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ARTICLE INFO ABSTRACT

Article history: Chemical and electrical interaction within and between cells is well established. Just the opposite is true

Available online xxx about cellular interactions via other physical fields. The most probable candidate for an other form of
cellular interaction is the electromagnetic field. We review theories and experiments on how cells can

Keywords: generate and detect electromagnetic fields generally, and if the cell-generated electromagnetic field can

Bioelectromagnetism mediate cellular interactions. We do not limit here ourselves to specialized electro-excitable cells. Rather

Cellular signaling

S we describe physical processes that are of a more general nature and probably present in almost every
Cellular vibration states

type of living cell. The spectral range included is broad; from kHz to the visible part of the electro-
magnetic spectrum. We show that there is a rather large number of theories on how cells can generate
and detect electromagnetic fields and discuss experimental evidence on electromagnetic cellular inter-
actions in the modern scientific literature. Although small, it is continuously accumulating.
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1. Introduction

Biological systems (e.g. cells) can communicate with each other
and interact with the inanimate environment via many mecha-
nisms and at many levels, depending on the type and complexity of
the biological system and the nature of the information being
communicated. Most known mechanisms of cell-to-cell commu-
nication in the current literature involve chemical or electrical
signaling. In contrast, our understanding of non-chemical, non-
electrical forms of communication is at a rudimentary level at best.
In this article we review evidence for other forms of communica-
tion, with an emphasis on intercellular interactions via electro-
magnetic fields. These alternative forms of intercellular signaling
may help explain phenomena that are hard to attribute to other
forms of signaling (e.g. phenomena that require synchronous
behavior among physically independent biological units).

Interest in such alternative forms of communication can be
traced back at least to the second decade of the 20th century when
a Russian scientist, Alexander Gurwitsch, showed an increased
number of mitoses in a set of chemically isolated onion root cells
that were in the vicinity of a group of actively dividing cells
(Gurwitsch, 1923, 1924; Gurwitsch and Gurwitsch, 1924). Later,
scientists discovered other pieces of the puzzle and gave more
shape to this new form of intercellular communication. Before
entertaining the idea of electromagnetic field (EMF) based cell-to-
cell interaction, however, we should review the evidence that cells
are indeed capable of generating and detecting EMFs (Fig. 1).

2. Evidence that cells generate electromagnetic fields
2.1. Type of EMF

Since Burr published his report on stable voltage gradients in
various biological systems in 1935 (Burr and Northrop, 1935), many

scientists have found that these stable voltage gradients can be altered
when the whole organism goes through any of a variety of biological
processes including growth, local injury and other drastic changes. In
his “electrodynamic theory of life”, Burr stated that “the pattern or
organization of any biological system is established by a complex
electrodynamic field, which is in part determined by its atomic
physicochemical components, and which in part determines the
behavior and orientation of those components.” “Electrodynamic” in
Burr’s experiments refers to alterations that take place in a matter of
hours to days. However, based on Maxwell’s theory of electromagnetic
fields, we can safely consider such slowly varying electrical fields as
“static” or “quasi-static”. Although, these quasi static electric fields
may be involved in some significant physiological cell properties such
as changes in distribution of ions (McCaig et al., 2005; Levin, 2003),
they can not be considered as a mechanism for long-distance inter-
cellular communication.

2.2. Measurement of EMF

2.2.1. History of detection of cellular EMF

In 1912, Gurwitsch borrowed the term “field” from physics and
applied it to biology in his published theory of embryonic devel-
opment (Gurwitsch, 1912, 1922). However, detection of a cellular
EMF was first described in the visible spectrum by Scheminzky
in 1916. He detected “emanations” of light from biochemical
processes of yeast cells using photographic plates in light-tight
chambers (Scheminzky, 1916). In 1918, Ludwig described the same
phenomenon (“Hefenstrahlung”) (Ludwig, 1918). Independently,
Alexander G. Gurwitsch did experiments with onion roots (Gur-
witsch, 1923). He monitored the number of mitoses in a set of
chemically isolated onion root cells that were in the vicinity of
a group of actively dividing cells (Gurwitsch, 1923, 1924; Gurwitsch
and Gurwitsch, 1924). He observed a significant rise in the number
of mitoses if detector roots were separated from actively dividing
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Fig. 1. The range of the electromagnetic (EM) spectrum covers different frequencies including visible light. The radiofrequency (3 Hz—300 GHz) wavelengths are named originally
based on their use in technology for radio communication and broadcasting. However, radiofrequencies are used for many other applications nowadays. The visible part of the EM
spectrum of light is sandwiched between the infra-red (IR) and ultraviolet (UV) regions and is sometimes denoted as the optical part of the EM spectrum.
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roots by quartz glass but not by normal glass. The fact that UV light
can pass through quartz but not regular glass suggested the exis-
tence of a form of cellular radiation of an electromagnetic nature
which he named “mitogenetic radiation”. This study was the first to
suggest that the emanation of light is not an incidental property of
cells but one that might have relevance to signaling.

At that time, Gurwitsch and his colleagues used prisms for
spectrum analysis and biological detectors for measurement of
mitogenetic radiation. They found “finger-print” spectra for several
enzymatic reactions and noticed spectral changes in light emission
from cells following physiological changes (summarized in Gur-
witsch and Gurwitsch, 1959). Inspired by Gurwitsch’s work, several
independent laboratories in the Europe and USA gave rise to
hundreds of articles, several books and dozen of reviews about
mitogenetic radiation between 1920 and 1930 (see e.g. Rahn, 1936).
Gurwitsch’s discoveries are a major topic of a recent review papers
by Beloussov (Voeikov and Beloussov, 2007; Beloussov, 1997).

In the 1930s, evidence for the existence of mitogenetic radiation
took another leap forward when a group of scientists detected this
radiation using modified Geiger—Miiller detectors (Audubert, 1938;
Rajewsky, 1931; Siebert and Seffert, 1933). Initially, it was believed
that mitogenetic radiation only emanated from cells during their
replication phase, and that the spectrum of this radiation belonged
to the portion of the UV light spectrum that is invisible to human
eyes. The invention of photomultiplier tubes allowed direct
measurement of very small quantities of emitted light in the visible
spectrum from germinating seeds as reported by Colli and Facchini
(1954), Colli et al. (1955). Later on, other researchers applied
a similar technique that was capable of detecting single photon
emissions and showed that there is light emission from other
biological substrates. Most of these experiments were done by
groups in the International Institute of Biophysics, which was
established by Popp who coined the term “biophoton”.

2.2.2. Experimental detection of EMF of biologic origin in infra-red,
visible and ultraviolet ranges

There are only a few reports in the literature regarding direct
measurement of infra-red (IR) light in biology independent of the
thermal blackbody radiation that is related to the thermal level of
the system and can be detected in living objects as well as inanimate
materials. One of these reports was from Fraser and Frey who
measured infra-red activity from electrically stimulated crab nerve
(Fraser and Frey, 1968). Non-thermal millimeter wavelength radia-
tion from nerves was detected by Gebbie and Miller (1997) from
electrically stimulated frog gastrocnemius muscle. Coherent non-
thermal infra-red emissions between 1000 and 1500 cm™! were
detected from myoglobin crystals after Argon laser photostimulation
(Groot et al.,, 2002).

There is an abundance of published work regarding spontaneous
emissions of light from cells. This is usually referred to as ultra weak
photon emission (UPE), biological luminescence or biophotons. Cells
usually emit one to thousands of photons/s cm? over the technical
noise level (inherent noise activity of the instrument sensor).
Generally, cells show increased UPE intensity when they undergo
physiological changes. This is particularly true when they are
exposed to chemical or physical stressors (Multi-author review,
1992; Slawinski, 1990, 2003). Rapidly and transiently increased
UPE or a “death flash” can be observed when cells are damaged
irreversibly (Slawinski, 2005).

The non-linear relationship of the object temperature and the
UPE intensity suggests that UPE from living cells does not originate
directly from simple chemiluminescent reactions for which kinetics
are governed purely by the law of Arrhenius. For example the UPE
measured from fresh whole blood samples had a linear correlation
with temperature in the range of 35—38 °C. However, UPE intensity

deviated from this linear correlation and decreased regardless of
the direction of temperature changes when the temperature was
dropped down to 32 °C or raised up to 43 °C (Voeikov et al., 2003).
The same phenomenon was also observed in green peas (Pisum
Sativum) and barley (Horderum vulgare) (Slawinski and Popp, 1987).
In these examples, the bio-objects created a hysteresis-like
dependence of UPE on the cycling temperature, i.e. the intensity of
UPE at a given temperature depended on whether the cells were
experiencing rising or falling temperatures.

Other evidence came from observations that there are unique
patterns of UPE from cells during specific phases of the cell cycle
during cell replication (Konev et al., 1966; Quickenden and Que
Hee, 1974, 1976; Quickenden and Tilbury, 1983, 1991; Multi-author
review, 1988). For example, Mei found a broad peak of UPE intensity
in synchronized Saccharomyces cerevisiae cells in late S phase,
which coincides with increased DNA synthesis, and G2 phase
(chapter in Popp et al., 1992).

Another mode of active optical behavior of living cells is
“delayed luminescence”. This term denotes the emission of photons
from a biosystem after previous excitation e.g. by external light.
This optical activity is similar to autofluorescence, but exhibits
a decay time that is larger in magnitude by several orders. In fact,
biological organisms may require up to days (depending on the
sample type) until the level of spontaneous optical activity is
restored. In this technique, tissues or cell cultures are excited using
a light source with a defined spectral composition and intensity.
The excitation phase is followed by a phase of early luminescence,
followed by delayed luminescence. Although inducing lumines-
cence may seem to be an artificial phenomenon that only belongs
to experimental conditions, most living systems function under
conditions of constant sunlight or are stimulated by natural EMF
over a wide spectral range, which can, technically speaking create
a natural condition similar to stimulated luminescence. Thus, it
would not be surprising if this form of EMF emission was also
involved in the process of cellular communication. However, the
details and practical use of these techniques are beyond the scope
of this manuscript.

2.2.3. Indirect cellular EMF detection by dielectrophoresis

An EMF can also be detected indirectly using a technique called
dielectrophoresis (DEP) (Pohl, 1978). In this technique, EMFs are
detected by the effect of a non-uniform electric field on a neutral
particle via a polarization force. One of the pioneers in measuring
cellular EMFs using the DEP method is Herbert A. Pohl (Pohl, 1980b,
19834, 1979, 1980a, 1981; Roy et al., 1981; Pohl et al., 1981; Pohl,
1982, 1983b; Rivera et al., 1985; Phillips et al., 1987; Pohl, 1984,
1985; Pohl and Pollock, 1986; Pollock and Pohl, 1988). In the DEP
method, the electric field induces a dipole moment in sample
particles and the resulting force acting on them is the force of the
electric field on a dipole. Since Pohl used small particles of a few
micrometers in size to probe cellular EMFs, he often used the term
“micro-DEP” (u-DEP). In this method, particles were either repelled
from or attracted to the surface of cells depending on whether they
had a lower dielectric constant (BaSO4, SiO2, Al;03) or higher
dielectric constant (BaTiOs3, SrTiO3, NaNbOs3) than the suspending
medium, which was usually water-based. Based on these experi-
ments, Pohl estimated that the frequencies of cellular electrical
oscillations were in the radiofrequency range (5 kHz—9 MHz) (Pohl,
1980Db; Pollock and Pohl, 1988). These experiments included tests of
several types of cells including bacteria, fungi, algae, nematodes
and mammalian cells, all of which showed, under suitable condi-
tions, a dielectrophoretic effect caused by a cellular EMF (Pollock
and Pohl, 1988). Other investigators reported similar findings for
diverse cell types including human leukocytes (Pohl and Lamp-
recht, 1985; Holzel, 1990, 2001; Pokorny, 1990; Jandova et al., 1987).
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2.2.4. Direct electronic detection of cellular EMFs

One of the first pieces of direct evidence for the generation of
EMFs in the spectral region of kHz—GHz by cells was obtained in
a series of experiments that used direct electronic detection of EMF
from a single cell or a suspension of cells. Using a spectrum analyzer,
Jafary-Asl and Smith found EMF signals in the range of 7—80 MHz
that were emitted from S. cerevisiae (Jafary-Asl and Smith, 1983; Del
Giudice et al., 1989). Later on Rivera and Pohl (Pohl and Pollock,
1986) detected a spectrum of signals from the alga Netrium Digitus
with peaks around 7 and 33 kHz followed by Holzel who extensively
analyzed the frequencies of a different group of cells in the MHz
region (Holzel, 1990; Hoélzel and Lamprecht, 1995, 1994; Holzel,
2001). Disagreeing with Jafary-Asl and Smith, Holzel claimed that
the frequencies reported by them were mainly artifact, probably
due to positive feedback coupling in the amplifier. With improve-
ment in detection techniques other researchers aimed to detect
cellular EMF during the process of mitosis in cells they were
partially successful in the MHz region (Jelinek et al., 1999, 1996;
Pokorny et al., 2001) but had limited success in the range of
30—300 GHz (Jelinek et al., 2002, 2005, 2007; Kucera, 2006).

It is worth mentioning that currently available direct measure-
ments of cellular EMF techniques can only detect radiative cellular
EMF components. However, measurement of the nonradiative
(near field) cellular EMF component, which is bound to
cell structures and only measurable in the vicinity of cell bound-
aries, awaits further developments of special sensors using nano-
technology (Kucera et al., 2010) (Table 1).

2.2.5. Detection of cellular vibration states
by spectroscopic techniques

EMFs, especially up to the region of a few THz, are generated by
vibrations of electrically polar structures (see Section 2.4.2).
The frequency of the vibrations of polar structures is equal to the
frequency of the generated EMF.

Lower frequencies of mechanical oscillations (down to a few
hundreds of Hz) can be optically detected (Piga et al., 2007;
Popescu et al., 2007; Tuvia et al., 1998) and/or image analyzed
(Koniar et al., 2009; Hargas et al., 2008).

In Raman or Brillouin spectroscopy, one can use the “R” ratio
(the ratio of anti Stokes and Stokes line intensities) to measure
excitation of these vibrations above thermal levels. If the vibrations
were excited above thermal levels, they could generate EMFs above
the thermal noise level. Although detection of non-thermal vibra-
tions in the THz region using Raman shifts has been reported for
biological systems (Webb et al., 1977; Webb, 1980; Drissler and
Santo, 1983; Drissler and MacFarlane, 1978; Del Giudice et al., 1985),
it was criticized by others as being an artifact (Layne and Bigio,

Table 1

1986; Layne et al.,, 1985; Furia and Gandhi, 1984, 1985; Cooper
and Amer, 1983). Nevertheless, a model for interpretation of Raman
spectra of metabolically active cells based on tight interplay
between coherent electric vibrations and solitons has been
proposed (Del Giudice et al., 1982). Similarly, as was argued by
Kucera et al. (2010) about measurement of local cellular electrical
oscillations, successful measurement of non-thermally excited
vibrations in cells is possible only with near field modifications of
inelastic scattering spectroscopy techniques (Kneipp, 2007) (such
as Raman or Brillouin scattering) since the nanometer spatial
resolution and measurement in close vicinity of the sample (under
micrometer) is necessary.

2.3. Correlation of cellular EMF activity with cellular
metabolism, vitality and replication

Some studies show a clear correlation of cellular function and
cellular EMF activity. Pohl et al. (1981) observed significant
cellular EMFs variations in yeast cells using the dielectrophoretic
technique while exposing them to various chemical toxins,
physical injury or during cell mitosis. There are also reports
correlating the peak of cellular electromagnetic emission during
cellular replication to the process of microtubule reassembly to
form mitotic spindles, binding of chromatids to form kineto-
chore microtubules, and elongation of mitotic spindles during
anaphase A and B (Pokorny et al., 2001). This suggests a crucial
role of microtubules in generation of cellular EMFs (Pokorny,
et al. 2001).

2.4. How cells can generate EMFs

2.4.1. Basis of EMF generation

The classical description of the generation and behavior of EMFs
is given by Maxwell’s equations. A static electric field is generated
by a static charged particle. Both an electric field and a magnetic
field are generated if a charged particle moves at a constant
velocity. The term electromagnetic field is reserved for a condition
where a charged particle is accelerated. In most cases the acceler-
ation of a charged particle takes place in the form of an oscillation.
Therefore, the electric and magnetic fields also oscillate. Any
temporal change (nonzero time derivative) of the electric field gives
rise to a magnetic field and vice versa. This creates an intercon-
nection between oscillating magnetic and electric fields. The higher
the frequency of the oscillation, the more electric and magnetic
fields are mutually coupled. An oscillating charge may radiate an
electromagnetic field. A radiated electromagnetic field, usually
called an electromagnetic wave or, simply, radiation, carries away

Direct electronic detection of EMF cellular signals. Indirect detection of cellular EMF, for instance by its dieletrophoretic effect, is not included.
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energy. If the frequency of an oscillating charge is high and
approaches the optical part of the EMF spectrum, the generated
electromagnetic waves start to manifest their particle-like prop-
erties in their interactions with matter. This is when we can speak
about particles of light or photons rather than electromagnetic
waves. The generation of photons is usually interpreted as a process
where a charged particle “drops” from a higher energy (excited)
state to a lower energy (ground) state (hf = E;—E;), where h is
Planck’s constant, f is the frequency of the photon, E; is the energy
of the excited state and E; the energy of the ground state. Although
they may sound different, these two processes, charge oscillation
and change of charge energy state, are intrinsically the same.

All objects, whether living or nonliving, are continuously gener-
ating EMFs due to the thermal agitation of their particles that
possess charge. The EMF spectrum that is generated is described by
Planck’s law for the ideal case of a blackbody in thermal equilibrium.
EMFs generated thermally have a random, non-coherent character.
However, the question remains whether the EMF that is generated
by a biological entity is a simple EMF generated by an object or is part
of a biological property of a living system. Based on the evidence
presented later in the manuscript, it seems that such EMFs are an
integral part of biological systems and are thus part of purposeful
processes.

Physically, living biological systems are non-equilibrium (they
have different energy levels than their surroundings) and open
(they can exchange energy and matter with the surroundings)
thermodynamic systems. Such systems may locally decrease
entropy (increase order). Since living systems are not in thermal
equilibrium, their electromagnetic (or generally, vibrational)
spectrum may also deviate from the thermal spectra given by
Planck’s law. Furthermore, the important question is whether the
generated biological EMF can have a coherent component, since
coherence enables very efficient energy and information transfer
via the spatial and dynamic formation of interference patterns.
Answer to this question may be at least partially elucidated when
we describe the structures and processes responsible for cellular
EMF generation.

2.4.2. Basis for cellular EMF generation

Various cell functions are associated with moving charges in
cellular compartments and may generate EMFE. For example,
membrane depolarization (a neuron firing at several hundred Hz
(Buzsaki et al., 1992)) generates oscillations of electric charges with
higher harmonics, creating an EMF with a frequency up to 10 kHz
(Collins et al., 2001). However, this phenomenon is limited to
a group of specialized cells in higher organisms and not all cells in an
organism are involved in the process of membrane depolarization.
The question arises whether non-specialized cells that are not
involved in cell membrane depolarization are also capable of
generating coherent EMFs, and if so how. In 1968, Herbert Fréhlich
postulated that biological systems exhibit coherent longitudinal
vibrations of electrically polar structures (Fréhlich 1968a,b, 1969).
Electrically polar structures by definition contain electric charges
and can, under special conditions, generate EMFs when they vibrate.
Not surprisingly, a majority of protein molecules are electrically
polar structures. So, where in the cell could these coherent
vibrations exist? The original Fréhlich model was general and did
not limit the process to any particular cellular structure. In his
model, when the energy supply exceeds a critical level, the polar
structure enters a condition in which a steady state of non-linear
vibration is reached and energy is stored in a highly ordered fashion.
This order expresses itself in a long range phase correlation, which is
physically similar to superconductivity and superfluidity, where the
behavior of particles is communal and inseparable. The energy
source in this model is metabolic energy, and the non-linearity of

the vibrating system is caused by a strong static electric field.
The existence of very strong static electric fields in the cell
membrane led Fréhlich to consider cellular membranes to be the
source of the postulated vibrations. He also proposed the existence
of a selective resonant interaction of similar frequencies of biomo-
lecular EMFs between two systems (Frohlich, 1972,1975,1970). In an
elaborate and extensive series of publications, Frohlich proposed
arole for EMFs in cell growth regulation and deregulation (Frohlich,
1980). In particular, he and some other workers thought that these
processes could be involved in the development of neoplasias
(Fréhlich, 1977, Frohlich, 1978; Cooper, 1981; Frohlich and Kremer,
1983; Frohlich, 1988; Pokorny et al., 2008; Pokorny, 2009).

Frohlich’s conjecture stimulated much enthusiasm in the scien-
tific community and based on his theory, it was predicted that
biomolecular EMFs would appear in the range of 100—1000 GHz. In
fact, a group of researchers used Raman spectroscopy to probe
the predicted vibrations (see Section 2.2.5). Frohlich’s model also
inspired several other studies and models that tried to address the
same topic (Wu and Austin, 1979, 1978, 1977,1981; Mills, 1983, 1994,
1995; Turcu, 1997; Paul et al., 1983; Tuszynski, 1985, 1988; Chatterjee
and Fritz, 1987; Chatterjee et al., 1983; Paul et al., 1984; Tuszynski,
1985b; Bolterauer, 1999; Kouba, 1998; Pokorny, 1987, 1982a;
Pokorny et al., 1984; Pokorny and Fiala, 1994; Pokorny et al., 1991;
Pokorny and Wu, 1998; Pokorny, 1982b; Pokorny et al., 1986a,b;
Mesquita et al., 1998; Srobar and Pokomy, 1996; Srobar, 2009a,b;
Amoroso, 1996; Bolterauer and Tuszynski, 1989; Tuszynski, 1985a;
Tuszynski et al., 1992; Chatterjee and Fritz, 1987; Bolterauer et al.,
1991, Tuszynski, 1987; Tuszynski et al., 1984; Tuszynski and Paul,
1991; Ristovski et al., 1992; Koci et al., 2000, 2001; Mesquita et al.,
1998, 1996, 2005, 2004; Jaggard and Lords, 1980; Illinger, 1982;
Reimers et al., 2009; McKemmish et al., 2009; Hyland and Rowlands,
2006).

