201-224.

Webb, S.J.; Stoneham, M. E.; Frohlich, H. Evidence for non-
thermal excitation of energy levels in active biological systems.
Phys. Lett., A,1977, 63, 407-408.

Drissler, F.; MacFarlane, R. Enhanced anti-stokes Raman scatter-
ing from living cells of Chlorella pyrenoidosa. Phys. Lett. 4., 1978,
69(1), 65-67.

Drissler, F.; Santo, L. In: Coherent excitations in biological sys-
tems; Springer: Berlin Heidelberg - New York., 1983, pp. 6-8.

Del Giudice, E.; Doglia, S.; Milani, M.; Smith, C.W.; Webb, S.
Presence of lines in Raman spectra of living cells. Phys. Lett. A.,
1985, 107(2), 98-100.

Layne, S.P.; Bigio, I.J. Raman spectroscopy of Bacillus megath-
erium using an optical multi-channel analyzer. Physica Scripta,
1986, 33,91-96.

Layne, S.P.; Bigio, I.J.; Scott, A.C.; Lomdahl, P.S. Transient fluo-
rescence in synchronously dividing Escherichia coli. Proceedings
of the National Academy of Sciences of the United States of Amer-
ica, 1985, 82(22), 7599-7603.



520 Current Topics in Medicinal Chemistry, 2015, Vol. 15, No. 6

[31]

[32]

[33]

[36]

[37]

[38]

[39]

[53]
[54]
[55]
[56]

[57]

[58]

Furia, L.; Gandhi, O.P. Absence of biologically related Raman
lines in cultures of bacillus megaterium. Phys. Lett. A., 1984,
102(8), 380-382.

Furia, L.; Gandhi, O.P. Absence of lines in Raman spectra of living
cells. Physics Letters A, 1985, 111(7),376-377.

Cooper, M.S.; Amer, N.M. The absence of coherent vibrations in
the Raman spectra of living cells. Phys. Lett. A., 1983, 98(3), 138-
142.

Reimers, J.R.; McKemmish, L.K.; McKenzie, R.H.; Mark, A.E.;
Hush, N.S. Weak, strong, and coherent regimes of Frohlich con-
densation and their applications to terahertz medicine and quantum
consciousness. Proc. Natl. Acad. Sci., 2009, 106(11),4219-4224.
Pokorny, J.; Pokorny J.; Kobilkova J. Postulates on Electromag-
netic Activity in Biological Systems and Cancer. Integr. Biol.,
2013, 5(12), 1439-1446.

Srobar, F. Impact of mitochondrial electric field on modal occu-
pancy in the Frohlich model of cellular electromagnetism. Electro-
magnetic Biol. Med., 2013, 32(3), 401-408.

Devyatkov, N.D., Golant, M.B., Betskii, O.B. Millimetrovye volny i
ikh rol v processakh zhiznedeyatelnosti; Radio i svyazi: Moscow,
1991.

Betskii, O.B.; Golant, M.B.; Devyatkov, N.D. Millimetrovye Volny
V Biologii; Znanie: Moscow, 1988.

Kucera, O.; Havelka, D. Mechano-electrical vibrations of microtu-
bules—Link to subcellular morphology. BioSystems, 2012, 109(3),
346-355.

Havelka, D.; Kucera, O.; Deriu, M.A.; Cifra, M. Electro-acoustic
behavior of the mitotic spindle: a semi-classical coarse-grained
model. PLoS ONE, 2014, 9(1)

Havelka, D.; Cifra, M.; Kucera, O.; Pokorny, J.; Vrba J. High-
frequency electric field and radiation characteristics of cellular mi-
crotubule network. J. Theor. Biol., 2011, 286, 31-40.

Cifra, M.; Pokorny, J.; Havelka D.; Kucera O. Electric field gener-
ated by axial longitudinal vibration modes of microtubule. BioSys-
tems, 2010, 100, 122-131.

Foster, K.R.; Baish, J.W. Viscous damping of vibrations in micro-
tubules. J. Biol. Phys., 2000, 26, 255-260.

Pokorny, J.; Vedruccio, C.; Cifra, M.; Kucera, O. Cancer physics:
diagnostics based on damped cellular elastoelectrical vibrations in
microtubules. Eur. Biophys. J., 2011, 40, 747-759.

Davydov, A.S. Solitons in molecular systems. Physica Scripta,
1979, 20, 387.