After the discovery of the cellular cytoskeleton, microtubules
(MTs) became a serious candidate as the source of cellular EMFs.
This was due to the fact that MTs fulfill requirements for the Froh-
lich system and for generation of electromagnetic fields. They
are composed of tubulin heterodimer subunits that electrically are
highly polar. MTs resemble hollow tubes whose growth (driven by
tubulin polymerization) is nucleated by centrosomes near the cell
nucleus. MTs are characterized by their perpetual alternation
between growth (tubulin polymerization) and shrinking (MT
depolymerization). This dynamic instability provides a constant
influx of energy via assembly and disassembly of GTP rich tubulin
heterodimer subunits (Caplow et al., 1994; Caplow, 1995; Caplow
and Shanks, 1996). The other energy supply for MT vibration could
come from the movement of MTs aligned with motor proteins or the
energy that is dissipated from mitochondria (Pokorny et al., 2008;
Cifra et al., 2010). Mitochondrial ATP production by the citric acid
cycle has an efficiency of ca. 40%. The remainder of the energy
usually dissipates as infra-red vibrations as well as infra-red and
optical (Hideg et al., 1991) radiation. Efflux of energy from mito-
chondria represents the most significant source of energy for
excitation of vibrations. Mitochondria are also a source of strong
static electric fields — in the range of 106 V/m — due to the creation
of a hydrogen ion gradient. This static electric field of mitochondria
penetrates up to a few micrometers into the cytosol (Tyner et al.,
2007). The presence of mitochondria along the length of MTs leads
to non-linearity caused by their strong static electric fields; it also
provides the required energy for EMF generation through dissi-
pated energy. Furthermore, microtubules are capable of vibrations
in kHz to GHz regions (Sirenko et al., 1996; Wang et al., 2006; Wang
and Zhang, 2008; Gu et al., 2009; Wang et al., 2009; Portet et al.,
2005). The excitation and vibrations of MTs were the mainstay of
the model that was proposed by Pokorny (Pokorny et al., 1997;
Pokorny, 1999; Pokorny et al., 1998). Some scientists raised doubts
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about his theory because they assumed that a viscous cytosol
should dampen any vibrating cytosolic organelles (Foster and Baish,
2000; Adair, 2002). The cytosol could have a dampening effect on
organelle vibrations if there was a “no-slip” boundary condition
between cellular structure and the surrounding cytosol. However,
as argued by Pokorny (2003, 2005), a lowered mobility of ions in the
cytosol creates a “slip” between the microtubule, the adjacent ionic
layers and the cytosol, which makes vibrations of microtubules in
the cytosol physically plausible.

Other cellular structures were also considered as potential
sources of EMF generation. Technically, any cellular structure or
substructure can oscillate at its resonance frequency (Eigenfre-
quency) when excited by energy, unless strongly damped. For
example, Smith calculated that a spherical cellular membrane has
a mechanic resonance frequency of 10'° Hz (perpendicular to the
membrane surface) and a circumferential frequency of 10% Hz
(parallel to the membrane surface); electromagnetic resonance of the
cell membrane (parallel to the membrane surface) occurs at
a frequency of 10> Hz (Jafary-Asl and Smith, 1983). Weak resonances
in the region around 36—38 GHz have also been detected on eryth-
rocyte ghosts in suspension (Blinowska et al., 1985).

Another cell membrane related theory of EMF generation stems
from Russian scientists, especially from Devyatkov and his
coworkers (Devyatkov et al, 1991; Betskii et al., 1988). They
considered deformations and asymmetries of polar cellular
membrane as a mechanism for generation of acousto-electrical
waves whose EM radiative component depends on deviation from
the healthy state; in the case of healthy nondividing cells, both the
radiation from and the EM sensitivity of the cells is lowest. Vacuum
wavelengths of the generated EM waves fall into the region of
millimeter waves due to the geometric and mechanical properties
of cellular membrane.

The other theory of EMF generation relates to the electrosoliton.
The electrosoliton is the electrical counterpart of soliton. The soliton
is a self-reinforcing solitary wave (a wave packet or pulse) that
maintains its shape while it propagates. Electrosolitons can be
viewed as moving charges that provide transport of charge in bio-
logical systems and can be considered as an important contender of
EMF generation in the microwave frequency region (Brizhik and
Eremko, 2003; Brizhik, 2003; Brizhik and Eremko, 2001; Musumeci
et al., 2003).

While the previous model is more or less physical and based on
non-linear wave theory, an electrochemical model was proposed by
Pohl. He suggested that cellular EMFs can be generated by the
coupling of oscillating chemical reactions to physically mobile ions
within the regions of the cell to produce charge waves (Pohl et al.,
1981; Pohl, 1982). In this model, oscillations of ions can be induced
by chemical reactions, and the direction of oscillations will be
steered by laminar and filamentous cellular structures. Indeed,
oscillating chemical reactions such as the Beloussov—Zhabotinski
reaction are typical in non-equilibrium systems such as biological
systems (Voeikov et al., 2001a,b; Epstein and Showalter, 1996;
Epstein et al., 1983). Nevertheless, Pohl’'s model of cellular EMF
generation has not been developed further.

Authors of all of the above mentioned models created them
directly to describe how cellular EMFs can be generated. To the
contrary, there is also a recent model by Gov which analyzes
mechanical vibrations based on the membrane-bound cytoskeleton
(Gov et al., 2003; Gov and Safran, 2004, 2005a,b; Gov and Gopina-
than, 2006; Lin et al, 2006), not mentioning any connection to
electric oscillations. However, we assume that these mechanical
vibrations can drive oscillations of electrically polar transmembrane
proteins, thus generating electric oscillations. Nevertheless, in his
model, the frequency limit of the oscillations only reaches 30 Hz,
which is the upper frequency of membrane mechanical oscillations

that have been detected experimentally by some authors (Brochard
and Lennon, 1975; Korenstein and Levin, 1990; Tuvia et al., 1998,
1992; Bitler and Korenstein, 2004; Tuvia et al., 1997, 1999; Krol et al.,
1990; Popescu et al., 2007, 2006).

Parallel to these studies trying to explore the origin of cellular
EMFs in the frequency range under the THz range, other researchers
focused on the optical region of the EMF and cellular optical prop-
erties. These studies started with the work of Gurwitsch in the 1920s
on mitogenetic radiation, which was believed to be in the UV region
of the EMF spectrum (Voeikov and Beloussov, 2007; Gurwitsch and
Gurwitsch, 1959; Rahn, 1936). After an extensive review of this field,
we now know that electronically excited biological systems can
generate UPE in both UV and visible regions, which is the basis for
many chemiluminescence assays. These assays are usually designed
to detect reactive oxygen species (ROS) (Boveris et al., 1980; Cadenas,
1984; Van Wijk et al, 2008). Thus, it is not surprising that the
mitochondria, which are an important cellular source of ROS
production, could be the major cellular organelles that emit UPE
(Hideg et al., 1991; Cadenas et al., 1980; Creath, 2008). Mitochondria
are also a very likely source of near infra-red EMFs as has been
proposed in other studies (Albrecht-Buehler (2000); Tuszynski and
Dixon, 2001).

In his study, Slawinski reviewed physicochemical luminescence
processes that could generate UPE in cells (chapter in Multi-author
review, 1988). He proposed that there is a possibility of photo-
emission from collective molecular interactions such as relaxation
of superhelical DNA, or movement of other biomolecules, or
collective excitations in the electric field of biomembranes and
perturbed cytosolic water.

Voeikov is another scientist that believes that there is a nontrivial
role of cellular water in generation of electronically excited EMF
(Voeikov, 2005). It was experimentally shown that various low
energy physical processes such as ultrasound agitation, passing
water through capillary tubes and external microwave EMFs can
influence UPE generation in water (Vaks et al., 1994). Preparata and
del Giudice (Preparata, 1995) have theoretically shown that liquid
water is effectively composed of two phases: a gas phase and
a “coherent domain” phase. Coherent domains behave as reservoirs
of quasi free electrons which can be released just by modest exci-
tation (Del Giudice et al., 2009). Separation of these two phases of
water is likely to occur near interfaces, such as membranes, hydro-
philic surfaces, polar molecular backbones, etc. Indeed, it was
experimentally shown by many authors (e.g. Zheng and Pollack,
2003; Zheng et al., 2006; Chai et al., 2008, 2009; Pollack et al., 2009)
that water near interfaces exhibits quite different properties than
bulk water. These include solvent exclusion, higher viscosity, low-
ered thermal motion of molecules, separation of charge, different
spectroscopic properties etc.

Even though it is plausible to consider UPE from biosystems, how
can we explain the alleged coherence in UPE phenomena (Popp and
Yan, 2002; Popp et al., 1992, 2005; Bajpai, 1999, 2003; Popp and
Beloussov, 1996)? Popp proposed that DNA in the nucleus is the
main source for stimulated or spontaneous coherent radiation. This
is mainly due to the luminescent properties of the nucleotides, due
to their cooperative behavior while in DNA and due to continuous
supply of energy through metabolic processes (Popp et al., 1992,
chapter 5) and (Popp and Li, 1990). Popp and his coworkers sug-
gested, based on experimental data of other workers (Vigny and
Duquesne, 1976), that stacking of bases in DNA provides suitable
conditions for stimulated radiation (Popp et al., 1989, chapter by
Popp). He also suggested that DNA is suitable as a photon storage
system due to its spatial conformation. Following his theory,
unwinding of DNA during replication causes greater UPE. In fact, he
showed that unwinding of DNA induced by ethidium bromide
resulted in increased UPE (Rattemeyer et al., 1981, 1984). To explain
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how there could be coherence in spontaneous EMF radiation, Popp
also considered Dicke’s theory (Dicke, 1954; Scully and Svidzinsky,
2009). This theory explains how two radiating molecules that are
within the coherence length of their radiation of each other can give
rise to a correlated radiation. In fact, from an informational point of
view, the coherence properties of UPE in photocount statistics (PCS)
are of greater importance than the intensity of UPE. Other scientists
studied the special states of coherent cellular UPE (squeezed states)
in super- and sub-Poissonian models (Bajpai et al., 1998; Bajpai,
2004, 2005; Popp et al., 2002).

It is generally accepted that the main sources of cellular UPE are
excited molecules such as reactive oxygen species (ROS), which can
release their energy in rather random chemical reactions as
photons. However, ROS can also provide energy to macromolecular
structures which can store the energy and release it in a more
coherent fashion. We are of the opinion that macromolecules can
modify the statistical properties of light due to their ordered
structure and store or emit UPE. The effect of structure and order in
biosystems on emitted light was explored by a few researchers.
(Yan et al. (2005)) found that homogenized solutions of cytoplasm
have different photocount distributions than intact cellular struc-
tures, despite the fact that the chemical composition is the same. In
this study, they observed that a whole leaf exhibits oscillations in
emitted delayed luminescence intensity after illumination, while
leaf homogenates or isolated chloroplasts in buffered solutions do
not show such oscillations. Budagovsky et al. (2002) and Borodin
et al. (2008) used degree of spatial coherence of laser light scattered
from leaves of various plants to determine the plant health state.
Works of Yan and Budagovsky showed that the order in biosystems
influences statistical and coherence properties of the light re-
emited after excitation. Thus, it is rather safe to assume that the
coherence (more generally stated, statistical properties) of endog-
enous biological light — UPE — are influenced by the order in bio-
systems. The order in biosystems that influences the coherence
properties of UPE could be related both to spatial morphological
order and temporal (dynamic) order.

The question that remained to be answered is “can we reconcile
the models that explain cellular EMF generation in the kHz—GHz
range with the models that explain UPE (EMFs in the optical
region)?” At first glance, models describing the generation of lower
frequency cellular EMF use vibrations of electrically polar struc-
tures while generation of optical EMF is rooted in electronic exci-
tation of molecules. However, some scientists such as Swain and
Popp proposed that there is a connection between the different
spectral ranges of cellular EMFs. They proposed that if certain non-
linear conditions are fulfilled, upconversion (summing the energy
of photons to give higher energy photons) of photons even in the
range of GHz frequencies could give rise to optical photons (Swain,
2006; Popp, 2006; Swain, 2008). It also remains to be seen whether
a down conversion could be a mechanism for generation of lower
EMF frequencies from energy in the optical EMF spectrum.

3. Evidence for cells being affected by electromagnetic fields
3.1. The effect of EMFs on biological systems

There is a huge body of evidence in the literature that sheds light
on our understanding of how biological tissues are being affected by
external EMF (Research Center for Bioelectromagnetic Interaction,
2010). However, those acquainted with this research field know that
there has been an unsettled discussion for several decades
regarding the safety and degree of influence of these fields on living
organisms. With advances in technology, we are now exposed to
increasing numbers of EMFs including extra low-frequency EMFs
from electric power lines, EMFs from cell phones and microwaves,

and many EMFs at mid range frequencies such as house appliances
and remote controls. From a biophysical standpoint, static and low-
frequency electric fields are attenuated rather rapidly by mobile
ions in solution or in the cell cytosol within a very short distance,
which allows only minimal electric field penetration into the tissue.
Nevertheless, static or low-frequency fields may have biological
effects due to redistribution of ions and weak currents they induce
(Marino and Becker, 1977; Robinson, 1985; Portier and Wolfe, 1998;
McCaig et al., 2005; Funk and Monsees, 2006; Teissie, 2007; Funk
et al., 2009). The biological effects of low-frequency magnetic fields
have been the subject of more extensive studies since they can
penetrate deeper into tissues (Marino and Becker, 1977; Adey, 1980;
Robinson, 1985; Frey, 1993; Hong, 1995; Portier and Wolfe, 1998;
Volpe, 2003; Funk and Monsees, 2006; Funk et al., 2009).

For instance, it has been shown that low-frequency EMFs can act
at the cellular level and affect various cell functions, including cellular
proliferation and differentiation (Foletti et al., 2009; Lisi et al., 2006,
2008a,b; Ventura et al., 2005; Ross, 2005), apoptosis (Tian et al.,
2002; Tofani et al.,, 2001; Santini et al., 2005), DNA synthesis (Taka-
hashi et al., 1986; Litovitz et al., 1994), RNA transcription (Goodman
et al.,, 1983), protein expression (Goodman and Henderson, 1988),
protein phosphorylation (Sun et al., 2001), redox-mediated rises in
NFxB and cell damage (Wolf et al., 2005; Regoli et al., 2005), micro-
vesicle motility (Golfert et al., 2001), ATP synthesis (Zrimec et al.,
2002), hormone production (Paksy et al., 2000), antioxidant enzyme
activity (Kula et al., 2000), metabolic activity (Milani et al., 2001), and
inhibition of adherence (Jandova et al., 2001).

EMFs of intermediate frequencies (kHz—MHz) under suitable
geometry have been shown to be effective in arresting the growth
of cells (Giladi et al., 2008) — with direct applications to cancer
treatment (Kirson et al., 2004, 2009).

The effect of higher frequency EMFs on biological systems can be
divided into thermal effects and non-thermal effects. The extent of
the thermogenic effect depends mainly on EMF intensity, which is
associated with the specific absorption ratio (SAR). Obviously,
increased temperature or a thermal effect can result in changes
in cellular function and, under extreme conditions, can result in
cellular damage. However, in this section, our focus is on non-
thermal, direct effects of EMFs on biological systems. There are
numerous published papers that show different modifications of
biological systems after exposure to weak EMFs (Belyaev, 2005a,b;
Belyaev et al., 2000; Phillips et al., 2009; Banik et al., 2003; Kumar,
2003; Sienkiewicz, 1998; Berg, 2004; Repacholi et al., 1998). There
are also many published studies that show the lack of any signifi-
cant effect of weak EMFs on biological systems (see list of reviews
above). In general, many earlier studies in this field of bio-
electromagnetics suffer mainly from poor design, lack of appro-
priate control groups, and an abundance of confounding factors,
which in turn results in reduced reliability and reproducibility. One
of the major problems lies in the fact that there could be uncon-
trolled microthermal effects at subcellular levels even in the setting
of weak EMFs. This is particularly true in non-uniform media such
as living cell samples. Furthermore, Morissey et al. have shown in
an in vitro experimental model that even a small temperature rise
(0.2 °C) can cause biological effects (Morrissey, 2008). Thus,
meticulous dosimetry is a crucial aspect of designing experiments
for studying the biological effects of EMFs. Besides the difficulties in
controlling EMF microthermal effects, there are several other non-
thermal parameters of EMF which are very important and could act
as confounders in research if they are not meticulously considered
in the study design. A few examples of these parameters include
frequency of the carrier wave, modulation frequency, near field/far
field effect, polarization, duration of the exposure, continuous or
pulse wave exposure, shape of the pulse and, finally, presence or
absence of a static magnetic or electric field. To complicate the

doi:10.1016/j.pbiomolbio.2010.07.003

Please cite this article in press as: Cifra, M., et al., Electromagnetic cellular interactions, Progress in Biophysics and Molecular Biology (2010),




8 M. Cifra et al. / Progress in Biophysics and Molecular Biology xxx (2010) 1-24

matter even more, there are several biological factors that also play
a major role in the response of a biological system to EMFs. One of
the major parameters is the stage of cell differentiation and repli-
cation. This factor plays a major role in the way cells respond to the
same EMF, and can create a significant problem in reproducing
research results (Belyaev et al., 1996; Osepchuk and Petersen, 1997,
Belyaev et al., 1998, 2000; Osepchuk et al., 2002). Regardless, it is
hard to interpret the effects observed in biological systems that are
exposed to weak EMFs solely based on minute thermal effect of
these fields (Belyaev, 2005a,b; Belyaev et al., 2000). For example, in
extensive studies performed by Grundler and Keilmann on yeast
cells, there was either suppression or stimulation of cell growth
when cells were exposed to certain frequencies of electromagnetic
radiation around 42 GHz in a resonant-like manner — the effect on
growth rate was positive at certain frequencies and negative at
other frequencies. The distance between adjacent frequencies was
about 8 MHz (Grundler et al., 1977; Grundler and Keilmann, 1978;
Grundler, 1983; Grundler and Keilmann, 1983, 1989; Grundler et al.,
1982, 1988; Grundler and Kaiser, 1992; Grundler, 1995) This
phenomenon does not seem to be related to biological system
geometry, but more likely to frequency of cellular vibration states
and their higher harmonics. Another example represents the effects
that occur in certain intervals of EMF power (Shcheglov et al., 1997;
Belyaev et al., 1996; Adey, 1980) or for certain EMF polarizations
(Belyaev et al., 2000). It has been found that there are similarities in
the effects of certain low frequency EMF and high frequency (RF)
EMF amplitude-modulated by the same low frequency (Blackman,
1985; Schwartz and Mealing, 1993; Shcheglov et al., 2002; Lass
et al., 2002; Ayrapetyan et al., 2009).

Bioeffects of low intensity 30—300 GHz EMFs (millimeter
wavelength EMFs) have been studied extensively in cell and animal
models, but not generally accepted by western scientists. Never-
theless, stemming especially from workers of eastern origin, there
are even human studies in the form of double-blind placebo-
controlled trials that evaluated the efficacy of millimeter wave-
length EMFs in the therapy of peptic ulcers, postoperative wound
infection, pulmonary tuberculosis and rehabilitation of patients
after myocardial infarction (Pakhomov et al., 1998; Pakhomov and
Murphy, 2000; Rojavin and Ziskin, 1998; Betskii and Lebedeva,
2004; Fedorov et al., 2003).

There are also studies that explored the effect of low level light
on biological systems particularly at cellular and subcellular level
(Smith, 1991; Hamblin and Demidova, 2006; Hawkins and Abra-
hamse, 2007). Since the bioeffects of low level optical EMF (light)
are more accepted than the bioeffects weak the microwave and
lower frequency EMFs, we will not go into such details. In a series of
experiments, researchers showed that low intensity light can
influence physiological processes, particularly the activity of Na™/
K*-ATPase (Kilanczyk et al., 2002), intracellular Ca** concentra-
tions (Volotovski et al., 1993; Alexandratou et al., 2002; Greco et al.,
2001), mitochondrial ATP synthesis (Passarella et al., 1984),
production of reactive oxygen species (Lubart et al., 2005) and cell
proliferation (Khadra et al., 2005; Tuby et al., 2007).

3.2. How EMFs affect biosystems

3.2.1. How cells react to non-visible EMFs

Numerous models have been proposed to explain how weak
EMF fields interact with biological systems (Beneduci, 2008; Foster,
2000; Karimov and Shcheglov, 2000; Berg, 2004; Sonnier and
Marino, 2001; Chiabrera et al.,, 1985; Challis, 2005; Ho et al., 1994;
Kanokov et al., 2009). In most of these models, a subcellular
organelle or even a single biomolecule was the target of a cellular
EMF. Regardless, one of the major problems in explaining how an
EMF affects a biosystem lies in the fact that the quantum of energy

of an EMF with a frequency lower than a few THz in most cases is
less than the average energy of thermal noise (KT constraint) and if,
the EMF has a quantum of energy smaller than the average energy of
thermal noise, then EMF absorption cannot significantly influence
biosystems by mechanisms other than thermal effects (Adair, 2003).
Thermal noise has an average energy of kT (at a room temperature
of 20 °C, KT corresponds to 26 meV, which is the energy of a single
EMF quantum with a frequency of 6.2 THz and a wavelength of
48 pum in a vacuum).

However, (Binhi and Rubin, 2007) explain that the notion of a “kT
constraint” originates from a statistical physics model and is only
applicable to systems near thermal equilibrium. In such systems, low
intensity, low-frequency EMFs cannot change the mean energy of
cellular structures or more precisely, the vibrational energy of their
molecules stored in their degrees of freedom. Degrees of freedom is
the expression for the ways a molecule or a structure can move
(vibrate, rotate, etc.) and the energy absorbed by a degree of freedom
of amolecule from an EMF at a certain frequency can not be “stored” or
accumulated at that certain frequency if that degree of freedom is
coupled to other degrees strongly. In that case, the energy at that
certain frequency will be redistributed to other degrees of freedom
(frequencies) and will be dissipated very rapidly. However, biological
systems, in general, are not in thermal equilibrium. In fact, they are
thermodynamically far from equilibrium and some of their degrees of
freedom are weakly coupled to others or to the surrounding heat bath.
Thus thermalization time (time needed to redistribute energy into
other degrees of freedom) may be significantly greater than in systems
in thermal equilibrium (simple inanimate or dead systems). Indeed, in
some systems, this number may even be greater than the character-
istic lifetime of the system. Thus, it is not surprising that EMFs can
induce a significant change in energy in some degrees of freedom
before dissipation or redistribution of the energy. In particular, Binhi
showed that the magnetic component of the EMF can interact with
cellular magnetic nanoparticles. Natural magnetic nanoparticles are
indeed found in many organisms from bacteria to humans (Posfai and
Dunin-Borkowski, 2009; Kirschvink et al., 1992a,b). Long-lived rota-
tional states of some molecules within protein structures, spinning
magnetic moments in radical pairs, and even the magnetic moments
of protons in liquid water are other possible targets of magnetic field
interactions (Binhi and Rubin, 2007; Binhi, 2001).