Brizhik, L.S. Dynamical properties of Davydov solitons. Ukrainian
J. Phys., 2003, 48(7), 611-622.

Brizhik, L.S.; Eremko, A.A. Soliton induced electromagnetic radia-
tion and selfregulation of metabolic processes. Phys. Alive, 2001,
12(1), 5-11.

Brizhik, L.S.; Eremko, A.A. Nonlinear model of the origin of en-
dogenous alternating electromagnetic fields and selfregulation of
metabolic processes in biosystems. Electromag. Biol. Med., 2003,
22(1), 31-39.

Musumeci, F.; Brizhik, L.S.; Ho, M.-W. In: Energy and Informa-
tion Transfer in Biological Systems: How Physics Could Enrich
Biological Understanding. World Scientific Publishing, 2003.
Lomdahl, P.; Kerr, W. Do Davydov solitons exist at 300 K? Physi-
cal Rev. Lett., 1985, 55(11), 1235-1238.

Xiao, Y. One more reason why the Davydov soliton may be ther-
mally stable. Phys. Lett. A., 1998, 243(3), 174-177.

Austin, R.; Xie, A.; Fu, D.; Warren, W.; Redlich, B.; Van Der
Meer, L. Tilting after dutch windmills: probably no long-lived
davydov solitons in proteins. J. Biol. Phys., 2009, 35(1), 91-101.
Fink, H.; Schonenberger, C. Electrical conduction through DNA
molecules. Nature, 1999, 398(6726), 407-410.

Abdalla, S. Electrical conduction through DNA molecule. Progress
Biophys. Mol. Biol., 2011, 106(3), 485-497.

Conwell, E.; Rakhmanova, S. Polarons in DNA. Proc. Natl. Acad.
Sci., 2000, 97(9), 4556-4560.

Endres, R.; Cox, D.; Singh, R. Colloquium: The quest for high-
conductance DNA. Rev. Modern Phys., 2004, 76(1), 195.
Henderson, P.; Jones, D.; Hampikian, G.; Kan, Y.; Schuster, G.
Long-distance charge transport in duplex DNA: the phonon-
assisted polaron-like hopping mechanism. Proc. Natl. Acad. Sci.,
1999, 96(15), 8353-8358.

Blank, M.; Goodman, R. DNA is a fractal antenna in electromag-
netic fields. Int. J. Radiat. Biol., 2011, 87(4), 409-415.

[60]

[61]

[62]

[63]

[64]

[65]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]
[76]

[77]

(78]

[79]

Kucera et al.

Kertesz, M.; Koller, J.; Azman, A. Calculated forbidden band gap
in periodic protein models indicating them to be insulators. Nature,
1977, 266, 278.

Szent-Gyorgyi, A. Towards a New Biochemistry? Science, 1941,
93,609-611.

Cope, F. W. Electron-phonon (trapped photon) coupling and infra-
red coaxial transmission line theory of energy transport in mito-
chondria and nerve. Bulletin of Mathematical Biology, 1973,
354(5-6), 627-644.

Gray, H.; Winkler, J. Long-range electron transfer. Proc. Natl.
Acad. Sci. USA, 2005, 102(10), 3534-3539.

Shih, C.; Museth, A.; Abrahamsson, M.; Blanco-Rodriguez, A.; Di
Bilio, A.; Sudhamsu, J.; Crane, B.; Ronayne, K.; Towrie, M.; VI¢ek
Jr, A; et al. Tryptophan-accelerated electron flow through proteins.
Science, 2008, 320(5884), 1760-1762.

Reguera, G.; McCarthy, K.; Mehta, T.; Nicoll, J.; Tuominen, M.;
Lovley, D. Extracellular electron transfer via microbial nanowires.
Nature, 2005, 435(7045), 1098-1101.

Veazey, J.; Reguera, G.; Tessmer, S. Electronic properties of con-
ductive pili of the metal- reducing bacterium geobacter sulfurre-
ducens probed by scanning tunneling microscopy. Phys. Rev. E.,
2011, 84(6), 060901.

Feliciano, G.; da Silva, A.; Reguera, G.; Artacho, E. The molecular
and electronic struc- ture of the peptide subunit of geobacter sul-
furreducens conductive pili from first principles. J. Phys. Chem. A.,
2012, 116(30), 8023-8030.