Pilla et al. (1992) also calculated that the KT limit can be
decreased significantly for cell arrays in tissues where cells are
conductively connected through gap junctions. This decrease could
be on the order of ten to one hundred fold, and depends on the
frequency of the EMF as well as cellular dimensions.

The other problem with the effect of EMFs on biosystems has to
do with the coupling of energy. From an engineering standpoint,
the absorption of EMF energy is inefficient when the receiving
antenna, which in this case is a group of molecular dipoles, is very
small compared to the radiating EMF wavelength. However,
coupling and energy transfer of an EMF to cellular structures may
become greater if there is a resonant interaction of the EMF with
vibrational modes of the cellular structures (Adair, 2002). But is it
possible to have a long-lived vibrational movement of cellular
structures in a viscous medium such as the cytosol? In his book on
quantum electrodynamics in matter, Preparata et al. predicted that
liquid water is composed of two phases, distinct coherent domains
of water which have different physical properties such as viscosity
and density compared to “bulk” gas-like water which is present
between the coherent domains. Based on this theory, other scien-
tists proposed that the microvolumes of water that surround
biomolecules may exhibit drastically lower damping (Preparata,
1995; Del Giudice et al., 2002; Zhadin and Giuliani, 2006). This is
supported by several studies, in which extremely sharp resonances
in low-frequency magnetic fields have been observed (Foletti et al.,
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2009; Lisi et al., 2006; Zhadin, 2000; Zhadin et al., 1999; Pazur,
2004; Grundler and Kaiser, 1992; Belyaev, 2005a; Smith et al,,
1987). A low damping rate (collisionless movement) is a necessary
assumption in a model proposed by Liboff which describes a reso-
nance of moving ions in an external magnetic field by a cyclotron
resonance mechanism (Liboff and Jenrow, 2000; and chapter in
Chiabrera, et al. 1985). In his model, an alternating magnetic field
acts resonantly on a moving ion, and the frequency of the reso-
nance depends on the magnitude of the static magnetic field
component that is parallel to the alternating magnetic vector.

Coupling of EMFs in the microwave and millimeter wave regions
to vibrations of cellular structures is also consistent with a part of
Frohlich’s theory (Fréhlich, 1980; Betskii and Lebedeva, 2004; Pak-
homov et al,, 1998) which predicts resonant interaction of biomo-
lecular structures with external electromagnetic fields. With
a similar assumption, Sinitsyn et al. (2000) proposed generation of
intrinsic resonance frequencies by water clusters in biosystems
exposed to weak EMF in the range of 50—70 GHz. At these
frequencies, water-molecule oscillators lock on to the external signal
frequency and amplify the signal by means of synchronized oscil-
lations or regenerative amplification. Then, waves at these
frequencies can pass through aqueous media almost without
significant resistance and penetrate deep into the biosystem. Betskii
and Lebedeva (2004) also pointed to stochastic resonance as
a possible process involved in EMF non-linear interactions with
biosystems (Anishchenko et al., 1999; Neiman et al., 1998). In
stochastic resonance the sensitivity of a system to weak periodic
signals is actually increased when the optimal level of random noise
is added (Hanggi, 2002).

In three engineering models, Barnes (1992) explains the
mechanisms through which EMFs can be extracted from a noisy
background by biological systems. The first model is based on
oscillation injection-locking processes in which the signal-to-noise
ratio can be less than one. The second model is based on parametric
amplification and assumes that the external signal and the bio-
logical process can have different frequencies and that the neces-
sary requirement for functioning of this model is phase stability of
the EMF frequency. When the phase of the signal is unstable, no net
amplification can take place. In the third model, Barnes uses
a computer model to simulate a neural network, which can be
trained to identify a field of definite frequencies at signal-to-noise
ratios much less than one. The prerequisite for all of these models is
the existence of long lasting coherence of the external EMF.

The other theory in this field was proposed by Tsong et al.
(Westerhoff et al., 1986; Tsong and Astumian, 1986; Markin and
Tsong, 1991a,b; Tsong, 1992). This group proposed electro-
conformational coupling (ECC) for cellular enzymatic systems. In this
theory, enzymatic systems, particularly those in membrane struc-
tures, are able to receive, process and transmit high and medium
level intensity periodic potentials, e.g. electric potentials. ECC theory
describes four-state enzyme systems that convert electric field
energy into chemical potential energy if the frequency and the
strength of the applied field properly match the characteristics of the
system. They also proposed a theory of oscillatory activation barriers
(OAB) (Markin et al., 1992; Tsong, 1992), one which explains the
processing of low level periodic electric potentials. Unlike the ECC
model, in the OAB model the electric field does not influence the
chemical equilibrium of a reaction. Instead, it alters the rate of
a reaction by interacting with the activation barrier. In the OAB
model the energy barrier between the states of an enzyme can be set
oscillating by the applied oscillating electric field. The rate of reac-
tions involving the enzyme can be influenced by a certain frequency
of the electric field. Tsong, in his molecular recognition theory of
electric fields (including both ECC and OAB) in 1992 suggested that
“amolecule which isimmobilized, oriented or tumbling more slowly

than the frequency of the periodic field, may interact with the field to
produce chemical effects that are uncommon in homogeneous
solution” (Tsong, 1992). These conditions are fulfilled when the
molecule is part of a complex structure. This strongly suggests that
for detection of a weak field, molecules need to be in a structured or
anisotropic medium (e.g. in a membrane where the field is amplified,
in macromolecular filaments of the cytoskeleton, or in cellular
bound water) to rectify and accumulate the energy. It has been
shown experimentally (Tsong, 1992; Knox and Tsong, 1984; Serpersu
and Tsong, 1984; Liu et al., 1990), as predicted by the ECC and OAB
theories, that there are optimal frequencies and amplitude intervals
of oscillating electric fields and optimal ligand concentrations for
efficient coupling of the electric field to enzyme systems. To test the
ECC theory, they did a series of experiments in which the electric
field could induce cation pumping activities of Na*/K*-ATPase and
Ca®*t-ATPase in human erythrocytes, and ATPase activity in beef
heart mitochondria. Supporting the OAB theory, they successfully
stimulated ATP hydrolysis by weak periodic electric fields. Optimal
frequencies depended on the system under investigation and varied
from 10 Hz to 1 MHz. Applied electric field intensities in the
experiments of Tsong et al. were about a few V/cm for low level fields
and a few kV/cm for high level fields. It is known that externally
applied electric fields with frequencies less than 1 MHz, can be
amplified by cellular membranes (Foster and Schwan, 1989; Tsong
and Astumian, 1986). The basis for this phenomenon resides in the
properties of the membrane that allow it to act as an insulator and
effectively blocks the passage of the electric field across the
membrane. This results in a drop of voltage across the membrane
(Vi) given by the equation

Vin = 1.5ExR (1)

where Egy is the intensity of the uniform externally applied
electric field, and R is the radius of the cell. Intensity of the field in
the membrane Ep, is given by the drop in voltage (potential differ-
ence) across the membrane divided by d — the thickness of the cell
membrane

Em = T = 1 5Ep )

Thus the field in the cellular membrane E is effectively
amplified compared to the intensity of the external applied field Ey
by the ratio 1.5 R/d. Taking this into consideration along with the
ECC and OAB theories, Tsong proposed that under suitable condi-
tions even detection of a weak field at the level of a few nV/cm by
membrane macromolecules is feasible. The ECC theory can also be
used to explain how a molecular system can serve as a generator
of specific EMFs if the inverse mechanism of the ECC model
(conversion of chemical energy to electrical energy) is being
considered (Tsong, 1989; Tsong and Gross, 1994).

Stoykov et al. (2004) used a computational model to examine
a non-thermal electromagnetic interaction mechanism in living
cells with a focus on non-linear behavior of the cellular sodium ion
channel when exposed to microwave EMFs. Their results imply that
an amplitude-modulated microwave electric field can induce
low-frequency ion currents in cellular sodium channels. This may
be due to a non-linearity that is inherent in the ion-flow process.

In addition to membrane-bound enzymes and pumps, other
membrane macromolecules were also considered as the potential
unit of cellular EMF reception. Weaver and Astumian (1990)
presented a physical model in which membrane macromolecules
can directly respond to very weak external electrical fields as low as
(1078 V/cm) if there is a narrow band of frequencies to which the
molecule responds, or if signal averaging occurs. If the applied
signal is periodic and there are means of time integration of the
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signal in the biosystem, then the noise is averaged out over subse-
quent periods of integration and thus, the signal-to-noise ratio is
increased.

Balzano examined EMF interactions with biosystems from a non-
linear thermodynamics perspective (Balzano and Sheppard, 2003,
2007; Balzano, 2003). He showed that a non-linear interaction could
be due to scattering of EMFs from (molecular) oscillators located in
strong electric field gradients in regions such as membrane surfaces.
He also proposed that non-linear mechanisms could appear if stress
(elastic) waves were induced due to EMF heat generating properties.
A sudden, pulse-like absorption of a large amount of EMF energy can
cause heat stress and expansion of the exposed biosample. Elastic
waves induced in this manner could interact with incoming photons
and give rise to modulation products of frequencies different than
the incoming EMF, which could induce bioeffects.

Several other theories consider simple or complex molecules as
the unit of cellular EMF reception. Van Zandt (1978) proposed that
resonant interactions between biological molecules could assist
several types of interactions. He showed that forces between
localized, oscillating vibrating molecules could be modified based
on the relative frequency difference between the two oscillators.
The proposed model resembles that of the Fréhlich theory proposed
in the 1960s—1970s, but there are slight differences which cause the
interactive force of oscillators in Van Zandt’s model to be much
more selective. Later on, Karimov et al. (1999) proposed a model for
the mechanism of interactions of weak EMFs with biomolecules.
The focus of this model was based on the dependence of the natural
resonances of biomolecules on the shape of the EMF signal and
features of biomolecular structures and active centers containing
metal atoms.

In 2002, Goodman and Blanck proposed the existence of elec-
tron transport (charge flow) in DNA. They suggested that low-
frequency EMFs can interact directly with electrons in DNA mole-
cules which eventually translate into biosynthesis of proteins
(Goodman and Blank, 2002). Edwards et al. (1984, 1985) also
provided evidence of direct resonant DNA absorption of micro-
waves. His findings were later challenged by some scientists (Foster
et al.,, 1987; Gabriel et al.,, 1989), while others supported them
(Tao et al., 1987b, 1987a; Mei et al., 1981; Lindsay and Powell, 1983;
Van Zandt, 1986; Van Zandt and Saxena, 1989).

Kaiser considered coupling of EMFs to intracellular Ca?* oscil-
lations as a possible mechanism (Grundler and Kaiser, 1992; Kaiser,
1995, and chapter in Chiabrera et al., 1985). In his general model, he
explained how non-linear oscillators could manifest specific
phenomena including synchronization, sub- and superharmonic
resonances, and frequency and intensity sensitivity. This implies
that biosystems can be very sensitive to changes in the parameters
of external EMFs. Several other scientists proposed similar models
that focus on calcium as the probable candidate for reception of
EMFs in biosystems (Gapeyev and Chemeris, 2000; Liboff and
Jenrow, 2000).

Another interesting theory in this field deals with free radical
chemistry. Vaks et al. (1994) showed that low energy physical
factors such as microwave EMFs may induce homolytic cleavage of
water and produce free radicals. Free radicals are also produced
constantly in cells by mitochondria, chloroplasts or during other
cellular metabolic reactions and serve as a mediator in several
cellular metabolic pathways.

Keilmann proposed another theory based on molecular spin.
Spin is a kind of intrinsic degree of freedom of molecules and
particles, which, in simple words, could be imagined as a rotational
movement of particles around their own axis. Spin is weakly
coupled to other degrees of freedom and thus can be non-thermally
populated. EMFs can influence the population of spin states. Triplet
and radical molecules are the special target of this theory since they

have nonzero spin. Hence, if these molecules belong to a reaction
chain where the reactivity is dependent on spin, EMFs can influence
the reaction rate (Grundler and Kaiser, 1992; Adey, 1993) and triplet
mechanisms (resonance dependency on EMF frequency) (Keil-
mann, 1986; Grundler and Kaiser, 1992).

In the other model, Brizhik et al. discussed the effect of EMFs on
biosystems through influences of solitons, which can provide dis-
sipationless energy and information transfer (Brizhik and Eremko,
2003; Brizhik, 2003; Brizhik and Eremko, 2001). In their theoretical
analysis, they showed that the spectrum of biological effects of
EMFs can be divided into two major bands. The lower frequency
band is connected with an intense form of EMF energy absorption
and consequent emission of sound waves by solitons. In contrast,
the higher frequency bands can induce soliton transitions to delo-
calized states and thus are able to destroy the soliton and disrupt
the transfer of energy and information.

Another important point in understanding the nature of the
effect of EMF on biosystems can be inferred from Levin’s conclusion
(Levin, 2003). In his view, when it comes to affecting a biosystem,
the intensity of the EMF is of much lesser importance compared to
the amount of information it carries. He concluded that the effect of
an EMF can be in general much stronger on the whole biosystem
compared to its effects on cells, cell organelles and macromolecules
(original citation (Barnothy, 1964)).

3.2.2. How cells react to EMF in the visible range

Interactions of biosystems with EMFs in the visible range have
a wider acceptance among scientists since quanta of such EMFs
have higher energy levels than the average energy of thermal noise.
Most of the models in this field closely link EMF reception to EMF
emission. This is done because in most cases both processes share
a common particulate matter and mechanism. It seems that a major
problem for current molecular biologists is to understand how very
weak EMFs in the range of a few to tens of photons in the visible
range could couple to molecular signaling pathways. Is there any
amplification mechanism in the cell? In fact, in his original theory,
Gurwitsch proposed that there is an amplification mechanism in
cells that lies in the initiation of branching chain reactions (Voeikov
and Beloussov, 2007). Gurwitsch also stressed that the sensitivity to
small numbers of energy quanta is possible only in systems in
a “non-equilibrium state” (originally in German “unausgeglichene
Konstellation”) (Gurwitsch and Gurwitsch, 1959). This closely
agrees with the physical properties of living systems which are in
a non-equilibrium thermodynamic state.

In his review article, Karu explains how cytochrome c-oxidase
can act as a photoreceptor in eukaryotic cells exposed to mono-
chromatic red to near-IR radiation (Karu, 1999; and chapter in
Musumeci et al., 2003). Albrecht-Buehler also suggested that cells
are capable of detecting EMF in the near infra-red range. However,
he proposed that centrioles serve as the “eyes” of the cell (Albrecht-
Buehler, 2010, 1992). This is based on their specific structure and
perpendicular conformation, which enable these organelles to
detect the source and the angle of the irradiated IR EMF.

Gao et al. (2009) used a molecular approach to explain the
effects of light on living cells. According to his theory, low level laser
light affects cell proliferation mainly through the activation of the
mitochondrial respiratory chain and its cellular signaling.

Hamblin and Demidova (2006) proposed similar mechanisms to
explain how light can affect cells. In their theory the molecular
targets of low level light are mainly cytochrome c-oxidase and
photoactive porphyrins and the mitochondria is the major site of
for this reaction.

Amat et al. (2006) proposed a mechanism for visible and IR light
bioeffects based on oscillatory electric fields induced in biomole-
cules. This hypothesis traces the effect of the light to the effects of
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EMFs of lower frequencies, which have been reviewed earlier in this
paper. Amat supports his hypothesis by pointing to the similar bio-
effects of light and lower frequency EMFs known from the literature.

Cosic (1997), in her model, proposed that there is a resonant
interaction between macromolecules that plays an essential role in
their bioactivity. In fact, she coined the term Resonant Recognition
Model (RRM). She showed that there are certain periodicities
within the distribution of energies of delocalized electrons along
a protein molecule that are critical for protein functions such as
interactions with their targets. A charge moving through a protein
backbone can produce EMF radiation or absorption with spectral
characteristics corresponding to the potential energy profile of the
protein. The RRM enables the calculation of these spectral charac-
teristics which lie in the infra-red and visible spectral EMF regions.
In simple words, the key point of Cosic’s finding is the assignment
of specific spectral characteristic of proteins to their specific
biological function (Pirogova et al., 2008). This theory could also be
the base for designing new peptides which would have desired
biological activity based on their precalculated spectral character-
istics (Cosic, 1994; Cosic and Pirogova, 2007).

4. Evidence for cells interacting through
electromagnetic fields

4.1. Are biological systems really interacting through EMFs?

Data from the literature provide evidence that EMFs can be
generated and received by biological systems in a broad range of
frequencies; from static fields to a wide range of optical and non-
optical EMF spectra. However, whether the biosystems that are
capable of emitting and receiving EMFs are really using them for
intercellular or intracellular interaction is a matter of fundamental
debate.

Most of the experiments that try to explore the hypothesis of
biosystem interactions through EMFs are centered around experi-
ments that explore correlated behavior of chemically separated
biosystems. As mentioned earlier, the first scientific report on
distant non-chemical interaction between two distantly placed
biosystems was described by Gurwitsch in the 1920s who dubbed
the mediating phenomenon as “mitogenetic radiation” due to its
mitosis stimulating effect (Gurwitsch, 1923, 1924). Following his
report, many scientists did thousands of experiments in which they
used a group of cells or biological tissues (inducer) undergoing
a certain process using a stimulator and measured the response in
another group of cells or biological tissues (detector) that are not

J\/"
INDUCER N N DETECTOR
%

SEPARATOR

Fig. 2. Typical setup used in experiments on cellular electromagnetic interactions.
INDUCER: a source of EMF — a cell culture undergoing or stimulated to undergo some
process. DETECTOR: a cell culture detecting and reacting to the EMF from the inducer.
SEPARATOR: ensures a chemical separation of the cell cultures and determines trans-
mitted spectrum to find out which part of the EMF spectrum is mediating the
interactions.

exposed to any stimuli and are chemically separated from
the inducer by a separator (see Fig. 2). The main purpose of the
separator is to chemically separate the inducer from the detector
while permitting transmission of certain specific EMF frequencies
(wavelengths). In these experiments, the inducer and detector may
or may not be from the same type or species.

Examples of the selected inducer and detector include ex-vivo
cultured cells, cell suspensions and cell lysates. In a recent review on
distant cell communication by Trushin (Trushin, 2004b), one can find
several examples of experiments from Russian language papers that
can not be easily accessed in other languages or obtained by internet
searches. Those works are mentioned in this paragraph. In an
elaborate set of experiments, Kaznacheev observed that cellular
cytopathic effects in a cell culture plate can be mimicked in a distinct
cell culture plate that was not exposed to the cytopathic stimulus and
was separated by quartz glass from the cells that were exposed to the
cytopathic stimulus. He called this phenomenon a “mirror cytopathic
effect” (Trushin, 2004b; Kaznacheev and Mikhailova, 1981, 1985). In
these experiments, Kaznacheev used various types of human or
animal cell cultures as inducer and detector and Coxasackie A-13
virus or mercury chloride as cytopathic agents (stimulus). He used
regular glass as well as quartz glass for physically partitioning the
inducer and the detector cells in a parallel set of experiments. He
observed that the biochemical effects in the detector cells were only
observed in those cells that were separated from the inducer cells by
quartz glass and not by regular glass. Therefore, he suggested that the
mirror cytopathic effect is most likely due to ultraviolet or infra-red
EMFs emanating from inducer. Trushin’s review also shed light on
a series of similar experiments by Kirkin in 1981 who observed
changes in growth in distant detector cells and Mostovnikov and
Kholkhov found a significant increase in chromosomal aberrations in
distant detector cells while the inducer cells were treated with
cytopathic agents such as fast neutrons and laser beams.

In other sets of experiments, Grasso et al., (1991) used yeast cell
cultures plates and positioned two culture palates (one inducer and
one detector) in front of each other at a 6 mm distance. The exposure
time was 30 s at room temperature and the cells were partitioned
only by air. Control samples were maintained far from inducer cells.
After keeping the samples and controls for 8 min at 26 °C, biological
processes were stopped by adding a formaldehyde solution and
samples were checked for their growth and gemmae formation.
They found that detector yeast cells had their growth and gemmae
formation significantly increased compared to control cells.

In another set of experiments on yeast, Musumeci et al. (1999)
tested the possibility of an intercellular optical EMF interaction in
physically separated yeast cell cultures. They used a temperature
sensitive strain of yeast cells in order to control the growth phase of
the cell culture. The growth rate of the detector cells that were
optically connected with inducer cells in the active growth phase
was significantly different compared to the growth of detector cells
that were optically connected with inducer cells that were not
dividing.

Budagovskii et al. (2001) (cited also in Trushin, 2004b) pub-
lished an observation that pollen grains manifest increased
germination rates in detector cells but not in control cells. His
observation indicates that volatile molecules are not a strong
candidate for transferring information from inducer to detector
since the control was placed in the same gas environment.

Bacteria can also use distant signaling for spore germination and
other physiological functions. In his experiment, Nikolaev reported
that through distant interactions Pseudomonas bacteria can signif-
icantly reduce their adhesive capacity (Nikolaev, 2000a; and
chapter 20 in Beloussov et al., 2000). He also found a distant effect
of Pseudomonas putida on Bacillus subtilis spore germination
(chapter 12 in Beloussov et al., 2007). He compiled his and others’
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findings on distant interactions of bacteria in his recent review
(Nikolaev, 2000b). Also, Trushin prepared critical reviews on
distant interactions of bacteria (Trushin, 2004a, 2003d).

Both Trushin and Laager in their two independent experimental
works observed a link between UPE and growth parameters of
optically connected cultures of Escherichia coli (Trushin, 2003a,b,c;
Laager, 2008).

Plant seeds also seem to use UPE in their interactions. Kuzin and
Surkenova (chapters in Popp and Beloussov, 1996; Beloussov et al.,
2000) found that low dose gamma ray irradiation of Raphanus
savitus seeds (inducer) can result in similar changes in detector
seeds not exposed to gamma rays and separated from the inducer
seeds by a quartz barrier. This effect was abolished when the
experiment was repeated with a glass barrier, which blocks the
passage of ultraviolet UPE.

Optical interactions have also been reported in human cells.
Voeikov and Novikov reported optical interactions of neutrophils
via UPE during their respiratory burst (Voeikov and Novikov, 1997;
and chapter in Popp and Beloussov, 1996). Shen et al. (1994), and
chapters in Popp and Beloussov (1996), Beloussov et al. (2000)
found that PMA (phorbol myristate acetate) induced respiratory
bursts in inducer neutrophils can result in a similar reaction in
optically-coupled detector neutrophils.

Rowlands et al. observed that roleaux formation of erythrocytes
does not follow simple Brownian laws of motion and proposed
cellular EMFs generated as desribed by Frohlich theory as a plausible
explanation for this complex group of cellular interactions (Rowlands,
1983; Rowlands et al., 1981, 1982; Sewchand and Rowlands, 1983).

Other scientists also showed distant interactions between
mammalian cells through EMF coupling. Zhang and Zhang (2007)
found that osteoblasts emitted UPE after being stimulated by weak,
low-frequency, pulsed, electromagnetic fields. Far more interest-
ingly, the emitted UPE promoted the proliferation of other osteo-
blasts. In our own laboratory, we showed that H,0O, treated colon
cancer inducer cells (CaCo-2 cells) increased NF«B activation, caused
cytoskeletal structural damage and reduced total cell protein
content in optically-coupled detector cells (Farhadi et al., 2007).

Albrecht-Buehler pioneered a series of experiments in which he
used various cell culture models and investigated the effect of both
weak artificial and cellular infra-red EMFs on cell functions and
properties. He observed interactions of baby hamster kidney (BHK)
cells separated by a thin glass film (Albrecht-Buehler, 1992). Cells
on one side tended to orient (traverse) themselves based on the
orientation of the cells on the other side of a separator made of
glass. To determine the interaction wavelength, various types of
separators with different thickness and material were used. He
determined that the wavelength of interaction radiation is in
the red to near infra-red range. The number of traversing cells
decreased inversely with the thickness of the separator plate. He
also observed that 3T3 (Albrecht-Buehler, 1991, 2005) and CV1
(Albrecht-Buehler, 1995) extend their pseudopodia towards distant
near infra-red sources, e.g. latex particles which scattered light. For
3T3 cells (Albrecht-Buehler, 1991), about 25% of cells extended
lamellipodia towards a single near infra-red scatterer. If two such
scatterers are provided, 47% of the cells extended towards them.
The strongest response was achieved for electromagnetic fields at
wavelengths of 800 nm, intermittently modulated (60 periods per
min with rectangular or sinusoidal variations in amplitude).
Albrecht-Buehler proposed that motile cells have rudimentary near
infra-red vision, where the detectors can be perpendicularly
oriented centrioles in cell centrosomes. Infrared EMFs were found
to play a role in mutual cellular interactions (Albrecht-Buehler,
1992, 2005, 2010, 1995).

The other potential contender responsible for cellular optical
interaction is the mitochondrion. Batyanov (1984) found in a series

of experiments that there is an optical interaction between rat liver
mitochondria in a suspension. He showed that changes in the rate
of oxygen consumption of optically connected samples are different
from controls. Mitochondria are well known sources of reactive
oxygen species, so it is easily conceivable that they are the source of
UPE. Furthermore, Batyanov’s experiments show that mitochondria
can even respond to UPE from other mitochondria.

Whether distant cell signaling process is species-specific or not
is another important question. Budagovsky et al. found that
human whole blood has a stimulatory effect on germination of
radish seeds when those are optically coupled. They proposed that
biosystems are able to convert random photon emission to
coherent photon emission depending on their physiological state
(chapter in Beloussov et al., 2007). To verify that the coherence of
the UPE is the major factor in distant interactions of biosystems,
investigators performed experiments using standard photometric
four-sided quartz cuvettes with two opposite transparent sides
and two matte sides. The matte sides (random phase screen)
scatters the light, reduces the spatial coherence, and the trans-
parent sides (ordered phase screen) preserves the spatial coher-
ence, while both sides transmit the same intensity of light.
Researchers observed significant reduction in the ability of UPE
from human blood to influence germination of radish seeds when
separated by random phase screens as compared with ordered
phase screens. We consider this study of extraordinary importance
since it experimentally showed that statistical ordering (coher-
ence) of UPE plays an important role in UPE-based communication
between biological systems. Temporal statistical ordering imposed
by intermitting the UPE flux by rotating disc (which contained
regularly distributed apertures) between two cell cultures was
used by Gurwitsch and Gurwitsch (1934) to increase the efficiency
of UV mediated mitogenetic effect.

Is the distant (non-chemical) interaction in biosystems limited
to interactions at the cellular level? It seems that biosystem inter-
action has been reported at the level of plants, and primitive bio-
systems such as insects and other biosystems. In the study
conducted by Burlakov, he used loach Misgurnus fossilis L. embryos
of different ages that were kept in quartz cuvettes for 20—24 h. In
his experimental setting, embryos could only communicate
through optical means. He observed some morphological changes
in embryo development when these embryos were optically con-
nected. He did not observe these changes in control embryos that
were not exposed to the other group (Burlakov et al., 2000).

Popp and Chang (chapter in Ho et al.,, 1994) also reported
synchronization of flashes of fireflies and dinoflagellates when
cultures were connected optically. From these experiments, the
authors suggested that electromagnetic bio-communication plays
an important role in the interactions of whole organisms. Also
Beloussov et al. demonstrated optical interactions of fish eggs and
embryos via UPE (Beloussov et al., 2002b, 2003, and chapter in
Beloussov et al., 2000).

Jaffe discovered that marine plants polarize the growth of
distant fucus eggs by means of UPE up to distances of at least
10 mm (Jaffe, 2005, 2004). Marine plants used in the experiment
were Egregia menziesii, Fucus furcatus and Zostera marina. Fels
(2009) showed that Paramecium caudatum can interact via UPE in
both the UV and visible parts (>340 nm) of the EMF spectrum.
Experiments on interactions of cell populations took place in
darkness. Cells affected cell division and energy uptake in neigh-
boring cell populations. These effects were positive (stimulating) or
negative (suppressing) depending on whether the quartz or normal
glass cuvette was used and on the number of cells in the inducer
and detector populations.

Galle also suggested that insects use UPE as a way to interact. In
his study, adolescent Daphnia magna create UPE and the intensity
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of UPE had a non-linear dependence on the population density
with distinct maxima and minima (Galle et al., 1991; Galle, 1993,
chapter 14 in Popp et al., 1992).

Callahan has performed extensive experimental and theoretical
work on electromagnetic aspects of insect olfaction (Callahan,
1977a,b, 1985a, 1977¢, 1985b; Callahan et al., 1985; Callahan, 1981).
His main motivation was to explain long range attraction of various
insects to each other and to sources of light. One of the proposed,
modeled and tested mechanisms was based on the hypothesis that
certain insect exoskeleton structures serve as antenna for infra-red
radiation emitted by excited attractant molecules. A critical review
of Callahan’s theory and experiments was recently published in
Traill (2005, 2008).

Becker was another scientist that worked on the role of EMF in
insect biology. He showed that the behavior of insects such as
termites is dependent on mutual EMF interactions during gallery
building. In his numerous experiments, termites acted differently
when colonies were separated by an aluminum plate compared to
non-conductive plates. These behavioral changes were observed
across different species of termites, suggestive of trans-species
communication among different species of termites (chapter in
Popp et al., 1989 and numerous references therein) (Table 2).

4.2. Caveats and obstacles in experiments on cellular
EMEF interactions

Scientists were skeptical (Bateman, 1935; Hollaender and Claus,
1935, 1937) after Gurwitsch discussed his findings and proposed his
theory of “mitogenic radiation”. Moreover, Gurwitsch’s experi-
mental protocol was arduous and interpretation of the data was
rather complex. For example when he used yeast cells, they should
be used as detectors in log phase and as inducers in the phase of
exponential growth. Then, the effect on detector cells should be
evaluated (number of cells counted) in the beginning of the expo-
nential phase. Other peculiarities were also involved (Voeikov and
Beloussov, 2007; Gurwitsch and Gurwitsch, 1943(1999); Volodyaev
et al.,, 2009). Thus, it is not surprising that some groups of scientists
who tried to reproduce Gurwitsch’s results were not able to do so
due to lack of adhering to his stringent methods (Gurwitsch and
Gurwitsch, 1943(1999), p.286—293 Gurwitsch and Gurwitsch,
1959) giving rise to intense debates and controversies. Using
detector devices that lacked adequate sensitivity to detect weak
UPE, such as modified Geiger—Miiller counters or certain photo-
graphic plates, was another reason why scientists could not easily
reproduce the experimental data in their lab, undermining trust in
Gurwitsch’s findings on mitogenetic effects. This mistrust
happened because of a few dozen negative reports in spite of
several hundred positive reports that confirmed the existence of
“mitogenetic radiation” (Gurwitsch and Gurwitsch, 1943(1999)).
Wainwright (1998) in his review evaluated some of the problems
with reproducibility of mitogenetic radiation. He himself had
trouble in reproducing his own data but in several cases repro-
duced the experiments and provided evidence for UPE cellular
interactions in double-blind experiments with bacteria (Wain-
wright et al.,, 1997). After the Second World War, research in this
area ceased almost completely in Western countries until the
1970s. Over several recent decades the existence of UPE from cells
has been confirmed repeatedly by many scientists all around the
world (Multi-author review, 1988, 1992; Popp et al., 1992; Popp and
Beloussov, 1996, 2003; Van Wijk and Shen, 2005; Beloussov et al.,
2007). Although various effects resulting from EMF cellular inter-
actions have been reported, the mitogenetic effect of UV UPE is not
widely known. In order to rehabilitate Gurwitsch’s original find-
ings, computer based image evaluation methods are being devel-
oped by Russian scientists (Volodyaev et al., 2009).

An other interesting obstacle in reproducing results from
experiments on EMF cellular interactions was reported by Kazna-
cheev and Mikhailova (1981, 1985). They observed that the “mirror
cytopathic effect” (mediated by UV UPE) varied with the month of
the year. The effect was at its nadir between December and January
and at its peak from June to August, see Fig. 3.

Especially for the perspective of experimental workers in this
field, it may be informative to show the typical reproducibility of
the experiments during the most and least favorable parts of the
year (Figs. 4 and 5). Please note that this depends also on the
geographical latitude (Kaznacheev’s experiments have been carried
out mostly in Novosibirsk, 55° 02’ N, 82° 55" E).

It is well known that there are periodic changes of many
biological processes at the level of single cells to whole organisms
with diurnal, monthly, annual and other periods. Brown et al.
found that there are annual fluctuations of perspiration activity in
various species. He found that O, consumption (potato samples),
even when using a respirometric system keeping conditions
constant, including pressure, fluctuates almost sinusoidally over
the year, with a minimum during October—November and
a maximum (rate doubled) in April-May (Brown, 1958).
Furthermore, it has been discovered that seed water uptake
(Brown and Chow, 1973), small animal motility (Webb and Brown,
1965) and tree stem diameters (Ziircher et al., 1998) fluctuate
periodically. Candidate external pacemakers for these phenomena
include periodic gravitational changes due to the moon (the cause
of regular tides), periodic changes in magnetic fields due to solar
activity and the relative position of the earth to sun.

Kaznacheev (Kaznacheev and Mikhailova, 1981, 1985) and other
scientists (Volpe, 2003) studied the effect of changes in the natural
magnetic field on mitotic activity and on the viability of cells.
Positive results suggested that if basic cellular processes are influ-
enced to periodically change their magnitude, the same should be
the case for EMF cellular interactions.

Based on the analysis of more than 12 000 experiments over
a period of more than 10 years on 12 cell lines (Kaznacheev and
Mikhailova, 1981, 1985), it has been discovered that results in the
field of distant cellular interactions can be affected by several
variables such as heliogeomagnetic conditions: solar activity,
geomagnetic disturbances and geographic latitude (Trushin,
2004b; Kaznacheev and Mikhailova, 1981, 1985).

Results of analysis similar to cross correlation analysis of
observed magnitudes of the “mirror cytopathic effect” and
geomagnetic factors (Ap index, polarity of interplanetary magnetic
field, F index) gave the following results (p. 97 in Kaznacheev and
Mikhailova, 1981): the Ap index of geomagnetic activity' was
increased when the cytopathic effect was not present and vice
versa. A negative orientation? of interplanetary magnetic field was
present on days when there was a very high occurrence of the effect
and a positive interplanetary magnetic field orientation was
present when the effect did not appear. A higher solar flare index
(SFI) has accompanied unsuccessful experiments. To summarize
the effects of geomagnetic fields on cellular interactions, based on
extensive experimental work we can state that disturbances of the
natural electromagnetic background, including its amplitude and
spectra, lowers the ability of cells to interact via their own elec-
tromagnetic fields. Additionally, to study the effect of natural
magnetic fields on the mirror cytopathic effect, better controlled
influences have been studied. It has been found, for example, that
increased temperatures (to 38.5 °C instead of the standard 37°)

! Ap index is a measure of the general level of geomagnetic activity over the
globe for a given (universal time) day.
2 Magnetic field lines of interplanetary magnetic field pointing to the sun.
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Table 2

Electromagnetic distant interactions of biosystems. Quartz is transparent basically for wavelengths of EMFs longer than 170 nm, normal glass is transparent usually for wavelengths
longer than 350 nm. The upper limit of transparency is in near the infra-red at wavelengths of about 2000 nm. Exact transmission depends on the composition of the glass and its
thickness.

Organism, cell type or structure

EMF wavelength or frequency,
separator material

Effects

References

fibroblasts (human & chicken),
monkey kidney tissue
human embryonic
fibroblasts, Hep-2 cells
rat sarcoma cells
diploid cells of musculocutaneous
tissue from human embryo
yeast cells
yeast cells
cherry pollen grain
Pseudomonas bacteria
Pseudomonas putida —
Bacillus subtilis spores
Escherichia coli

Raphanus savitus seeds

neutrophils

neutrophils
whole blood

erythrocytes

osteoblasts

CaCo-2 (colon cancer) cells

mammary gland explants

BHK, CV1, 3T3 cells
human blood — radish seeds

loach Misgurnus fossilis L. embryos

frog Xenopus laevis eggs and embryos

fireflies, dinoflagellates

marine plants Egregia menziesii, Fucus
furcatus, Zostera marina — Fucus eggs
ciliate Paramecium caudatum

Daphnia Magna
fungus Gaeumannomyces
graminis — bacteria Pseudomonas

corrugata lux
termites

moth Trichoplusia Ni Huebner,
lovebug Plecia Neartica Hardy
mitochondria

Other partial reviews on EMF
(distant) cellular interaction

UV or IR (various separator materials
tested: RF, sound excluded)
UV excluded (glass separator)

UV excluded (glass separator)
EMF 500—700 nm (authors’ claim)

UV-IR (authors’ claim) air separation
quartz (UV transparent cuvette)

common gaseous environment, effect present

only if cultures in direct optical contact
not UV (glass separator)

not UV (acrylic plastic separator used)

vis-IR (effect present with vis-IR transparent

glass, but not with opaque one)
UV (effect present with quartz (UV
transparent), but not with glass separator)

quartz separated (UV transparent)

quartz separated (UV transparent)
quartz vials (UV transparent)

cells in blood plasma and other liquids
UV-IR (effect present through copper net,
but not through black glass)

UV-IR expected, but not

verified — glass separators

UV visible (effect through the quartz,
not through the opaque separator)

IR (various separator materials tested)
(quartz separator used)

(quartz separator used)

(quartz separator used)

UV-IR expected, but not verified

(effect present with quartz glass separator,
but not with a copper one)

UV-IR expected, but not verified

some effects through UV, some through
visible-IR glass or quartz cuvettes used
UV-—visible expected, but not verified

(organisms in water environment)

UV (effect present through the quartz,
not through the glass separator)

(aluminum separator dismissed
the effect)

IR?

uv

Transfer of the effect of HgCl, and viruses Kaznacheev et al. (1980), Kaznacheev

Coxsackie A13 and fowl pest infection
Transfer of effect of high dose

UV irradiation

growth rate

transfer of effects of neutron
bombarding: chromosomal aberrations
growth rate

growth rate

germination rate

adhesive capacity
germination rate
growth rate

seed germination and development

effect of inducer on PMA or zymosan
induced respiratory burst in detector

PMA stimulated inducer increases
UPE and 0%~ in detector

effect of back-reflected (by aluminum
foil) photons on blood UPE

rolleau formation kinetics

proliferation promotion in detector,
when inducer stimulated to proliferate
increased NF«B activation, structural
damage and reduced total protein in
detector, when inducer treated by H,0,
changed protein secretion, lipid
peroxidation and UPE in detectors
when inducers treated by oxytocin,
acetylcholine, epinephrine,
nor-epinefrine

mutual orientation, motility

germination rate
morphological changes in
embryo development
decreased UPE intensity

synchronization of UPE

polarization of growth

cell division and energy uptake
non-linear dependence of UPE on
population density - presumably

by EMF interaction
increased luminescence

different gallery building structure

long range attraction/interaction

oxygen consumption rate

Trushin (2004a,b, 2003c), Nikolaev
(2000b), Wainwright (1998)

and Mikhailova (1981, 1985)
Kaznacheev and Mikhailova (1981),
cited in Trushin (2004b)

Kirkin, cited in Trushin (2004b)
Mostovnikov and Kholkhov,

cited in Trushin (2004b)

Grasso et al. (1991)

Musumeci et al. (1999)
Budagovskii et al. (2001), cited

in Trushin (2004b)

Nikolaev (2000a), also in chapter
20 in Beloussov et al. (2000)
Nikolaev (chapter 12. in
Beloussov et al. 2007)

Trushin (2003a,b,d), Laager (2008)

Kuzin and Surkenova (chapter in

Popp and Beloussov, 1996 and chapter
18 in Beloussov et al., 2000)

Voeikov and Novikov (1997),

Novikov et al. (chapter in Popp

and Beloussov, 1996), Shen et al.
(chapter 26 in Beloussov et al., 2000)
Shen et al. (1994), Shen et al.

(chapter in Popp and Beloussov, 1996)
Voeikov et al. (2003)

Rowlands (1983), Rowlands et al.
(1981, 1982), Sewchand and
Rowlands (1983)

Zhang and Zhang (2007)

Farhadi et al. (2007)

Galantsev et al. (1993), Moltchanov
and Galantsev (chapter in
Popp and Beloussov, 1996)

Albrecht-Buehler

(1992, 1991, 2005, 2010, 1995)
Budagovsky (chapter 4 in

Beloussov et al., 2007)

Beloussov et al. (2002a,b, 2003),
chapters 23 and 24 in

Beloussov et al. (2000),

Medvedeva (2008)

Volodyaev (2007), Volodyaev

and Beloussov (2007)

Chang et al. (1995), chapter 12 in
Ho et al. (1994), Chang et al. —
chapter in Popp and Beloussov (1996),
chapter 21 in Beloussov et al. (2000)
Jaffe (2005, 2004)

Fels (2009)

Galle et al. (1991), Galle (1993),
chapter 14 in Popp et al. (1992)

Wainwright et al. (1997)

Becker, chapter in Popp et al. (1989)
and number of references therein
(in German)

Callahan (1977a,b, 1981, 19853,
1977c, 1985b), Callahan et al. (1985),
Traill (2005, 2008)

Batyanov (1984) and chapter in
Popp and Beloussov (1996)
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Fig. 3. Strength of the mirror cytopathic effect averaged from more than 12 000
experiments over the period of 10 years on 12 cell lines. Adapted from Kaznacheev and
Mikhailova (1981).

(p. 104 in Kaznacheev and Mikhailova, 1981) and UV pre-irradiation
(human embryonic fibroblasts and Hep-2 cells) (Kaznacheev et al.,
1979) of detector cultures increased mirror cythopathic effect
compared to control.

The problem of reproducibility has also been discussed by Rahn
in his book in 1936: “Professor Gurwitsch has told that in his expe-
rience such a condition usually remained for several days, or even for
a number of weeks, and it was impossible to produce even the simplest
mitogenetic effect.” Rahn further mentions that there were times
that cell cultures did not produce the test result for unknown
reasons: “...discussing this point with the various investigators in this
field, practically all seem to have had the same experience.” (p. 93—95
in Rahn, 1936). Nevertheless, the observed effect, when present,
was well outside experimental error. These statements exactly fit

number of chambers (normalized)

0 20 40 60 80 100
strength of the effect (%)

Fig. 4. Histogram of the strength of the mirror cythopathic effect (dependent on UV
EMF cellular interaction) in August, the statistically most favorable month. The abscissa
shows the strength of the effect in individual experiments, the ordinate is the number of
experiments with a given strength. An average of more than 12 000 experiments over
a period of 10 years on 12 cell lines. Adapted from Kaznacheev and Mikhailova (1981).
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Fig. 5. Histogram of the strength of the mirror cythopathic effect (dependent on UV
EMF cellular interactions) in November, statistically the least favorable month. The
abscissa shows the strength of the effect in individual experiments, ordinate is the
number of experiments with a given strength. An average of more than 12 000
experiments over a period of 10 years on 12 cell lines. Adapted from Kaznacheev and
Mikhailova (1981).

findings of Kaznacheev, who had the same experience and found
correlations of unsuccessful experiments with both sudden and
periodic disturbance in the natural electromagnetic background as
explained earlier. Thus, state of the electromagnetic background
has to be taken into account in order to minimize negative results
(such as by Quickenden and Tilbury, 1985), if it is the goal of the
experiment.

Despite an abundance of research on production of cellular
EMFs or on the effects of effect of EMFs on biosystems in the
literature, there is very little recent data published in English on
direct cell-to-cell interactions as was observed by Albrecht-Buehler,
or Farhadi et al. who used direct cell-to-cell radiation passing
through mechanical or optical barriers.