Gorby, Y.; Yanina, S.; McLean, J.; Rosso, K.; Moyles, D.; Doh-
nalkova, A.; Beveridge, T.; Chang, I.; Kim, B.; Kim, K.; et al.
Electrically conductive bacterial nanowires produced by shewan-
ella oneidensis strain mr-1 and other microorganisms. Proc. Natl.
Acad. Sci., 2006, 103(30), 11358-11363.

Sahu, S.; Ghosh, S.; Ghosh, B.; Aswani, K.; Hirata, K.; Fujita, D.;
Bandyopadhyay, A. Atomic water channel controlling remarkable
properties of a single brain microtubule: correlating single protein
to its supramolecular assembly. Biosensors and Bioelectronics,
2013, 47, 141-148.

Pokorny, J.;Wu, T.-M. Biophysical Aspects of Coherence and
Biological Order; Springer: Berlin - Heidelberg - New York, 1998.
Kucera, O.; Cifra, M.; Pokorny, J. Technical aspects of measure-
ment of cellular electromagnetic activity. Eur. Biophys. J., 2010,
39(10), 1465-1470.

Jelinek, F.; Cifra, M.; Pokorny, J.; Vanis, J.; Hasek, J.; Simsa, J.;
Frydlova, 1. Measurement of electrical oscillations and mechanical
vibrations of yeast cells membrane around 1 kHz. Electromag.
Biol. Med., 2009, 28(2), 223-232.

Jelinek, F.; Pokorny , J.; Saroch, J.; Trkal, V.; Hasek, J.; and Palan,
B. Microelectronic sensors for measurement of electromagnetic
fields of living cells and experimental results. Bioelectrochem. Bio-
energ., 1999, 48(2), 261-266.

Jelinek, F.; Saroch, J.; Trkal, V.; Pokorny, J. Measurement system
for experimental verification of Frohlich electromagnetic field.
Bioelectrochem. Bioenerg., 1996, 41(1), 35-38.

Pokorny , J.; Hasek, J.; Jelinek, F.; Saroch, J.; Palan, B. Electro-
magnetic activity of yeast cells in the M phase. Electro- and Mag-
netobiology, 2001, 20(1), 371-396.

Holzel, R.; Lamprecht, I. Electromagnetic fields around biological
cells. Neural Network World, 1994, 3,327-337.

Jafary-Asl, A.-H.; Smith, C.W. In: Ann. Rep. Conf. Electrical Insu-
lation and Dielectric Phenomena, IEEE Publ., 1983, pp. 350-355.
Del Giudice, E.; Doglia, S.; Milani, M.; Smith, C.W.; Vitiello, G.
Magnetic flux quantization and Josephson behaviour in living sys-
tems. Physica Scripta, 1989, 40, 786-791.

Pohl, H.A.; Pollock, J.K. In: Modern Bioeletrochemistry; Plenum
press: New York and London, 1986, pp. 329-375.

Jelinek, F.; Pokorny, J.; Saroch, J. In: Abstract book of Interna-
tional symposium Endogenous Physical Fields in Biology,
Pokorny, J., Ed.; 2002, pp. 57-58.

Jelinek, F.; Pokorny, J.; Saroch, J.; Hagek, J. Experimental investi-
gation of electromagnetic activity of yeast cells at millimeter
waves. Electromag. Biol. Med., 2005, 24(3), 301-308.

Jelinek, F.; Saroch, J.; Kuera, O.; Hasek, J.; Pokorny, J.; Jaffrezic-
Renault, N.; Ponsonnet, L. Measurement of electromagnetic activ-
ity of yeast cells at 42 GHz. Radioengineering, 2007, 16(1), 36-39.
Pohl, H.A. Do cells in a reproductive state exhibit a Fermi-Pasta-
Ulam-Frohlich resonance and emit electromagnetic radiation? J.
Biol. Phys., 1980, 8(1), 45-75.



Spectral Perspective on the Electromagnetic Activity of Cells

(83]

(84]

(89]
[90]

[91]

[92]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

Pohl, H.A. Oscillating fields about growing cells. Int. J. Quantum
Chem. : Quantum Biol. Symposium, 1980, 7,411-431.

Roy, S.C.; Braden, T.; Pohl, H.A. Possibility of existence of pseu-
doferroelectric state in cells: Some experimental evidence. Phys.
Lett. A.,1981, 83(3), 142-144.