4.3. How cells interact via EMFs

Popp with his theories was one of the pioneers in proposing
physically oriented models for UPE interactions based on the
coherence properties of delocalized cellular EMFs and their inter-
ference (Popp et al., 1989). Based on one of his theories applied by
Galle (Galle et al., 1991; Galle, 1993), every biological system displays
a complex wave pattern that is probably species-specific. Interfer-
ence of the complex wave pattern, can occur if the pattern are similar
and the origins are from the same species (chapter in Ho et al., 1994).
Popp’s early work included studies of the optical properties of
carcinogenic substances in which he noted that some carcinogenic
substances have almost the same molecular structure as their
harmless counterparts, except that they differed in their optical
absorbance spectrum (Popp, 1976; chapter in Beloussov et al., 2000).
He suggested that carcinogens cause harm by interfering with
normal inter- and intracellular optical communication. This notion
was later supported by the work of Sung (chapter in Popp et al., 1989).

If cells are communicating with each other using EMFs, then
how can cells avoid environmental EMFs that are much stronger
than the weak EMFs generated by other biosystems? A well known,
but in this context very interesting fact was pointed out by Leto-
khov: the wide spectrum of UV light — 230—280 nm (UV-C) — is
almost completely absorbed by the ozone layer. In fact, the inten-
sity of photons in this spectrum of extraterrestrial origin drops from
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10" to ca. 10727 photon/(cm? s) in passage through the atmosphere
(chapter in Musumeci et al., 2003). In his report he argues that this
range is an excellent candidate for cellular communication on
Earth. His theory is consistent with findings of several experiments
mentioned before (Section 4.1).

In his master’s thesis, Laager (2008) proposed a metabolic
photo-communication model. In his model the detected optical
EMF can be attenuated by light-absorbing cell components. The
part of the spectrum that is filtered out depends on the state of the
cell. Thus, we can consider that EMF signals can be modulated by
cell components based on cell conditions.

In an other interesting theory, Mayburov based his observation
on information theory and stated that UPE signal rates emitted
from cells are reminiscent of a binary data exchange via optical
channels (Mayburov and Volodyaev, 2009). He further proposed
that photon energy can reversibly convert into an exciton (the
bound state of an electron-hole) which can propagate along
molecules in biosystems. He thought that the pulses of photons
enable synchronization among cells.

Tsong et al. based their theory on the study of electric field
effects of transmembrane proteins. They proposed that oscillatory
electric fields (kHz—MHz range) generated at the level of cell
membranes can serve as signals for cellular communication (Tsong,
1989, chapter in Ho et al., 1994). The oscillatory electric field can be
transduced by electroconformational changes in enzymes and vice
versa. Tsong refers to the oscillatory electric field of cells as the
“language of cells” (Tsong, 1989).

Endogenous biological fields are not limited to electromagnetic
fields. For instance, Matsuhashi et al. proposed that cellular interac-
tions may involve an endogenous cellular acoustic field and radiation.
They detected sound signals from cultures of E. Coli (Matsuhashi et al.,
1998). Indeed, the possibility of acoustic field interactions between
cell cultures has not been seriously excluded in several experiments
mentioned earlier in our review.

However, if cells can communicate directly with each other using
a form of EMF, is it possible to record these signals using a device and
replay the recorded signal to see if we still can generate the desired
effect? Benveniste’s group was one of the first who used electronic
methods, not only for transfer of biological signals (Thomas et al.,
2000), but also, for recording and replaying the signals®. In fact, their
experiments formed the bases for the term “digital biology”. There is,
however, much controversy about Benveniste’s experiments,
including inability of some workers to reproduce them (Jonas et al.,
2006), while others could (Endler et al., 1995; Bellavite et al., 2006).
Regarding the possible EMF nature of biological signals, we refer the
reader to recent experimental papers by Montagnier et al. (20093,
2009b), which describe the capacity of some bacterial DNA sequences
to induce electromagnetic waves at high aqueous dilutions. Here we
must remark that the physical method used in the work of Montagnier
for the detection of EMF signals (unscreened solenoid coil) is highly
susceptible to artifacts due to technogenous EM noise.

In addition to a possible EMF-mediated cellular information
transfer (Van Wijk, 2001), there can be a pure EM force interaction
between cells without transfer of any specific information. Cells
create oscillatory electric fields in their surroundings, which can act
via dielectrophoretic forces on other particles (Pohl et al., 1981 and
Section 2.2.3). The oscillatory field will thus affect adherence of cells
to substrates and to other cells (Pokorny et al., 1983; Pokorny and
W, 1998). The adherence of cells plays an important role in cancer.

3 We need to emphasize here that the spectral composition of the cellular EMF
can be theoretically recorded, but it is not the only aspect of the cellular EMF.
Another aspect, which is probably impossible to substitute technically, is the
complex spatial and temporal distribution of the field in the cell and organism.

Disintegration of the cytoskeleton is connected with metastatic
growth (Suresh, 2007). The cytoskeleton, especially microtubules, is
expected to be a source of vibrations that generate cellular EMFs at
least in the kHz—GHz range. Theoretical calculations showed that
disturbed electromagnetic fields of a cell lead to reduced adhesive
forces between cells, which may contribute to metastatic growth
(Pokorny, 2006; Pokorny et al., 2008; Pokorny, 2009).

5. Conclusion and future prospects

There is no doubt that biosystems can be affected by EMFs at
several levels. There is also little doubt that biosystems can be the
source of EMFs. The main question at hand is whether biosystems
use EMF for a purposeful interaction (communication) and if so at
what level of the bio-organism will it happen? The amount of data
that support the latter notion is rapidly mounting at the same speed
as the increasing number of questions that need to be addressed.
One of the major problems in this line of research originates in the
lack of the usual reproducibility that scientists are used to observe in
their experiments. Several scientists blame these discrepancies on
known confounding factors such as geophysical properties of the
experiment place, timing and season of the experiment, lighting or
conditions of the laboratory and cosmophysical factors. Not to
mention that the scientist as a biosystem is also a source of
measurable UPE (Van Wijk and Van Wijk, 2005; Van Wijk et al.,
2006; Creath and Schwartz, 2006; Cifra et al., 2007; Kobayashi et al.,
2009), which can unintentionally influence the experimental
process during handling of the samples. The prime question is “Why
we should care if cells interact via EMF?”. If the existence of distant
cell communication proves to be true, there would be a substantial
impact on our understanding of biology and biological research.
Mastering and influencing the distant signaling system in bio-
systems can open a whole new horizon in our approach to biology.
Then, the applications in biology and medicine could be astonishing.

Acknowledgements

First author is financially supported by Czech Science Founda-
tion, project n. P102/10/P454. Dr. Pokorny and members of Inter-
national Institute of Biophysics are deeply acknowledged for
inspiring discussions and for sharing deep insights into the current
and related topics.

References

Adair, RK.,, 2002. Vibrational resonances in biological systems at microwave
frequencies. Biophysical Journal 82 (3), 1147—-1152.

Adair, R., 2003. Biophysical limits on athermal effects of RF and microwave radia-
tion. Bioelectromagnetics 24 (1), 39—48.

Adey, W., 1980. Frequency and power windowing in tissue interactions with weak
electromagnetic fields. Proceedings of the IEEE 68 (1), 119—125.

Adey, W., 1993. Biological effects of electromagnetic fields. Journal of Cellular
Biochemistry 51, 410—416.

Albrecht-Buehler, G., 1991. Surface extensions of 3T3 cells towards distant infrared
light sources. Journal of Cell Biology 114 (3), 493—502.

Albrecht-Buehler, G., 1992. Rudimentary form of cellular ‘vision’. Proceedings of the
National Academy of Sciences of the USA 89, 8288—8293.

Albrecht-Buehler, G., 1995. Changes of cell behavior by near-infrared signals. Cell
Motility and the Cytoskeleton 32, 299—304.

Albrecht-Buehler, G., 2000. Reversible excitation light-induced enhancement of
fluorescence of live mammalian mitochondria. FASEB Journal 14, 1864—1866.

Albrecht-Buehler, G., 2005. A long-range attraction between aggregating 3T3 cells
mediated by near-infrared light scattering. Journal of Cell Biology 114, 493—502.

Albrecht-Buehler, G., March 2010. Cell intelligence. http://www.basic.northwestern.
edu/g-buehler/cellint0.htm.

Alexandratou, E., Yova, D., Handris, P,, Kletsas, D., Loukas, S., 2002. Human fibroblast
alterations induced by low power laser irradiation at the single cell level using
confocal microscopy. Photochemical & Photobiological Sciences 1 (8), 547—552.

Amat, A, Rigay, J., Waynant, R, Ilev, L, Anders, J., 2006. The electric field induced by light
can explain cellular responses to electromagnetic energy: a hypothesis of mecha-
nism. Journal of Photochemistry and Photobiology B: Biology 82 (2), 152—160.

doi:10.1016/j.pbiomolbio.2010.07.003

Please cite this article in press as: Cifra, M., et al., Electromagnetic cellular interactions, Progress in Biophysics and Molecular Biology (2010),



http://www.basic.northwestern.edu/g-buehler/cellint0.htm
http://www.basic.northwestern.edu/g-buehler/cellint0.htm

M. Cifra et al. / Progress in Biophysics and Molecular Biology xxx (2010) 1-24 17

Amoroso, R.L.,, 1996. The production of Frohlich and Bose—Einstein coherent states
in in vitro paracrystalline oligomers using phase control laser interferometry.
Bioelectrochemistry and Bioenergetics 41 (1), 39—42. URL. http://www.
sciencedirect.com/science/article/B6TF7-3VB3R5N-13/2/
07¢3f29252734b80f080feca9alad4b7.

Anishchenko, V.S., Neiman, A.B., Moss, F., Schimansky-Geier, L., 1999. Stochastic
resonance: noise-enhanced order. Physics — Uspekhi 42 (1), 7—36.

Audubert, R., 1938. Die emission von strahlung bei chemische reaktionen. Ange-
wandte Chemie 51, 153—163.

Ayrapetyan, G.S., Dadasyan, E.H., Mikayelyan, E.R., Barseghyan, S.V., Ayrapetyan, S.,
2009. Cell bathing medium as a target for non-thermal effect of MMW on heart
muscle contractility. In: PIERS 2009 in Moscow Proceedings. pp. 1057—1060.

Bajpai, R.P, Sivadasan, V.A., Kumar, S., 1998. Biophoton emission in the evolution of
a squeezed state of frequency stable oscillator. Applied Mathematics and
Computation 93, 277—288.

Bajpai, R.P,, 1999. Coherent nature of the radiation emitted in delayed luminescence
of leaves. Journal of Theoretical Biology 198, 287—289.

Bajpai, R.P,, 2003. Quantum coherence of biophotons and living systems. Indian
Journal of Experimental Biology 41, 514—527.

Bajpai, R.P,, 2004. Biophoton emission in a squeezed state from a sample of
parmelia tinctorum. Physics Letters A 322, 131-136.

Bajpai, R.P, 2005. Squeezed state description of spectral decompositions of a bio-
photon signal. Physics Letters A 337, 265—273.

Balzano, Q., Sheppard, A., 2003. RF nonlinear interactions in living cells-I:
nonequilibrium thermodynamic theory. Bioelectromagnetics 24 (7), 473—482.

Balzano, Q., Sheppard, A., 2007. Erratum RF nonlinear interactions in living cells-i:
nonequilibrium thermodynamic theory. Bioelectromagnetics 28 (1), 47.

Balzano, Q., 2003. RF nonlinear interactions in living cells-II: detection methods for
spectral signatures. Bioelectromagnetics 24 (7), 483—488.

Banik, S., Bandyopadhyay, S., Ganguly, S., 2003. Bioeffects of microwave — a brief
review. Bioresource Technology 87 (2), 155—159.

Barnes, F,, 1992. Some engineering models for interactions of electric and magnetic
fields with biological systems. Bioelectromagnetics 13 (S1), 67—85.

Barnothy, M. (Ed.), 1964. Biological Effects of Magnetic Fields. Plenum Press.

Bateman, J., 1935. Mitogenetic radiation. Biological Reviews 10, 42—71.

Batyanov, A.P., 1984. Distant optical interaction of mitochondria. Bulletin of
Experimental Biology and Medicine 97 (6), 740—742.

Bellavite, P., Conforti, A., Pontarollo, F,, Ortolani, R., 2006. Immunology and home-
opathy. 2. Cells of the immune system and inflammation. Evidence-based
Complementary and Alternative Medicine 3 (1), 13.

Beloussov, L., Popp, F, Voeikov, V., Wijk, R.\V. (Eds.), 2000. Biophotonics and
Coherent Systems. Moscow University Press.

Beloussov, L.V., Burlakov, A.B., Luchinskaya, N.N., 2002a. Statistical and fre-
quency—amplitude characteristics of ultraweak emissions of the loach eggs
and embryos under the normal conditions and during their optic interac-
tions. 1. Characteristics of ultraweak emission in normal development and
the optic role of egg envelopes. Russian Journal of Developmental Biology 33,
174—181.

Beloussov, L.V., Burlakov, A.B., Luchinskaya, N.N., 2002b. Statistical and frequency-
—amplitude characteristics of ultraweak emissions of the loach eggs and
embryos under the normal conditions and during their optic interactions. 2.
Changes in characteristics of ultraweak emissions upon optic interaction of
groups of embryos of different ages and the optic role of egg envelopes. Russian
Journal of Developmental Biology 34 (6), 453—463.

Beloussov, L., Burlakov, A., Louchinskaia, N., 2003. Biophotonic patterns of optical
interactions between fish eggs and embryos. Indian Journal of Experimental
Biology 41 (5), 424—430.

Beloussov, LV., Voeikov, V.L, Martynyuk, V.S. (Eds.), 2007. Biophotonics and
Coherent Systems in Biology. Springer.

Beloussov, L.V., 1997. Life of alexander G. Gurwitsch and his relevant contribution to
the theory of morphogenetic fields. International Journal of Developmental
Biology 41, 771-779. URL. http://www.scichina.com:8080/kxtbe/EN/abstract/
abstract310446.shtml.

Belyaev, L, Shcheglov, V., Alipov, Y., Polunin, V., 1996. Resonance effect of millimeter
waves in the power range from 10~° to 3 x 103 W/cm? on Escherichia coli cells
at different concentrations. Bioelectromagnetics 17 (4), 312—321.

Belyaev, I, Shcheglov, V., Alipov, Y., Ushakov, V., 1998. Reply to comments of
osepchuk and petersen. Bioelectromagnetics 18 (7), 529—530.

Belyaev, I, Shcheglov, V., Alipov, E., Ushakov, V., 2000. Nonthermal effects of
extremely high-frequency microwaves on chromatin conformation in cells in
vivo-dependence on physical, physiological, and genetic factors. IEEE Trans-
actions on Microwave Theory and Techniques 48 (11), 2172—2179.

Belyaev, 1., 2005a. Nonthermal biological effects of microwaves: current knowledge,
further perspective, and urgent needs. Electromagnetic Biology and Medicine
24, 375—-403.

Belyaev, LY., 2005b. Non-thermal biological effects of microwaves. Microwave
Review 11 (2), 13—29.

Beneduci, A., 2008. Bioelectrochemistry Research Developments. Nova Science
Publishers. Ch. Review on the mechanisms of interaction between millimeter
waves and biological systems35—80.

Berg, H., 2004. Milestones of bioelectromagnetism: monographs and proceedings.
Electromagnetic Biology and Medicine 23 (3), 181—184.

Betskii, O.V., Lebedeva, N.N., 2004. Clinical Application of Bioelectromagnetic
Medicine. Marcel Dekker, USA, N-Y, Ch. Low-intensity Millimeter Waves in
Biology and Medicine, pp. 741-760.

Betskii, 0.B., Golant, M.B., Devyatkov, N.D., 1988. Millimeter Waves in Biology, in
Russian, Millimetrovye Volny V Biologii. No. 6 in Fizika. Znanie, Moskva.

Binhi, V., Rubin, A., 2007. Magnetobiology: the kT paradox and possible solutions.
Electromagnetic Biology and Medicine 26 (1), 45—62.

Binhi, V., 2001. Theoretical concepts in magnetobiology. Electromagnetic Biology
and Medicine 20 (1), 43—58.

Bitler, A., Korenstein, R., January 2004. Nano-scale fluctuations of red blood cell
membrane reveal nonlinear dynamics. Abstract from 48th Annual Meeting
February 14—18, 2004 Baltimore, Maryland.

Blackman, CF, 1985. Interactions between Electromagnetic Fields and Cells. A: Life
Sciences. Plenum Publishing, Ch. Biological influences of low-frequency sinusoidal
electromagnetic signals alone and superimposed on RF carrier waves, pp. 521-535.

Blinowska, KJ., Lech, W., Wittlin, A., 1985. Cell membrane as a possible site of
Frohlich’s coherent oscillations. Physics Letters A 109 (3), 124—126. URL. http://
www.sciencedirect.com/science/article/BETVM-46RW2MK-90/2/
a0febe3bb5c2b2bc8ee9fc764d50e638.

Bolterauer, H., Tuszynski, J.A. 1989. Frohlich’s condensation in a biological
membrane viewed as a Davydov soliton. Journal of Biological Physics 17, 41-50.

Bolterauer, H., Tuszynski, J.A., Satari¢, M.V., Jul. 1991. Frohlich and Davydov regimes
in the dynamics of dipolar oscillations of biological membranes. Physical
Review A 44, 1366—1381.

Bolterauer, H., 1999. Elementary arguments that the Wu-Austin Hamiltonian has no
finite ground state (the search for a microscopic foundation of Frohlich theory).
Bioelectrochemistry and Bioenergetics 48 (2), 301—304. URL. http://www.
sciencedirect.com/science/article/B6TF7-3W]72R]-7/2/
ad73bf6ec4b55c71e6¢cb78d1a55047f7.

Borodin, ., Budagovskii, A., Budagovskaya, O., Budagovskii, L., Sudnik, Y., 2008. Using
the effect of photoinduced variability of optical properties of chlorophyll-con-
taining tissues for diagnosing the functional state of plants. Russian Agricultural
Sciences 34 (5), 357—359.

Boveris, A., Cadenas, E., Reiter, R., Filipkowski, M., Nakase, Y., Chance, B., 1980. Organ
chemiluminescence: noninvasive assay for oxidative radical reactions.
Proceedings of the National Academy of Sciences of the United States of
America 77 (1), 347—351. URL. http://www.pnas.org/content/77/1/347.abstract.

Brizhik, LS., Eremko, A.A., 2001. Soliton induced electromagnetic radiation and
selfregulation of metabolic processes. Physics of the Alive 12 (1), 5-11.

Brizhik, LS., Eremko, A.A., 2003. Nonlinear model of the origin of endogenous
alternating electromagnetic fields and selfregulation of metabolic processes in
biosystems. Electromagnetic Biology and Medicine 22 (1), 31-39.

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

Brochard, F., Lennon, J.F., 1975. Frequency spectrum of the flicker phenomenon in
erythrocytes. Journal de Physique France 36 (11), 1035—1047.

Brown ]Jr., E, Chow, C., 1973. Lunar-correlated variations in water uptake by bean
seeds. Biological Bulletin, 265—278.

Brown Jr., F, 1958. An exogenous reference-clock for persistent, temperature-
independent, labile, biological rhythms. Biological Bulletin 115 (1), 81-100.
Budagovskii, A., Turovtseva, N., Budagovskii, 1., 2001. Coherent electromagnetic

fields and remote cell interaction. Biofizika 46 (5), 894—900.

Budagovsky, A., Budagovskaya, O., Lenz, F., Keutgen, A., Alkayed, K., 2002. Analysis of
the functional state of cultivated plants by means of interference of scattered
light and chlorophyll fluorescence. Journal of Applied Botany 76 (3—4),
115-120.

Burlakov, A.B., Burlakova, 0.V., Golichenkov, V.A., September 2000. Distant wave-
mediated interactions in early embryonic development of the loach Misgurnus
fossilis L. Russian Journal of Developmental Biology 31 (5), 287—292.

Burr, H.S., Northrop, F.S.C., 1935. The electro-dynamic theory of life. The Quarterly
Review of Biology 10 (3), 322—333.

Burr, ].G. (Ed.), 1985. Chemi- and Bioluminescence. vol. 16 of Clinical and
Biochemical Analysis Series. CRC Press.

Buzsaki, G., Horvath, Z., Urioste, R., Hetke, J., Wise, K., 1992. High-frequency network
oscillation in the hippocampus. Science 256 (5059), 1025—1027. URL. http://
www.sciencemag.org/cgi/content/abstract/256/5059/1025.

Cadenas, E., Boveris, A., Chance, B., 1980. Low-level chemiluminescence of bovine
heart submitochondrial particles. Biochemical Journal 186, 659—667.

Cadenas, E., 1984. Biological chemiluminescence. Photochemistry and Photobiology
40 (6), 823—830.

Callahan, P.S., Carlysle, T.C., Denmark, H.A., 1985. Mechanism of attraction of the
lovebug, plecia nearctica, to southern highways: further evidence for the ir-
dielectric waveguide theory of insect olfaction. Applied Optics 24 (8),
1088—1093. URL. http://ao.osa.org/abstract.cfm?URI=a0-24-8-1088.

Callahan, P.S.,1977a. Moth and candle: the candle flame as a sexual mimic of the coded
infrared wavelengths from a moth sex scent (pheromone). Applied Optics 16 (12),
3089—3097. URL. http://ao.osa.org/abstract.cfm?URI=ao-16-12-3089.

Callahan, P.S., 1977b. Solid state organic (pheromone—beeswax) far infrared maser.
Applied Optics 16 (6), 1557—1562. URL. http://ao.osa.org/abstract.cfm?URI=ao-
16-6-1557.

Callahan, P.S., 1977c. Tapping modulation of the far infrared (17-pum region) emis-
sion from the cabbage looper moth pheromone (sex scent). Applied Optics 16
(12), 3098—3102. URL. http://ao.osa.org/abstract.cfm?URI=a0-16-12-3098.

Callahan, P.S., 1981. Nonlinear IR resonance in a biological system. Applied Optics 20
(22), 3827—3828. URL. http://ao.osa.org/abstract.cfm?URI=a0-20-22-3827.