Jandova, A.; Kobilkova, J.; Pilecka, N.; Dienstbier, Z.; Hraba, T.;
Pokorny, J. In: Biophysical Aspects of Cancer; Fiala, J.; Pokorny,
J., Eds.; 1987, pp. 132-141.

Betskii, O.V.; Devyatkov, N.D.; Kislov, V. Low intensity millime-
ter waves in medicine and biology. Critical Rev. Biomed. Eng.,
2000, 28(1-2),247-268.

Devyatkov, N.D. Influence of millimeter-band electromagnetic
radiation on biological objects. Uspekhi Fizicheskikh Nauk, 1973,
110, 568-569.

Grundler, W.; Keilmann, F. Sharp resonances in yeast growth
prove nonthermal sensitivity to microwaves. Phys. Rev. Lett., 1983,
51(13), 1214-1216.

Golant, M.B. In: Biological aspects of low intensity millimeter
waves; Seven Plus, 1994, pp. 229-249.

Fraser, A.; Frey, A.H. Electromagnetic emission at micron wave-
length from active nerves. Biophys. J., 1968, 8, 731-734.

Gebbie, H.A.; Miller, P.F. Nonthermal microwave emission from
frog muscles. Int. J. Infrared Millimeter Waves, 1997, 18(5), 951-
957.

Van Wijk, R.; Kobayashi, M.; Van Wijk, E. Anatomic characteri-
zation of human ultra-weak photon emission with a moveable pho-
tomultiplier and CCD imaging. J. Photochem. Photobiol. B: Biol.,
2006, 83(1), 69-76.

Strehler, B.L.; Arnold, W. Light production by green plants. J.
General Physiol., 1951, 34(6), 809-820.

Mamedov, T.G.; Podov, G. A.; Konev, V.V. Ultraweak lumines-
cence of various organisms. Biofizika, 1969, 14, 1047-1051.
Konev, S.V.; Lyskova, T.I.; Nisenbaum, G.D. Very weak biolumi-
nescence of cells in the ultraviolet region of the spectrum and its
biological role. Biophysics (USSR), 1966, 11,410-413.
Quickenden, T.L; Tilbury, R.N. Luminescence spectra of exponen-
tial and stationary phase cultures of respiratory deficient Sac-
charomyces cerevisiae. J. Photochem. Photobiol. B: Biol., 1991,
8(2), 169-174.

Quickenden, T.I.; Comarmond, M.J.; Tilbury, RN. Ultra weak
bioluminescence spectra of stationary phase Saccharomyces cere-
visiae and Schizosaccharomyces pombe. Photochem. Photobiol.,
1985, 41(5), 611-615.

Roth, J.A.; Kaeberle, M.L. Chemiluminescence by Listeria mono-
cytogenes. J. Bacteriol., 1980, 144(2), 752-757.

Tilbury, R.N., Quickenden, T.I. Spectral and time dependence
studies of the ultra weak bioluminescence emitted by the Es-
cherichia coli. Photochem. Photobiol., 1988, 47(1), 145-150.
Flor-Henry, M.; McCabe, T.; de Bruxelles, G.; Roberts, M. Use of
a highly sensitive two-dimensional luminescence imaging system
to monitor endogenous bioluminescence in plant leaves. BMC
Plant Biol., 2004, 4(1), 19.

Kobayashi, M.; Sasaki, K.; Enomoto, M.; Ehara, Y. Highly sensi-
tive determination of transient generation of biophotons during hy-
persensitive response to cucumber mosaic virus in cowpea. J. Ex-
perimental Botany, 2007, 58(3), 465-472.

Scott, R.Q.; Inaba, H. Ultraweak emission imagery of mitosing
soybeans. Applied Phys. B, 1989, 48(2), 183-185.

Colli, L.; Facchini, U. Light emission by germinating plants. //
Nuovo Cimento, 1954, 12(1), 150-153.

Beloussov, L.V. In: Biophotonics and Coherent Systems in Biology,
Springer US, 2007, pp. 139-157

Volodyaev, 1.V.; Beloussov, L.V. Ultraweak emissions of develop-
ing Xenopus laevis eggs and embryos. Russ. J. Dev. Biol., 2007,
38(5), 322-328.