Callahan, P.S., 1985a. Dielectric waveguide modeling at 3.0 cm of the antenna
sensilla of the lovebug, plecia neartica hardy. Applied Optics 24 (8), 1094—1097.
URL. http://ao.osa.org/abstract.cfm?URI=a0-24-8-1094.

doi:10.1016/j.pbiomolbio.2010.07.003

Please cite this article in press as: Cifra, M., et al., Electromagnetic cellular interactions, Progress in Biophysics and Molecular Biology (2010),



http://www.sciencedirect.com/science/article/B6TF7-3VB3R5N-11/2/8e19771fc88e46134a42ec3a9e56ebb7
http://www.sciencedirect.com/science/article/B6TF7-3VB3R5N-11/2/8e19771fc88e46134a42ec3a9e56ebb7
http://www.sciencedirect.com/science/article/B6TF7-3VB3R5N-11/2/8e19771fc88e46134a42ec3a9e56ebb7
http://www.scichina.com:8080/kxtbe/EN/abstract/abstract310446.shtml
http://www.scichina.com:8080/kxtbe/EN/abstract/abstract310446.shtml
http://www.sciencedirect.com/science/article/B6TVM-46RW25D-63/2/6cc889c80df7aeefc8fbd8376471683e
http://www.sciencedirect.com/science/article/B6TVM-46RW25D-63/2/6cc889c80df7aeefc8fbd8376471683e
http://www.sciencedirect.com/science/article/B6TVM-46RW25D-63/2/6cc889c80df7aeefc8fbd8376471683e
http://www.sciencedirect.com/science/article/B6TF7-3WJ72RJ-7/2/ad73bf6ec4b55c71e6cb78d1a55047f7
http://www.sciencedirect.com/science/article/B6TF7-3WJ72RJ-7/2/ad73bf6ec4b55c71e6cb78d1a55047f7
http://www.sciencedirect.com/science/article/B6TF7-3WJ72RJ-7/2/ad73bf6ec4b55c71e6cb78d1a55047f7
http://www.pnas.org/content/77/1/347.abstract
http://www.sciencemag.org/cgi/content/abstract/256/5059/1025
http://www.sciencemag.org/cgi/content/abstract/256/5059/1025
http://ao.osa.org/abstract.cfm%3FURI%3Dao-24-8-1088
http://ao.osa.org/abstract.cfm%3FURI%3Dao-24-8-1088
http://ao.osa.org/abstract.cfm%3FURI%3Dao-16-12-3089
http://ao.osa.org/abstract.cfm%3FURI%3Dao-16-12-3089
http://ao.osa.org/abstract.cfm%3FURI%3Dao-16-6-1557
http://ao.osa.org/abstract.cfm%3FURI%3Dao-16-6-1557
http://ao.osa.org/abstract.cfm%3FURI%3Dao-16-6-1557
http://ao.osa.org/abstract.cfm%3F%20URI%3Dao-16-12-3098
http://ao.osa.org/abstract.cfm%3F%20URI%3Dao-16-12-3098
http://ao.osa.org/abstract.cfm%3F%20URI%3Dao-20-22-3827
http://ao.osa.org/abstract.cfm%3F%20URI%3Dao-20-22-3827
http://ao.osa.org/abstract.cfm%3F%20URI%3Dao-24-8-1094
http://ao.osa.org/abstract.cfm%3F%20URI%3Dao-24-8-1094

18 M. Cifra et al. / Progress in Biophysics and Molecular Biology xxx (2010) 1-24

Callahan, P.S., 1985b. Picket-fence interferometer on the antenna of the noctuidae
and pyralidae moths. Applied Optics 24 (14), 2217—2220. URL. http://ao.osa.org/
abstract.cfm?URI=a0-24-14-2217.

Caplow, M., Shanks, J., 1996. Evidence that a single monolayer tubulin-GTP cap is both
necessary and sufficient to stabilize microtubules. Molecular Biology of the Cell 7
(4), 663—675. URL. http://www.molbiolcell.org/cgi/content/abstract/7/4/663.

Caplow, M., Ruhlen, R.L, Shanks, ], 1994. The free energy for hydrolysis of
a microtubule-bound nucleotide triphosphate is near zero: all of the free energy
for hydrolysis is stored in the microtubule lattice. The Journal of Cell Biology
127, 779-788.

Caplow, M., 1995. Correction. Journal of Cell Biology 129 (2), 549. URL. http://jcb.
rupress.org.

Chai, B., Zheng, ]., Zhao, Q., Pollack, G., 2008. Spectroscopic studies of solutes in
aqueous solution. Journal of Physical Chemistry A 112 (11), 2242—2247.

Chai, B., Yoo, H., Pollack, G., 2009. Effect of radiant energy on near-surface water.
The Journal of Physical Chemistry B 113, 13953—13958.

Challis, L., 2005. Mechanisms for interaction between rf fields and biological tissue.
Bioelectromagnetics 26 (suppl. 7), S98—S106.

Chang, ].J., Popp, E-A., Yu, W.,, 1995. Research on cell communication of P. elegans by
means of photon emission. Chinese Science Bulletin 40 (1), 76.

Chatterjee, R., Fritz, O., 1987. The relationship between Frohlich and Davydov
models in biological coherent states and significance in biological membranes.
In: Fiala, ., Pokorny, J. (Eds.), Biophysical Aspects of Cancer, pp. 97—101.

Chatterjee, R., Tuszynski, J.A., Paul, R., 1983. Comments on the Bose condensation of
phonons in the biological systems. International Journal of Quantum Chemistry
23, 709-712.

Chiabrera, A., Nicolini, C., Schwan, H.P. (Eds.), 1985. Interactions between Electro-
magnetic Fields and Cells. Plenum press, New York and London.

Cifra, M., Van Wijk, E., Koch, H., Bosman, S., Van Wijk, R., 2007. Spontaneous ultra-
weak photon emission from human hands is time dependent. Radioengineering
16 (2), 15—19.

Cifra, M., Pokorny, J., Havelka, D., Kucera, O., 2010. Electric field generated by axial
longitudinal vibration modes of microtubule. BioSystems 100 (2), 122—131.
Cifra, M., 2009. Study of electromagnetic oscillations of yeast cells in kHz and GHz

region. Ph.D. thesis, Czech Technical University in Prague.

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

Colli, L., Facchini, U., Giudotti, G., Dungani Lonati, R., Orsenigo, M., Sommariva, O.,
1955. Further measurements on the bioluminescence of the seedlings. Cellular
and Molecular Life Sciences 11 (12), 479—481.

Collins, D.R., Pelletier, J.G., Pare, D., 2001. Slow and fast (gamma) neuronal oscilla-
tions in the perirhinal cortex and lateral amygdala. ] Neurophysiol 85 (4),
1661—1672. URL. http://jn.physiology.org/cgi/content/abstract/85/4/1661.

Cooper, M.S., Amer, N.M., 1983. The absence of coherent vibrations in the Raman
spectra of living cells. Physics Letters A 98 (3), 138—142. URL. http://www.
sciencedirect.com/science/article/B6TVM-46SXNXK-1RP/2/
c18b337321e7e15fc16c63d0367b3da3.

Cooper, M.S., 1981. Coherent polarization waves in cell division and cancer.
Collective Phenomena 3, 273—-288.

Cosic, L, Pirogova, E., 2007. Bioactive peptide design using the resonant recognition
model. Nonlinear Biomedical Physics 1 (7), 1753—4631.

Cosic, 1., 1994. Macromolecular bioactivity: is it resonant interaction between
macromolecules? — theory and applications. IEEE Transactions on Biomedical
Engineering 41 (12), 1101-1114.

Cosic, I, 1997. The Resonant Recognition Model of Macromolecular Bioactivity.
Birkhauser Verlag.

Creath, K., Schwartz, G., 2006. Measurement of bioluminescence and thermal fields
from humans: comparison of three techniques for imaging biofields. In:
Proceedings of SPIE, vol. 6285, p. 628505.

Creath, K., 2008. A look at some systemic properties of self-bioluminescent emis-
sion. In: Proceedings of SPIE, vol. 7057, p. 705708.

Del Giudice, E., Doglia, S., Milani, M., 1982. A collective dynamics in metabolically
active cells. Physica Scripta 26, 232—238.

Del Giudice, E., Doglia, S., Milani, M., Smith, CW., Webb, S., 1985. Presence of lines in
Raman spectra of living cells. Physics Letters A 107 (2), 98—100. URL. http://
www.sciencedirect.com/science/article/B6TVM-46MTXDV-H1/2/
c1e89f552cdb34c9243a1e4bdef36¢90.

Del Giudice, E., Doglia, S., Milani, M., Smith, CW., Vitiello, G., 1989. Magnetic flux quan-
tization and josephson behaviour in living systems. Physica Scripta 40, 786—791.

Del Giudice, E., Fleischmann, M., Preparata, G., Talpo, G., 2002. On the “unreason-
able” effects of elf magnetic fields upon a systemof ions. Bioelectromagnetics
23, 522—-530.

Del Giudice, E., Elia, V., Tedeschi, A., 2009. Role of water in the living organisms.
Neural Network World 19 (4), 355—360.

Millimetrovye volny i ikh rol v processakh zhiznedeyatelnosti. In: Devyatkov, N.D.,
Golant, M.B., Betskii, O.B. (Eds.), Millimeter Waves and Their Role in Life
Processes. Radio i svyazi, Moskva in Russian.

Dicke, R.H., 1954. Coherence in spontaneous radiation processes. Physical Review 93
(1), 99-110.

Drissler, F.,, MacFarlane, R., 1978. Enhanced anti-stokes raman scattering from living
cells of Chlorella pyrenoidosa. Physics Letters A 69 (1), 65—67.

Drissler, F, Santo, L., 1983. Coherent Excitations in Biological Systems. Springer, Berlin
— Heidelberg — New York, Ch. Coherent excitation and Raman effect, pp. 6—8.

Edwards, G.S., Davis, C.C., Saffer, ].D., Swicord, M.L., Sep 1984. Resonant microwave
absorption of selected DNA molecules. Phys. Rev. Lett. 53 (13), 1284—1287.

Edwards, G.S., Davis, C.C., Saffer, ].D., Swicord, M.L., 1985. Microwave-field-driven
acoustic modes in DNA. Biophysical Journal 47, 799—807.

Endler, P, Pongratz, W., Smith, C, Schulte, ]J., 1995. Non-molecular information
transfer from thyroxine to frogs. Veterinary and Human Toxicology 37 (3),
259-260.

Epstein, LR. Showalter, K., 1996. Nonlinear chemical dynamics: oscillations,
patterns, and chaos. The Journal of Physical Chemistry 100 (31), 13132—13147.
URL. http://pubs.acs.org/doi/abs/10.1021/jp953547m.

Epstein, L.R., Kustin, K., De Kepper, P.,, Orban, M., 1983. Oscillating chemical reac-
tions. Scientific American 248, 112—123.

Farhadi, A., Forsyth, C.,, Banan, A., Shaikh, M., Engen, P, Fields, ]J.Z., Keshavarzian, A.,
2007. Evidence for non-chemical, non-electrical intercellular signaling in
intestinal epithelial cells. Bioelectrochemistry 51, 142—148.

Fedorov, V., Popova, S., Pisarchik, A., 2003. Dynamic effects of submillimeter wave
radiation on biological objects of various levels of organization. International
Journal of Infrared and Millimeter Waves 24 (8), 1235—1254.

Fels, D., 04 2009. Cellular communication through light. PLoS ONE 4 (4), e5086. URL.
http://dx.doi.org/10.1371/journal.pone.0005086.

Foletti, A., Lisi, A., Ledda, M., de Carlo, F,, Grimaldi, S., 2009. Cellular ELF signals as
a possible tool in informative medicine. Electromagnetic Biology and Medicine
28 (1), 71-79.

Foster, K.R., Baish, J.W., 2000. Viscous damping of vibrations in microtubules.
Journal of Biological Physics 26 (4), 255—260.

Foster, K.R., Schwan, H.P., 1989. Dielectric properties of tissues and biological mate-
rials: a critical review. Critical Reviews in Biomedical Engineering 17 (1), 25—104.

Foster, K.R., Epstein, B.R., Gealt, M.A., 1987. “Resonances” in the dielectric absorption
of DNA. Biophysical Journal 52, 421—425.

Foster, K.R., 2000. Thermal and nonthermal mechanisms of interaction of radio-
frequencyenergy with biological systems. IEEE Transactions on Plasma Science
28 (1), 15—23.

Fraser, A., Frey, A.H., 1968. Electromagnetic emission at micron wavelength from
active nerves. Biophysical Journal 8, 731-734.

Frey, A.H., 1993. Electromagnetic field interactions with biological systems. The
FASEB Journal 7 (2), 272.

Frohlich, H., Kremer, F. (Eds.), 1983. Coherent Excitations in Biological Systems.
Springer, Berlin, Heidelberg, New York.

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

Frohlich, H., 1968b. Long-range coherence and energy storage in biological systems.
International Journal of Quantum Chemistry 2, 641—649.

Frohlich, H., 1969. Quantum mechanical concepts in biology. In: Marois, M. (Ed.),
Proceedings of First International Conference on Theoretical Physics and
Biology 1967, pp. 13—22.

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

Frohlich, H., 1972. Selective long range dispersion forces between large systems.
Physics Letters A 39 (2), 153—154. URL. http://www.sciencedirect.com/science/
article/B6TVM-46TY34W-18T/2/a9809a742a843a5ac0f1380c5b616209.

Frohlich, H., 1975. The extraordinary dielectric properties of biological materials and
the action of enzymes. Proceedings of the National Academy of Sciences of the
United States of America 72 (11), 4211—4215. URL. http://www.pnas.org/
content/72/11/4211.abstract.

Frohlich, H., 1977. Long-range coherence in biological systems. Rivista del Nuovo
Cimento 7 (3), 399—418.

Frohlich, H., Aug 1978. Coherent electric vibrations in biological systems and the
cancer problem. IEEE Transactions on Microwave Theory and Techniques 26 (8),
613—618.

Frohlich, H., 1980. The biological effects of microwaves and related questions.
Advances in Electronics and Electron Physics 53, 85—152.

Frohlich, H. (Ed.), 1988. Biological Coherence and Response to External Stimuli.
Springer, Berlin, Heidelberg, New York.

Funk, RH.W., Monsees, T., 2006. Effects of electromagnetic fields on cells: physio-
logical and therapeutical approaches and molecular mechanisms of interaction.
Cells Tissues Organs 182 (2), 59—78.

Funk, R., Monsees, T., Ozkucur, N., 2009. Electromagnetic effects-from cell biology to
medicine. Progress in Histochemistry and Cytochemistry 43 (4), 177—264.
Furia, L., Gandhi, O.P., 1984. Absence of biologically related Raman lines in cultures
of bacillus megaterium. Physics Letters A 102 (8), 380—382. URL. http://www.

sciencedirect.com/science/article/BETVM-46RW25D-63/2/
6cc889c80df7aeefc8fbd8376471683e.

Furia, L., Gandhi, O.P., 1985. Absence of lines in Raman spectra of living cells. Physics
Letters A 111 (7), 376—377. URL. http://www.sciencedirect.com/science/article/
B6TVM-46SPMK4-18]/2/4fc060ac5e7b8c7d7881e8eb8fa440e2.

Gabriel, C., Grant, E., Tata, R, Brown, P., Gestblom, B., Noreland, E., 1989. Dielectric
behavior of aqueous solutions of plasmid DNA at microwave frequencies.
Biophysical Journal 55 (1), 29—34. URL. http://www.sciencedirect.com/science/
article/B94RW-4V8S 1WK-3/2/c6edd7787ece9f74fba7dbe87328a390.

Galantsev, V.P,, Kovalenko, S.G., Moltchanov, A.A., Prutskov, V.1, 1993. Lipid perox-
idation, low-level chemiluminescence and regulation of secretion in the
mammary gland. Experientia 49, 870—875.

Galle, M., Neurohr, R., Altmann, G., Popp, F,, Nagl, W., 1991. Biophoton emission from
Daphnia magna: a possible factor in the self-regulation of swarming. Cellular
and Molecular Life Sciences 47 (5), 457—460.

Galle, M., 1993. Untersuchungen zum dichte- und zeitabhdngigen Verhalten der
ultraschwachen Photonenemission von parthenogenetischen Weibchen des
Wasserflohs Daphnia magna. Ph.D. thesis, MNF der Universitdt Saarbriicken.

doi:10.1016/j.pbiomolbio.2010.07.003

Please cite this article in press as: Cifra, M., et al., Electromagnetic cellular interactions, Progress in Biophysics and Molecular Biology (2010),



http://ao.osa.org/abstract.cfm%3FURI%3Dao-24-14-2217
http://ao.osa.org/abstract.cfm%3FURI%3Dao-24-14-2217
http://ao.osa.org/abstract.cfm%3FURI%3Dao-24-14-2217
http://www.molbiolcell.org/cgi/content/abstract/7/4/663
http://jcb.rupress.org
http://jcb.rupress.org
http://jn.physiology.org/cgi/content/abstract/85/4/1661
http://www.sciencedirect.com/science/article/B6TVM-46SXN5W-1D6/2/ed1956161032f16e4f5265cd2f01bbdd
http://www.sciencedirect.com/science/article/B6TVM-46SXN5W-1D6/2/ed1956161032f16e4f5265cd2f01bbdd
http://www.sciencedirect.com/science/article/B6TVM-46SXN5W-1D6/2/ed1956161032f16e4f5265cd2f01bbdd
http://www.sciencedirect.com/science/article/B6TVM-46MTXDV-H1/2/c1e89f552cdb34c9243a1e4bdef36c90
http://www.sciencedirect.com/science/article/B6TVM-46MTXDV-H1/2/c1e89f552cdb34c9243a1e4bdef36c90
http://www.sciencedirect.com/science/article/B6TVM-46MTXDV-H1/2/c1e89f552cdb34c9243a1e4bdef36c90
http://pubs.acs.org/doi/abs/10.1021/jp953547m
http://dx.doi.org/10.1371/journal.pone.0005086
http://www.sciencedirect.com/science/article/B6TVM-46TY34W-18T/2/a9809a742a843a5ac0f1380c5b616209
http://www.sciencedirect.com/science/article/B6TVM-46TY34W-18T/2/a9809a742a843a5ac0f1380c5b616209
http://www.pnas.org/content/72/11/4211.abstract
http://www.pnas.org/content/72/11/4211.abstract
http://www.sciencedirect.com/science/article/B6TVM-46RW25D-63/2/6cc889c80df7aeefc8fbd8376471683e
http://www.sciencedirect.com/science/article/B6TVM-46RW25D-63/2/6cc889c80df7aeefc8fbd8376471683e
http://www.sciencedirect.com/science/article/B6TVM-46RW25D-63/2/6cc889c80df7aeefc8fbd8376471683e
http://www.sciencedirect.com/science/article/B6TVM-46SPMK4-18J/2/4fc060ac5e7b8c7d7881e8eb8fa440e2
http://www.sciencedirect.com/science/article/B6TVM-46SPMK4-18J/2/4fc060ac5e7b8c7d7881e8eb8fa440e2
http://www.sciencedirect.com/science/article/B94RW-4V8S%201WK-3/2/c6edd7787ece9f74fba7dbe87328a390
http://www.sciencedirect.com/science/article/B94RW-4V8S%201WK-3/2/c6edd7787ece9f74fba7dbe87328a390

M. Cifra et al. / Progress in Biophysics and Molecular Biology xxx (2010) 1-24 19

Gao, X,, Xing, D., et al., 2009. Molecular mechanisms of cell proliferation induced by
low power laser irradiation. J. Biomed. Sci 16 (4).

Gapeyev, A., Chemeris, N., 2000. Nonlinear processes of intracellular calcium
signaling as a target for the influence of extremely low-frequency fields. Elec-
tromagnetic Biology and Medicine 19 (1), 21—42.

Gebbie, H.A., Miller, P.F,, 1997. Nonthermal microwave emission from frog muscles.
International Journal of Infrared and Millimeter Waves 18 (5), 951-957.

Giladi, M., Porat, Y., Blatt, A., Wasserman, Y., Kirson, E., Dekel, E., Palti, Y., 2008.
Microbial growth inhibition by alternating electric fields. Antimicrobial Agents
and Chemotherapy 52 (10), 3517—3522.

Golfert, F, Hofer, A., Thiimmler, M., Bauer, H., Funk, RH.W., 2001. Extremely low
frequency electromagnetic fields and heat shock can increase microvesicle
motility in astrocytes. Bioelectromagnetics 22 (2), 71-78.

Goodman, R., Blank, M., 2002. Insights into electromagnetic interaction mecha-
nisms. Journal of Cellular Physiology 192 (1), 16—22.

Goodman, R., Henderson, A., 1988. Exposure of salivary gland cells to low-frequency
electromagnetic fields alters polypeptide synthesis. Proceedings of the National
Academy of Sciences of the United States of America 85 (11), 3928.

Goodman, R, Bassett, C., Henderson, A., 1983. Pulsing electromagnetic fields induce
cellular transcription. Science 220 (4603), 1283.

Gov, N., Gopinathan, A., 2006. Dynamics of membranes driven by actin polymeri-
zation. Biophysical Journal 90, 454—469.

Gov, N., Safran, S., 2004. Membrane undulations driven by force fluctuations of
active proteins. Physical Review Letters 93, 268104.

Gov, N,, Safran, S., 2005a. Red blood cell membrane fluctuations and shape controlled
by ATP-induced cytoskeletal defects. Biophysical Journal 88 (3), 1859—1874.
Gov, N,, Safran, S., 2005b. Red blood cell shape and fluctuations: cytoskeleton

confinement and ATP activity. Journal of Biological Physics 31, 453—464.

Gov, N,, Zilman, A.G., Safran, S., 2003. Cytoskeleton confinement and tension of red
blood cell membranes. Physical Review Letters 90, 228101.

Grasso, F., Musumeci, F,, Triglia, A., Yanbastiev, M., Borisova, S., 1991. Self-irradiation
effect on yeast cells. Photochemistry and Photobiology 54 (1), 147—149.

Greco, M., Vacca, R, Moro, L., Perlino, E., Petragallo, V., Marra, E., Passarella, S., 2001.
Helium—Neon laser irradiation of hepatocytes can trigger increase of the
mitochondrial membrane potential and can stimulate c-fos expression in
a Ca’*-dependent manner. Lasers in Surgery and Medicine 29 (5), 433—441.

Groot, M.-L., Vos, M.H., Schlichting, I, van Mourik, F, Joffre, M., Lambry, J.-C.,
Martin, J.-L., 2002. Coherent infrared emission from myoglobin crystals: an
electric field measurement. Proceedings of National Academy of Sciences USA
99, 1323-1328.

Grundler, W., Kaiser, F, 1992. Experimental evidence for coherent excitations
correlated with cell growth. Nanobiology 1 (2), 163—176.

Grundler, W., Keilmann, F.,, 1978. Nonthermal effect of millimeter microwave on
yeast growth. Zeitschrift fiir Naturforschung. Section C: Biosciences 33 (1-2),
15-22.

Grundler, W., Keilmann, F, Sep 1983. Sharp resonances in yeast growth prove
nonthermal sensitivity to microwaves. Physical Review Letters 51 (13),1214—1216.

Grundler, W., Keilmann, F., 1989. Resonant microwave effect on locally fixed yeast
microcolonies. Zeitschrift fiir Naturforschung. Section C: Biosciences 44 (9—10),
863—866.

Grundler, W., Keilmann, F.,, Frohlich, H., 1977. Resonant growth rate response of
yeast cells irradiated by weak microwaves. Physics Letters A 62 (6), 463—466.
URL. http://www.sciencedirect.com/science/article/B6TVM-46T4 JBG-2M/2/
8d5c86787931df354baab8ba3a631429.

Grundler, W., Keilmann, F,, Putterlik, V., Santo, L., Strube, D., Zimmermann, L., 1982.
Coherent Excitations in Biological Systems. Springer-Verlag, Berlin, Heidelberg,
New York, Tokyo, Ch. Nonthermal Resonant Effects of 42 GHz Microwaves on
the growth of yeast cultures, pp. 21—38.

Grundler, W., Jentzsch, U., Keilmann, F,, Putterlik, V., 1988. Biological Coherence and
Response to External Stimuli. Springer-Verlag, Berlin, Heidelberg, New York,
London, Paris, Tokyo, Ch. Resonant Cellular Effects of Low Intensity Microwaves,
pp. 65—85.

Grundler, W., 1983. Biological Effects and Dosimetry of Nonionizing Radiation: Radio-
frequency and Microwave Energies. Plenum Publishing Corporation, Ch. Biological
effects of RF and MW energy at molecular and cellular level, pp. 299—318.

Grundler, W., 1995. Interaction of high frequency electromagnetic fields with bio-
logical systems. Neural Network World 5 (5), 775—778.

Gu, B, Mai, Y., Ry, C, 2009. Mechanics of microtubules modeled as orthotropic
elastic shells with transverse shearing. Acta Mechanica 207 (3), 195—209.
Gurwitsch, A., Gurwitsch, N., 1924. Fortgesetzte Untersuchungen iiber mitogeneti-
sche Strahlung und Induktion. Archiv fiir Entwicklungsmechanik der Organis-

men 103 (1-2), 68—79.

Gurwitsch, A.G., Gurwitsch, L.D., 1934. Mitogenetic Radiation. Mitogeneticheskoe
izluchenie (in Russian). VIEM, Moscow.

Gurwitsch, A.G., Gurwitsch, L.D., 1959. Die mitogenetische Strahlung, ihre phys-
ikalisch-chemischen Grundlagen und ihre Anwendung in Biologie und Medizin.
VEB Gustav Fischer Verlag Jena.

Gurwitsch, A.G., Gurwitsch, L.D., 1943(1999). Twenty years of mitogenetic radiation:
emergence, development, and perspectives. 21st Century Science and Tech-
nology 12 (3), 41-53.

Gurwitsch, A., 1912. Die Vererbung als Verwirklichungsvorgang. Biologisches Zen-
tralblatt 32 (8), 458—486.

Gurwitsch, A., 1922. Uber den Begriff des embryonalen Feldes. Archiv fiir
Entwicklungsmechanik der Organismen 51, 383—415.

Gurwitsch, A., 1923. Die Natur des spezifischen Erregers der Zellteilung. Archiv fiir
Entwicklungsmechanik der Organismen 100 (1-2), 11—40.

Gurwitsch, A., 1924. Physikalisches iiber mitogenetische Strahlen. Archiv fiir
Entwicklungsmechanik der Organismen 103 (3—4), 490—498.

Hamblin, M., Demidova, T., 2006. Mechanisms of low level light therapy. In: Proc. of
SPIE, vol. 6140, p. 614001.

Hanggi, P, 2002. Stochastic resonance in biology. A European Journal of Chemical
Physics and Physical Chemistry 3 (3), 285—290.

Hargas, L., Koniar, D., Hrianka, M., Prikopov4, A., 2008. Kinetics analysis of respiratory
epithelium by virtual instrumentation. Sensors & Transducers Journal 87(1),11—18.

Hawkins, D., Abrahamse, H., 2007. Phototherapy—a treatment modality for wound
healing and pain relief. African Journal of Biomedical Research 10 (2).

Hideg, E., Kobayashi, M., Inaba, H., 1991. Spontaneous ultraweak light emission from
respiring spinach leaf mitochondria. Biochimica et Biophysica Acta (BBA)-
Bioenergetics 1098 (1), 27—31.

Ho, M.-W., Popp, E-A., Warnke, U. (Eds.), 1994. Bioelectrodynamics and Bio-
communication. World Scientific, New Jersey, London, Hong Kong.

Hollaender, A., Claus, W.D., 1935. Some phases of the mitogenetic ray phenomenon.
Journal of Optical Society America 25 (9) URL. http://www.opticsinfobase.org/
abstract.cfm?URI=josa-25-9-270, pp. 270—270.

Hollaender, A., Claus, W., 1937. An Experimental Study of the Problem of Mitoge-
netic Radiation. Bulletin of the National Research Council, Washington 100, pp.
3-96.

Holzel, R., Lamprecht, 1., 1994. Electromagnetic fields around biological cells. Neural
Network World 3, 327—337.

Holzel, R., Lamprecht, L., 1995. Optimizing an electronic detection system for radi-
ofrequency oscillations in biological cells. Neural Network World 5, 763—774.

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

Holzel, R., 2001. Electric activity of non-excitable biological cells at radio-
frequencies. Electro- and Magnetobiology 20 (1), 1-13.

Hong, F.,, 1995. Magnetic field effects on biomolecules, cells, and living organisms.
Biosystems 36 (3), 187—229.

Hyland, G.J., Rowlands, P. (Eds.), 2006. Herbert Frohlich, FRS, a Physicist Ahead of
His Time: a Centennial Celebration of His Life and Work. University of Liverpool.

llinger, K., 1982. Spectroscopic properties of in vivo biological systems: Boson
radiative equiiibrium with steady-state nonequilibrium molecular systems.
Bioelectromagnetics 3, 9—16.

Jafary-Asl, A.H., Smith, C.W., 1983. Biological dielectrics in electric and magnetic
fields. In: Ann. Rep. Conf. Electrical Insulation and Dielectric Phenomena, vol.
83. IEEE Publ., pp. 350—355.

Jaffe, L.E,, 2004. Marine plants may polarize remote Fucus eggs via luminescence.
The Biological Bulletin 207, 160.

Jaffe, L.F, 2005. Marine plants may polarize remote Fucus eggs via luminescence.
Luminescence 20, 414—418.

Jaggard, D.L, Lords, L.L., 1980. Cellular effects: millimeter waves and Raman spectra-
report of a panel discussion. Proceedings of the IEEE 30, 114—119.

Jandova, A., Kobilkova, J., Pileckd, N., Dienstbier, Z., Hraba, T., Pokorny, J., 1987.
Surface properties of leukocytes in healthy humans and cancer patients. In:
Fiala, J., Pokorny, J. (Eds.), Biophysical Aspects of Cancer, pp. 132—141.

Jandova, A. Hurych, ], Pokorny, ], Coéek, A. Trojan, S., Nedbalova, M.,
Dohnalova, A., 2001. Effects of sinusoidal magnetic field on adherence inhibi-
tion of leukocytes. Electromagnetic Biology and Medicine 20 (3), 397—413.

Jelinek, F., Saroch, J., Trkal, V., Pokorny, J., 1996. Measurement system for experi-
mental verification of Fréhlich electromagnetic field. Bioelectrochemistry and
Bioenergetics 41 (1), 35-38. URL. http://www.sciencedirect.com/science/
article/B6TF7-3VB3R5N-12/2/c34ba274494f9849c577a37ab55410dd.

Jelinek, F., Pokorny, J., Saroch, J., Trkal, V., Hasek, J., Palan, B., 1999. Microelectronic
sensors for measurement of electromagnetic fields of living cells and experi-
mental results. Bioelectrochemistry and Bioenergetics 48 (2), 261—-266.

Jelinek, E, Pokorny, J., Saroch, J., 2002. Experimental investigation of electromag-
netic activity of living cells at millimeter waves. In: Pokorny, J. (Ed.), Abstract
Book of International Symposium Endogenous Physical Fields in Biology, pp.
57—58.

Jelinek, F., Pokorny, J., Saroch, J., Hasek, J., 2005. Experimental investigation of
electromagnetic activity of yeast cells at millimeter waves. Electromagnetic
Biology and Medicine 24 (3), 301—308.

Jelinek, F., Saroch, J., Kucera, O., Hasek, J. Pokorny, J. Jaffrezic-Renault, N.,
Ponsonnet, L., 2007. Measurement of electromagnetic activity of yeast cells at
42 GHz. Radioengineering 16 (1), 36—39.

Jelinek, F., Cifra, M., Pokorny, ]., Hasek, J., Vanis, ., Simsa, J., Frydlova, I, 2009.
Measurement of electrical oscillations and mechanical vibrations of yeast cells
membrane around 1 kHz. Electromagnetic Biology and Medicine 28 (2),
223-232.

Jonas, W., lves, ]., Rollwagen, F,, Denman, D., Hintz, K., Hammer, M., Crawford, C.,
Henry, K., 2006. Can specific biological signals be digitized? The FASEB Journal
20 (1), 23.

Kaiser, F., 1995. Coherent oscillations — their role in the interaction of weak
ELM-fields with cellular systems. Neural Network World 5 (5), 751-762.

Kanokov, Z., Schmelzer, ]., Nasirov, A., 2009. New mechanism of solution of the kg
T-problem in magnetobiology. Central European Journal of Physics, 1-5.

Karimov, A., Shcheglov, V., 2000. Role of weak energy fluxes in the formation of
coherent structures in macromolecular media. Journal of Russian Laser
Research 21 (6), 515—560.

doi:10.1016/j.pbiomolbio.2010.07.003

Please cite this article in press as: Cifra, M., et al., Electromagnetic cellular interactions, Progress in Biophysics and Molecular Biology (2010),



http://www.sciencedirect.com/science/article/B6TVM-46T4%20JBG-2M/2/8d5c86787931df354baab8ba3a631429
http://www.sciencedirect.com/science/article/B6TVM-46T4%20JBG-2M/2/8d5c86787931df354baab8ba3a631429
http://www.opticsinfobase.org/abstract.cfm%3FURI%3Djosa-25-9-270
http://www.opticsinfobase.org/abstract.cfm%3FURI%3Djosa-25-9-270
http://www.opticsinfobase.org/abstract.cfm%3FURI%3Djosa-25-9-270
http://www.sciencedirect.com/science/article/B6TF7-3VB3R5N-11/2/8e19771fc88e46134a42ec3a9e56ebb7
http://www.sciencedirect.com/science/article/B6TF7-3VB3R5N-11/2/8e19771fc88e46134a42ec3a9e56ebb7

20 M. Cifra et al. / Progress in Biophysics and Molecular Biology xxx (2010) 1-24

Karimov, A., Reshetnyak, S., Shcheglov, V., 1999. Two mechanisms of electromag-
netic-radiation interaction with information-carrying biomacromolecules.
Journal of Russian Laser Research 20 (1), 1-6.

Kary, T., 1999. Primary and secondary mechanisms of action of visible to near-IR radi-
ation on cells. Journal of Photochemistry and Photobiology B: Biology 49 (1), 1-17.

Kaznacheev, V.P., Mikhailova, L.P., 1981. Ultraweak Radiation in Cell Interactions.
(Sverkhslabye izlucheniya v mezhkletochnykh vzaimodeistviyakh). Nauka,
Novosibirsk. in Russian.

Kaznacheev, V.P, Mikhailova, L.P., 1985. Bioinformational Function of Natural
Electromagnetic Fields. (Bioinformatsionnaya funktsiya yestestvennikh elek-
tromagnitnikh poley). Nauka, Novosibirsk. in Russian.

Kaznacheev, V.P, Mikhailova, L.P., Radaeva, LF, Ivanova, M.P,, 1979. Conditions for
distant intercellular interaction during ultraviolet irradiation. Bulletin of
Experimental Biology and Medicine 87 (5), 492—495.

Kaznacheev, V.P.,, Mikhailova, L.P., Kartashov, N.B., 1980. Distant intercellular elec-
tromagnetic interaction between two tissue cultures. Experimental Biology 89
(3), 345—348.

Keilmann, F, 1986. Triplet-selective chemistry: a possible cause of biological
microwave sensitivity. Zeitschrift fiir Naturforschung 41, 795—798.

Khadra, M., Lyngstadaas, S., Haanaes, H., Mustafa, K., 2005. Effect of laser therapy on
attachment, proliferation and differentiation of human osteoblast-like cells
cultured on titanium implant material. Biomaterials 26 (17), 3503—3509.

Kilanczyk, E., Palecz, D., Bryszewska, M., 2002. Effect of red laser light on Na™, K-
ATPase activity in human erythrocyte membranes sensitized with Zn-phtha-
locyanine. Journal of Clinical Laser Medicine & Surgery 20 (2), 71-75.

Kirschvink, J., Kobayashi-Kirschvink, A., Diaz-Ricci, J., Kirschvink, S. 1992a.
Magnetite in human tissues. Bioelectromagnetics 1, 101-113.

Kirschvink, J., Kobayashi-Kirschvink, A., Woodford, B., 1992b. Magnetite bio-
mineralization in the human brain. Proceedings of the National Academy of
Sciences of the United States of America 89 (16), 7683—7687.

Kirson, E., Gurvich, Z., Schneiderman, R., Dekel, E., Itzhaki, A.,, Wasserman, Y.,
Schatzberger, R., Palti, Y., 2004. Disruption of cancer cell replication by alter-
nating electric fields. Cancer Research 64 (9), 3288.

Kirson, E. Schneiderman, R. Dbaly, V. Tovarys, E, Vymazal, ]., Itzhaki, A.,
Mordechovich, D., Gurvich, Z., Shmueli, E., Goldsher, D., Wasserman, Y., Palti, Y.,
2009. Chemotherapeutic treatment efficacy and sensitivity are increased by
adjuvant alternating electric fields (TTFields). BMC Medical Physics 9 (1), 1.

Kneipp, K., 2007. Surface-enhanced Raman scattering. Physics Today 60, 40—47.

Knox, B., Tsong, T., 1984. Voltage-driven ATP synthesis by beef heart mitochondrial
FOF1-ATPase. ]J. Biol. Chem. 259 (8), 4757—4763. URL. http://www.jbc.org/cgi/
content/abstract/259/8/4757.

Kobayashi, M., Kikuchi, D., Okamura, H., 2009. Imaging of ultraweak spontaneous
photon emission from human body displaying diurnal rhythm. PLoS ONE 4 (7),
e6256.

Kocia, S., Ristovski, L., Buria, N., 2000. Stability of excitations and nonlinear effects
in the Frohlich dimer. Physica Scripta 62 (4), 248. URL. http://stacks.iop.org/
1402-4896/62/i=4/a=005.

Kocia, S., Ristovski, L., Burig, N., 2001. Nonlinear dynamics of a symmetric Davy-
dov—Frohlich dimer. Chaos. Solitons & Fractals 12 (10), 1839—1849. URL. http://
www.sciencedirect.com/science/article/B6T]4-4319MXW-7/2/
09967363c6772b9f988798477e41c61f.

Konev, S.V., Lyskova, T., Nisenbaum, G., 1966. Very weak bioluminescence of cells in
the ultraviolet region of the spectrum and its biological role. Biophysics 11,
410—413.

Koniar, D., Hargas, L., Hrianka, M., Banovéin, P.,, 2009. New aspects in respiratory
epithelium diagnostics using virtual instrumentation. Sensors & Transducers
Journal 100 (1), 58—64.

Korenstein, R., Levin, A., 1990. Membrane fluctuations in erythrocytes are linked to
MgATP-dependent dynamic assembly of the membrane skeleton. Biophysical
Journal 60, 733—737.

Kouba, O., 1998. Spectral transformation of the energy in Frohlich systems.
Czechoslovak Journal of Physics 48 (5), 517—522.

Krol, AY., Grinfeldt, M.G., Levin, S.V., Smilgavichus, A.D., 1990. Local mechanical
oscillations of the cell surface within the range 0.2—30 Hz. European Biophysics
Journal 19 (2), 93—99.

Kucera, 0., Cifra, M., Pokorny, J., 2010, Technical aspects of measurement of cellular
electromagnetic activity. European Biophysics Journal, 39 (10), 1465—1470.
Kucera, O., 2006. Measurement of electromagnetic yeast cell activity in mm wave
region, in Czech, Méreni elektromagnetické aktivity kvasinek v pAsmu mm vin.

Bachelor thesis, Czech Technical University in Prague.

Kula, B., Sobczak, A., Kuska, R., 2000. Effects of static and ELF magnetic fields on
free-radical processes in rat liver and kidney. Electromagnetic Biology and
Medicine 19 (1), 99—105.

Kumar, A., May 2003. Nonthermal effects of electromagnetic fields at microwave
frequencies. CCECE 2003. In: Canadian Conference on Electrical and Computer
Engineering, 2003, vol. 1. IEEE, pp. 285—288.

Laager, F.,, 2008. Sources and functions of ultra-weak photon emission. Master’s
thesis, The School of Physics, Seoul National University.

Lass, J., Tuulik, V., Ferenets, R., Riisalo, R., Hinrikus, H., 2002. Effects of 7 Hz-
modulated 450 MHz electromagnetic Radiation on Human Performance in
Visual Memory Tasks, vol. 78. Informa Healthcare, pp. 937—944.

Layne, S.P, Bigio, 1.J., 1986. Raman spectroscopy of Bacillus megatherium using an
optical multi-channel analyzer. Physica Scripta 33, 91—-96.

Layne, S.P.,, Bigio, 1]., Scott, A.C., Lomdahl, P.S., 1985. Transient fluorescence in
synchronously dividing Escherichia coli. Proceedings of the National Academy of

Sciences of the United States of America 82 (22), 7599—7603. URL. http://www.
pnas.org/content/82/22/7599.abstract.

Levin, M., 2003. Bioelectromagnetics in morphogenesis. Bioelectromagnetics 24 (5),
295-315.

Liboff, A., Jenrow, K., 2000. Cell sensitivity to magnetic fields. Electromagnetic
Biology and Medicine 19 (2), 223—236.

Lin, L.C.-L,, Gov, N., Brown, ELH., 2006. Nonequilibrium membrane fluctuations
driven by active proteins. Journal of Chemical Physics 124, 074903.

Lindsay, S., Powell, ]J., 1983. Possible observation of a defect resonance in dna.
Biopolymers 22 (9), 2045—2060.

Lisi, A., Foletti, A., Ledda, M., Rosola, E., Giuliani, L., D’Emilia, E., Grimaldi, S., 2006.
Extremely low frequency 7 Hz 100 ut electromagnetic radiation promotes
differentiation in the human epithelial cell line HaCaT. Electromagnetic Biology
and Medicine 25 (4), 269—280.

Lisi, A., Foletti, A., Ledda, M., De Carlo, F., Giuliani, L., D’Emilia, E., Grimaldi, S., 2008a.
Resonance as a tool to transfer information to living systems: the effect of 7 Hz
calcium ion energy resonance on human epithelial cells (HaCaT) differentiation.
In: PIERS 2008 in Cambridge Proceedings. pp. 902—906.

Lisi, A., Pozzi, D., Ledda, M., de Carlo, F., Gaetani, R., D’Emilia, E., Giuliani, L., Bertani,
F., Chimenti, I., Barile, L., Foletti, A., Grimaldi, S., 2008b. Resonance as a tool to
transfer informations to living systems. In: PIERS 2008 in Hangzhou Proceed-
ings. pp. 540—544.

Litovitz, T, Krause, D., Montrose, C., Mullins, J., 1994. Temporally incoherent
magnetic fields mitigate the response of biological systems to temporally
coherent magnetic fields. Bioelectromagnetics 15 (5), 399—410.

Liu, D., Astumian, R., Tsong, T., 1990. Activation of Na* and K* pumping modes of
(Na, K)-ATPase by an oscillating electric field. The journal of Biological Chem-
istry 265 (13), 7260—7267. URL. http://www.jbc.org/cgi/content/abstract/265/
13/7260.

Lubart, R., Eichler, M., Lavi, R., Friedman, H., Shainberg, A., 2005. Low-energy laser
irradiation promotes cellular redox activity. Photomedicine and Laser Therapy
23 (1), 3-9.

Ludwig, E., 1918. Radiation from yeast. (Hefenstrahlung). Wochenschrift fiir
Brauerei 25 (4), 19—20. in German.

Marino, A., Becker, R., 1977. Biological effects of extremely low frequency electric and
magnetic fields: a review. Physiological Chemistry and Physics 9 (2), 131-147.

Markin, V.S., Tsong, T.Y., 1991a. Frequency and concentration windows for the
electric activation of a membrane active transport system. Biophysical Journal
59, 1308—1316.

Markin, V.S., Tsong, T.Y., 1991b. Reversible mechanosensitive ion pumping as a part
of mechanoelectrical transduction. Biophysical Journal 59, 1317—1324.

Markin, V.S., Liu, D., Rosenbergt, M.D., Tsong, T.Y., 1992. Resonance transduction of
low level periodic signals by an enzyme: an oscillatory activation barrier model.
Biophysical Journal 61, 1045—1049.

Matsuhashi, M., Pankrushina, A., Takeuchi, S., Ohshima, H., Miyoi, H., Endoh, K,
Murayama, K., Watanabe, H., Endo, S., Tobi, M. Mano, Y., Hyodo, M.,
Kobayashi, T., Kaneko, T., Otani, S., Yoshimura, S., Harata, A., Sawada, T., 1998.
Production of sound waves by bacterial cells and the response of bacterial
cells to sound. The Journal of General and Applied Microbiology 44 (1),
49-55.

Mayburov, S.N., Volodyaev, I, 2009. Photons production and communications in
biological systems. In: PIERS 2009 in Moscow Proceedings. pp. 1937—1941.
McCaig, C.D., Rajnicek, A.M., Song, B., Zhao, M., 2005. Controlling cell behavior
electrically: current views and Future potential. Physiol. Rev. 85 (3),

943-978. URL. http://physrev.physiology.org/cgi/content/abstract/85/3/943.