Belousov, L.V.; Burlakov, A.B.; Luchinskaia, N.N. Statistical and
frequency-amplitude characteristics of ultra weak emissions of the
loach eggs and embryos under the normal conditions and during
their optic interactions. Ontogenez, 2002, 33(3), 213.

Burlakov, A.B.; Burlakova, O.V.; Golichenkov, V.A. Distant
wave-mediated interactions in early embryonic development of the
loach Misgurnus fossilis L. Russ. J. Dev. Biol., 2000, 31(5), 287-
292.

Kobayashi, M.; Takeda, M.; Sato, T.; Yamazaki, Y.; Kaneko, K.;
Ito, K.I.; Inaba, H. In vivo imaging of spontaneous ultraweak pho-
ton emission from a rat’s brain correlated with cerebral energy me-

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]
[124]

[125]

[126]

[127]
[128]

[129]

[130]
[131]

[132]

[133]

[134]

[135]

Current Topics in Medicinal Chemistry, 2015, Vol. 15, No. 6 521

tabolism and oxidative stress. Neuroscience research, 1999, 34(2),
103-113.

Boveris, A.; Llesuy, S.F.; Fraga, C.G. Increased liver chemilumi-
nescence in tumor-bearing mice. J. Free Radicals Biol. Med.,
1985, 1(2), 131-138.

Amano, T.; Kobayashi, M.; Devaraj, B.; Inaba, H. Ultraweak bio-
photon emission imaging of transplanted bladder cancer. Urologi-
cal Res., 1995, 23(5), 315-318.

Kim, J.; Kim, Y.U.; Lee, Y.J.; Kobayashi, M.; Tsutsumi, Y.;
Kondo, R.; Soh, K.S. Spontaneous ultraweak photon emission dur-
ing the growth of the cell population of cultured HeLa cell line. J.
Health Sci., 2007, 53(4), 481-485.

Nakamura, K.; Hiramatsu, M. Ultra-weak photon emission from
human hand: Influence of temperature and oxygen concentration on
emission. J. Photochem. Photobiol. B: Biology, 2005, 80(2), 156-
160.

Prasad, A.; Pospisil, P. Two-dimensional imaging of spontaneous
ultra-weak photon emission from the human skin: role of reactive
oxygen species. J. Biophotonics, 2011, 4(11, 12), 840-849.

Van Wijk, R.; Van Wijk, E. In: Biophotonics, Springer US, 2005,
pp. 173-184.

Kobayashi, M.; Kikuchi, D.; Okamura, H. Imaging of ultraweak
spontaneous photon emission from human body displaying diurnal
thythm. PLoS one, 2009, 4(7), €6256.

Van Wijk, R.; Van Wijk, E.P.; Wiegant, F.A.; Ives, J. Free radicals
and low-level photon emission in human pathogenesis: state of the
art. Indian J. Exp. Biol., 2008, 46(5), 273.

World Health Organization. Health effects of UV radiation.
www.who.int/uv/health/en/ (Accessed February 28, 2014)

Ho, M.-W., Popp, F.-A., Warnke, U. Bioelectrodynamics and Bio-
communication; World Scientific: New Jersey, London, Hong
Kong, 1994.

Pokorny, J.; Hasek, J.; Jelinek, F. Electromagnetic field in microtu-
bules: Effects on transfer of mass particles and electrons. J. Biol.
Phys., 2005, 31(3-4), 501-514.

Pokorny, J.; Hasek, J.; Jelinek, F. Endogenous electric field and
organization of living matter. Electromag.c Biol. Med., 2005,
24(3), 185-197.

Priel, A.; Ramos, A.; Tuszynski, J.; Cantiello, H. A biopolymer
transistor: electrical amplification by microtubules. Biophys. J.,
2006, 90(12), 4639-4643.

Priel, A.; Tuszynski, J.; Cantiello, H. Electrodynamic signaling by
the dendritic cytoskeleton: toward an intracellular information
processing model. Electromag. Biol. Med., 2005, 24(3),221-231.
Frohlich, H. Selective long range dispersion forces between large
systems. Physics Letters A,1972, 39(2), 153-154.

Van Zandt, L. Resonant interactions between biological molecules.
J. Biol.l Phys., 1978, 6(3), 124-132.

Preto, J.; Floriani, E.; Nardecchia, 1.; Ferrier, P.; Pettini, M. Ex-
perimental assessment of the contribution of electrodynamic inter-
actions to long-distance recruitment of biomolecular partners:
Theoretical basis. Phys. Rev. E., 2012, 85(4), 041904.

Pokorny, J. Endogenous electromagnetic forces in living cells:
implication for transfer of reaction components. Electro- and Mag-
netobiology, 2001, 20(1), 59-73.

Cifra, M. Electrodynamic eigenmodes in cellular morphology.
BioSystems, 2012, 109(3), 356-366.

Pokorny, J. Physical aspects of biological activity and cancer. 4IP
Advances, 2012, 2,011207/1-011207/11.

Hameroff, S.; Penrose, R. Orchestrated reduction of quantum co-
herence in brain microtubules: A model for consciousness. Math.
Comput. Simul., 1996, 40(3), 453-480.

Gurwitsch, A. Die natur des spezifischen erregers der zellteilung.
Dev. Genes Evol., 1923, 100(1), 11-40.

Gurwitsch, A. Physikalisches iiber mitogenetische Strahlen. Dev.
Genes Evol., 1924, 103(3), 490-498.

Gurwitsch, A.; Gurwitsch, N. Fortgesetzte Untersuchungen iiber
mitogenetische Strahlung und Induktion. Dev. Genes Evol., 1924,
103(1), 68-79.

Rossi, C.; Foletti, A.; Magnani, A.; Lamponi, S. New perspectives
in cell communication: bioelectromagnetic interactions. Seminars
Cancer Biol., 2011, 21(3), 207-214.

Fels, D. Cellular communication through light. PLoS one, 2009,
4(4), e5086.

Farhadi, A.; Forsyth, C.; Banan, A.; Shaikh, M.; Engen, P.; Fields,
J.Z.; Keshavarzian, A. Evidence for non-chemical, non-electrical



522 Current Topics in Medicinal Chemistry, 2015, Vol. 15, No. 6

intercellular signaling in intestinal epithelial cells. Bioelectrochem-
istry, 2007, 71(2), 142-148.
[136]  Shen, X.; Mei, W.; Xu, X. Activation of neutrophils by a chemi-
cally separated but optically coupled neutrophil population under- [141]
going respiratory burst. Experientia, 1994, 50(10), 963-968.
[137]  Trushin, M.V. Distant non-chemical communication in various
biological systems. Rivista di Biologia, 2004, 97(3), 409. [142]
[138]  Albrecht-Buehler, G. Rudimentary form of cellular vision. Proc.
Natl. Acad. Sci., 1992, 89(17), 8288-8292.

[139] Kucera, O.; Cifra, M. Cell-to-cell signaling through light: just a [143]
ghost of chance? Cell Communication and Signaling, 2013, 11(1),
87-87.

[140] Apollonio, F.; Liberti, M.; Paffi, A.; Merla, C.; Marracino, P.;
Denzi, A.; d'Inzeo, G. Feasibility for microwaves energy to affect

Received: March 13,2014 Revised: September 22,2014 Accepted: October 27,2014

Kucera et al.

biological systems via nonthermal mechanisms: a systematic ap-
proach. IEEE Trans. On Microwave Theory and Techniques, 2013,
61(5),2031-2045.

Karu, T. Primary and secondary mechanisms of action of visible to
near-IR radiation on cells. J. Photochem. Photobiol. B: Biol., 1999,
49(1), 1-17.

Cifra, M.; Pospisil, P. Ultra-weak photon emission from biological
samples: Definition, mechanisms, properties, detection and applica-
tions. J. Photochem. Photobiol. B: Biol., 2014, 139, 2-10.

Betskii, O.V.; Devyatkov, N.D.; Kislov, V.V. Low Intensity Milli-
meter Waves in Medicine and Biology. Critical Rev. Biomed. Eng.,
2000, 28(1&2),247-268.



	CTMC_CONTENT.doc
	00-CTMC 15-6 Content
	00-Graphical Abstracts CTMC 15-6
	00-CTMC 15-6 Meet EABM-MS
	00-CTMC 15-6 Editorial-MS
	01-Dr. Cifra-MS
	02-Dr. Tuszynski-MS
	03-Dr. Ghosh-MS
	04-Dr. Antonietta-MS
	05-CALIGIURI-MS
	06-Dr. Elia-MS
	07-Dr. Tofani-MS
	CTMC_BACK.doc