McKemmish, LK., Reimers, J.R., McKenzie, R.H., Mark, A.E., Hush, N.S., Aug 2009.
Penrose-hameroff orchestrated objective-reduction proposal for human
consciousness is not biologically feasible. Physical Review E 80 (2), 021912-
1-021912-6.

Medvedeva, A.A., 2008. The variability of early development of vertebrates in their
interactions in the optical range of electromagnetic radiation. Ph.D. thesis.
Variabelnost rannego razvitiya nizshikh pozvonochnikh pri ikh vzaimo-
deistviyakh v opticheskom diapazaone elektromagnitnogo izluchenia (in
Russian). Moscow State University.

Mei, W., Kohli, M., Prohofsky, E., Van Zandt, L., 1981. Acoustic modes and nonbonded
interactions of the double helix. Biopolymers 20 (4), 833—852.

Mesquita, M.V., Vasconcellos, A.R., Luzzi, R., 1996. Near-dissipationless coherent
excitations in biosystems. International Journal of Quantum Chemistry 60,
689—697.

Mesquita, M.V., Vasconcellos, A.R., Luzzi, R, 1998. Positive-feedback-enhanced
Frohlich’s Bose—Einstein-like condensation in biosystems. International Journal
of Quantum Chemistry 66, 177—187.

Mesquita, M.V., Vasconcellos, A.R., Luzzi, R., June 2004. Considerations on undis-
torted-progressive x-waves and Davydov solitons, Frohlich—Bose—Einstein
condensation, and Cherenkov-like effect in biosystems. Brazilian Journal of
Physics 34 (no. 2A), 489—503.

Mesquita, M.V., Vasconcellos, A.R., Luzzi, R, Mascarenhas, S., 2005. Large-scale
quantum effects in biological systems. International Journal of Quantum
Chemistry 102, 1116—1130.

Milani, M., Ballerini, M., Ferraro, L., Zabeo, M., Barberis, M., Cannone, M., Faleri, M.,
2001. Magnetic field effects on human lymphocytes. Electromagnetic Biology
and Medicine 20 (1), 81-106.

Mills, R.E., Jul 1983. Frohlich’s model of nonthermal excitations in biological
systems. Physical Review A 28 (1), 379—394.

Mills, R.E., 1994. The Frohlich rate equations. Neural Network World 3, 245—254.

doi:10.1016/j.pbiomolbio.2010.07.003

Please cite this article in press as: Cifra, M., et al., Electromagnetic cellular interactions, Progress in Biophysics and Molecular Biology (2010),



http://www.jbc.org/cgi/content/abstract/259/8/4757
http://www.jbc.org/cgi/content/abstract/259/8/4757
http://stacks.iop.org/1402-4896/62/i%3D4/a%3D005
http://stacks.iop.org/1402-4896/62/i%3D4/a%3D005
http://stacks.iop.org/1402-4896/62/i%3D4/a%3D005
http://stacks.iop.org/1402-4896/62/i%3D4/a%3D005
http://www.sciencedirect.com/science/article/B6TJ4-4319MXW-7/2/09967363c6772b9f988798477e41c61f
http://www.sciencedirect.com/science/article/B6TJ4-4319MXW-7/2/09967363c6772b9f988798477e41c61f
http://www.sciencedirect.com/science/article/B6TJ4-4319MXW-7/2/09967363c6772b9f988798477e41c61f
http://www.pnas.org/content/82/22/7599.abstract
http://www.pnas.org/content/82/22/7599.abstract
http://www.jbc.org/cgi/content/abstract/265/13/7260
http://www.jbc.org/cgi/content/abstract/265/13/7260
http://physrev.physiology.org/cgi/content/abstract/85/3/943

M. Cifra et al. / Progress in Biophysics and Molecular Biology xxx (2010) 1-24 21

Mills, R.E., 1995. General solutions of the Frohlich rate equations. Neural Network
World 5, 667—674.

Montagnier, L., Aissa, ]., Ferris, S., Montagnier, J., Lavalléee, C., 2009a. Electromag-
netic signals are produced by aqueous nanostructures derived from bacterial
DNA sequences. Interdisciplinary Sciences: Computational Life Sciences 1 (2),
81-90.

Montagnier, L., Aissa, J., Lavallée, C., Mbamy, M., Varon, ]., Chenal, H., 2009b. Elec-
tromagnetic detection of HIV DNA in the blood of AIDS patients treated by
antiretroviral therapy. Interdisciplinary Sciences: Computational Life Sciences 1
(4), 245—253.

Morrissey, ].J., 2008. Possible mechanisms to explain biological effects from low
level RF exposure (i.e., wireless communication signals). In: URSI GA 2008 in
Chicago Proceedings.

Multi-author review, 1988. Biophoton emission. Experientia 44 (7), 543—630.

Multi-author review, 1992. Biophoton emission, stress and disease. Experientia 48
(11-12), 1029—-1180.

Multiauthor, 2003. Symposium in print on Biophoton. Indian Journal of Experi-
mental Biology 41 (5), 383—544.

Multiauthor, 2008. Biophotons and alternative therapies. Indian Journal of Experi-
mental Biology 46 (5), 259—432.

Musumeci, F,, Scordino, A., Triglia, A., Blandino, G., Millazo, 1., 1999. Interacellular
communication during yeast cell growth. Europhysics Letters 47 (6),
736—-742.

Musumeci, F, Brizhik, L.S., Ho, M.-W. (Eds.), 2003. Energy and Information Transfer
in Biological Systems: How Physics Could Enrich Biological Understanding —
Proceedings of the International Workshop. World Scientific Publishing.

Neiman, A., Silchenko, A., Anishchenko, V., Schimansky-Geier, L, Dec 1998.
Stochastic resonance: noise-enhanced phase coherence. Physical Review E 58
(6), 7118—7125.

Nikolaev, Y., 2000a. Role of distant interactions in the regulation of the adhesion of
Pseudomonas fluorescens cells. Microbiology 69 (3), 291—295.

Nikolaev, Y.A., 2000b. Distant interactions in bacteria. Microbiology (Translated
from Mikrobiologiya) 69 (5), 597—605.

Osepchuk, ., Petersen, R., 1997. Comments on “resonance effect of millimeter waves
in the power range from 107 to 3 x 103 W/cm? on Escherichia coli cells at
different concentrations” Belyaev et al., bioelectromagnetics, 17: 312—-321
(1996). Bioelectromagnetics 18 (7), 527—528.

Osepchuk, ]., Petersen, R., Belyaev, I., Alipov, E., Ushakov, V., 2002. Comments on
“nonthermal effects of extremely high-frequencymicrowaves on chromatin
conformation in cells in vitro-dependence onphysical, physiological, and
genetic factors” [comment and reply]. IEEE Transactions on Microwave Theory
and Techniques 50 (7), 1856—1858.

Pakhomov, A., Murphy, P., 2000. Low-intensity millimeter waves as a novel thera-
peutic modality. IEEE Transactions on Plasma Science 28 (1), 34—40.

Pakhomov, A.G., Akyel, Y., Pakhomova, O.N., Stuck, B.E., Murphy, M.R., 1998. Current
state and implications of research on biological effects of millimeter waves:
a review of the literature. Bioelectromagnetics 19, 393—413.

Paksy, K., Thuréczy, G., Forgacs, Z., Lazar, P., Gaati, 1., 2000. Influence of sinusoidal
50-Hz magnetic field on cultured human ovarian granulosa cells. Electromag-
netic Biology and Medicine 19 (1), 91-97.

Passarella, S., Casamassima, E., Molinari, S., Pastore, D., Quagliariello, E., Catalano, L,
Cingolani, A., 1984. Increase of proton electrochemical potential and ATP
synthesis in rat liver mitochondria irradiated in vitro by helium—neon laser.
FEBS Letters 175 (1), 95—99.

Paul, R, Chatterjee, R, Tuszynski, J.A., Fritz, 0.G., 1983. Theory of long-range
coherence in biological systems. I. The anomalous behaviour of human eryth-
rocytes. Journal of Theoretical Biology 104 (2), 169—185. URL. http://www.
sciencedirect.com/science/article/BGWMD-4F1J81C-N/2/
43ea4b5c70c6a4d96d304b29c0980f8a.

Paul, R, Tuszynski, J.A., Chatterjee, R., Nov 1984. Dielectric constant of biological
systems. Physical Review A 30, 2676—2685.

Pazur, A., 2004. Characterisation of weak magnetic field effects in an aqueous
glutamic acid solution by nonlinear dielectric spectroscopy and voltammetry.
BioMagnetic Research and Technology 2 (1), 8.

Phillips, W., Pohl, H.A., Pollock, J.K., 1987. Evidence for a.c. fields produced by
mammalian cells. Bioelectrochemistry and Bioenergetics 17 (2), 287—296. URL.
http://www.sciencedirect.com/science/article/B6TF7-458P435-TG/2/
5809a327df3adccc35fa95b7735171ac.

Phillips, J., Singh, N., Lai, H., 2009. Electromagnetic fields and DNA damage. Path-
ophysiology 16 (2—3), 79—88.

Piga, R., Micheletto, R., Kawakami, Y., 2007. Acoustical nanometre-scale vibrations of
live cells detected by a near-field optical setup. Opt. Express 15 (9), 5589—5594.
URL. http://www.opticsexpress.org/abstract.cfm?URI=0e-15-9-5589.

Pilla, A., Nasser, P, Kaufman, ], 1992. Cell-cell communication significantly
decreases thermal for electromagnetic bioeffects. In: Proceedings of the Annual
International Conference of the IEEE Engineering in Medicine and Biology
Society, vol. 14, pp. 300—301.

Pirogova, E., Cosic, L., Fang, J., Vojisavljevic, V., 2008. Use of infrared and visible light
radiation as modulator of protein activity. Estonian Journal of Engineering 14
(2),107—123.

Pohl, H.A., Lamprecht, LH.D., 1985. Wechsfelder umgeben wachsene Zellen.
Umschau 6, 366—367.

Pohl, H.A., Pollock, ].K., 1986. Modern Bioeletrochemistry. Plenum press, New York
and London, Ch. Biological Dielectrophoresis: The Behavior of Biologically
Significant Materials in Nonuniform Electric Fields, pp. 329—-375.

Pohl, H.A,, Braden, T., Robinson, S., Piclardji, ]., Pohl, D.G., 1981. Life cycle alterations of
the micro-dielectrophoretic effects of cells. Journal of Biological Physics 9, 133—154.

Pohl, H.A., 1978. Dielectrophoresis. Cambridge Univ. Press, London.

Pohl, H.A., 1979. Electrical aspects of cell growth and invasiveness. Journal of
Biological Physics 7 (1), 1-16.

Pohl, H.A,, 1980a. Do cells in a reproductive state exhibit a Fermi—Pasta—Ulam—Frohlich
resonance and emit electromagnetic radiation? Journal of Biological Physics 8 (1),
45-75.

Pohl, H.A., 1980b. Oscillationg fields about growing cells. International Journal of
Quantum Chemistry: Quantum Biology Symposium 7, 411—431.

Pohl, H.A., 1981. Electrical oscillation and contact inhibition of reproduction in cells.
Journal of Biological Physics 9 (4), 191—200.

Pohl, H.A., 1982. Natural cellular electrical resonances. International Journal of
Quantum Chemistry: Quantum Biology Symposium 9, 399—407.

Pohl, H.A., 1983a. Coherent Excitations in Biological Systems. Springer, Berlin,
Heidelberg, New York, Ch. Natural oscillationg fields of cells, pp. 199—210.

Pohl, H.A., 1983b. Natural alternating fields associated with living cells. International
Journal of Quantum Chemistry: Quantum Biology Symposium 11, 367—368.

Pohl, H.A., 1984. Nonlinear Electrodynamics in Biological Systems. Plenum press, New
York and London, Ch. Natural AC Electric Fields In and About Cells, pp. 87—106.

Pohl, H.A., 1985. Interactions between Electromagnetic Fields and Cells. Plenum press,
New York and London, Ch. AC Field effects of and by Living Cells, pp. 437—458.

Pokorny, J., Fiala, J., 1994. Condensed energy and interaction energy in Frohlich
systems. Neural Network World 94 (3), 299—313.

Pokorny, J., Vacek, K., Fiala, J., 1984. Frohlich electromagnetic fields generated by
living cells: computer results. Journal of Biological Physics 12 (4), 79—84.

Pokorny, J., Wu, T.-M., 1998. Biophysical Aspects of Coherence and Biological Order.
Springer, Berlin, Heidelberg, New York. Academia, Praha, Czech Republic.

Pokorny, J., Jandova, A., Kobilkov4, J., Heyberger, K., Hraba, T., 1983. Frohlich elec-
tromagnetic radiation from human leukocytes: implications for leukocyte
adherence inhibition test. Journal of Theoretical Biology 102 (2), 295—305.

Pokorny, J., Vacek, K., Fiala, J., 1986a. The Frohlich kinetic equation with additional
terms. Czechoslovak Journal of Physics 38 (12), 1443—1450.

Pokorny, J., Vacek, K., Fiala, ., 1986b. Multiple quantum terms in the Fréhlich kinetic
equation. Physics Letters A 114 (6), 339—340. URL. http://www.sciencedirect.
comy/science/article/B6TVM-46VPYF1-15/2/
8a320aefb478319b232d09f89dc4c1a6.

Pokorny, ]., Fiala, J., Vacek, K., 1991. Frohlich coherent vibrations and Raman scat-
tering. Czechoslovak Journal of Physics 41 (5), 484—491.

Pokorny, J., Jelinek, F, Trkal, V., Lamprecht, I, Hélzel, R, 1997. Vibrations in
microtubules. Journal of Biological Physics 23, 171-179.

Pokorny, J., Jelinek, F, Trkal, V., 1998. Electric field around microtubules.
Bioelectrochemistry and Bioenergetics 48, 267—271.

Pokorny, J., Hasek, J., Jelinek, F., Saroch, ., Palan, B., 2001. Electromagnetic activity of
yeast cells in the M phase. Electro- and Magnetobiology 20 (1), 371-396.
Pokorny, J., Hasek, J., Vanis, J., Jelinek, F., May 2008. Biophysical aspects of cancer —

electromagnetic mechanism. Indian Journal of Experimental Biology 46, 310—321.

Pokorny, J., 1982a. Computer analysis of coherent electric vibrations in biological
systems. Czechoslovak Journal of Physics B32, 928—935.

Pokorny, ], 1982b. Multiple Frohlich coherent states in biological systems:
computer simulation. Journal of Theoretical Biology 98 (1), 21—-27. URL. http://
www.sciencedirect.com/science/article/BEWMD-4F1SV94-B8/2/
7d7739d7ed9cf26914a7530e2fadeb46.

Pokorny, J., 1987. Coherent excitation and electromagnetic field generated by living
cells. In: Fiala, J., Pokorny, J. (Eds.), Biophysical Aspects of Cancer, pp. 102—110.

Pokorny, J., 1990. Electromagnetic field generated by living cells, in Czech, Elek-
tromagnetické pole generované zivymi bunkami. Ph.D. thesis, Faculty of
Mathematics and Physics, Charles University.

Pokorny, J., 1994. Heat bath coupling effects on interaction between Fréhlich
vibration systems. Czechoslovak Journal of Physics 44, 67—78.

Pokorny, J., 1999. Conditions for coherent vibrations in cytoskeleton. Bio-
electrochemistry and Bioenergetics 48 (2), 267—271.

Pokorny, J., 2003. Viscous effects on polar vibrations in microtubules. Electromag-
netic Biology and Medicine 22 (1), 15—29.

Pokorny, J., 2005. Viscous effects on polar vibrations microtubules. In: URSI GA
Delhi Proceedings.

Pokorny, J., 2006. Herbert Frohlich FRS: a Physicist Ahead of His Time. University of
Liverpool, Ch. The role of Frohlich’s coherent excitations in cancer trans-
formation of cells, pp. 177—207.

Pokorny, J., 2009. Biophysical cancer transformation pathway. Electromagnetic
Biology and Medicine 28 (2), 105—123.

Pollack, G., Figueroa, X., Zhao, Q., 2009. Molecules, water, and radiant energy: new
clues for the origin of life. International Journal of Molecular Sciences 10 (4),
1419—1429.

Pollock, J.K., Pohl, D.G., 1988. Biological Coherence and Response to External Stimuli.
Springer, Berlin, Heidelberg, New York, Ch. Emission of Radiation by Active
Cells, pp. 140—147.

Popescu, G., Badizadegan, K., Dasari, R.R., Feld, M.S., 2006. Coherence properties of red
blood cell membrane motions. Journal of Biomedical Optics Letters 11 (4), 040503.

Popescu, G., Park, Y.-K., Dasari, RR,, Badizadegan, K., Feld, M.S., 2007. Coherence
properties of red blood cell membrane motions. Physical Review E 76, 031902.

Popp, E.--A., Beloussov, L.V. (Eds.), 1996. Biophotonics, Non-equilibrium and Coherent
Systems in Biology, Biophysics and Biotechnology. Bioinform services, Moscow.

Popp, F-A., Beloussov, LV. (Eds.), 2003. Integrative Biophysics — Biophotonics.
Kluwer Academic Publishers.

doi:10.1016/j.pbiomolbio.2010.07.003

Please cite this article in press as: Cifra, M., et al., Electromagnetic cellular interactions, Progress in Biophysics and Molecular Biology (2010),



http://www.sciencedirect.com/science/article/B6WMD-4F1J81C-N/2/43ea4b5c70c6a4d96d304b29c0980f8a
http://www.sciencedirect.com/science/article/B6WMD-4F1J81C-N/2/43ea4b5c70c6a4d96d304b29c0980f8a
http://www.sciencedirect.com/science/article/B6WMD-4F1J81C-N/2/43ea4b5c70c6a4d96d304b29c0980f8a
http://www.sciencedirect.com/science/article/B6TF7-458P435-TG/2/5809a327df3adccc35fa95b7735171ac
http://www.sciencedirect.com/science/article/B6TF7-458P435-TG/2/5809a327df3adccc35fa95b7735171ac
http://www.opticsexpress.org/abstract.cfm%3FURI%3Doe-15-9-5%20589
http://www.opticsexpress.org/abstract.cfm%3FURI%3Doe-15-9-5%20589
http://www.sciencedirect.com/science/article/B6TVM-46VPYF1-15/2/8a320aefb478319b232d09f89dc4c1a6
http://www.sciencedirect.com/science/article/B6TVM-46VPYF1-15/2/8a320aefb478319b232d09f89dc4c1a6
http://www.sciencedirect.com/science/article/B6TVM-46VPYF1-15/2/8a320aefb478319b232d09f89dc4c1a6
http://www.sciencedirect.com/science/article/B6WMD-4F1SV94-B8/2/7d7739d7ed9cf26914a7530e2fadeb46
http://www.sciencedirect.com/science/article/B6WMD-4F1SV94-B8/2/7d7739d7ed9cf26914a7530e2fadeb46
http://www.sciencedirect.com/science/article/B6WMD-4F1SV94-B8/2/7d7739d7ed9cf26914a7530e2fadeb46

22 M. Cifra et al. / Progress in Biophysics and Molecular Biology xxx (2010) 1-24

Popp, E-A., Li, KH., 1990. Molecular and Biological Physics of Living Systems.
Springer, Ch. Dynamics of DNA Excited States, pp. 31-52.

Popp, F-A, Yan, Y., 2002. Delayed luminescence of biological systems in terms of
coherent states. Physics Letters A 293, 93—-97.

Popp, F-A., Warnke, U., Koénig, H.L, Peschka, W. (Eds.), 1989. Electromagnetic
Bio-Information. Urban & Schwarzenberg, Miinchen, Wien, Baltimore.

Popp, E-A,, Li, KH,, Gu, Q. (Eds.), 1992. Recent Advances in Biophoton Research and
Its Applications. World Scientific, Singapure, London, New York, Hong Kong.

Popp, F.-A., Chang, ].J., Herzog, A., Yan, Z., Yan, Y., 2002. Evidence of non-classical
(squeezed) light in biological systems. Physics Letters A 293, 98—102.

Popp, E-A., Yan, Y., Sigrist, S., Schlesinger, D., Dolf, A., Yan, Z., Cohen, S., Chotia, A.,
2005. Delayed luminescence of biological systems in terms of coherent states.
Journal of Photochemistry and Photobiology B: Biology 78, 235—244.

Popp, F,, 1976. Biophotonen — Ein neuer Weg zur Losung des Krebsproblems. Verlag
far Medizin Dr. Ewald Fischer.

Popp, E-A., 2006. Coupling of Frohlich-modes as a basis for biological regulation. In:
Hyland, G.J., Rowlands, P. (Eds.), Herbert Frohlich, FRS, a Physicist Ahead of His Time:
a Centennial Celebration of His Life and Work. University of Liverpool, pp. 139—175.

Portet, S., Tuszynski, ]J.A., Hogue, CW.V., Dixon, ].M., 2005. Elastic vibrations in
seamless microtubules. European Biophysics Journal 34 (7), 912—920. URL.
http://www.springerlink.com/content/k23641006n0v27gg.

Portier, C., Wolfe, M., 1998. Assessment of Health Effects from Exposure to Power-line
Frequency Electric and Magnetic Fields. Tech. rep.. National Institute of Health.

Posfai, M., Dunin-Borkowski, R., 2009. Magnetic nanocrystals in organisms.
Elements 5 (4), 235.

Preparata, G., 1995. QED Coherence in Matter. World Scientific, New Jersey, London,
Hong Kong.

Quickenden, T., Que Hee, S.S., 1974. Weak luminescence from the yeast Saccharo-
myces cerevisiae and the existence of mitogenetic radiation. Biochemical and
Biophysical Research Communications 60 (2), 764—770.

Quickenden, T., Que Hee, S.S., 1976. The spectral distribution of the luminescence
emitted during growth of the yeast Saccharomyces cerevisiae and its relationship to
mitogenetic radiation. Photochemistry and Photobiology 23 (3), 201—204.

Quickenden, T., Tilbury, R., 1983. Growth dependent luminescence from cultures of
normal and respiratory deficient saccharomyces cerevisiae. Photochemistry and
Photobiology 37 (3), 337—344.

Quickenden, T., Tilbury, R., 1985. An attempt to stimulate mitosis in saccharomyces
cerevisiae with the ultraviolet luminescence from exponential phase cultures of
this yeast. Radiation Research 102, 254—263.

Quickenden, T., Tilbury, R, 1991. Luminescence spectra of exponential and
stationary phase cultures of respiratory deficient saccharomyces cerevisiae.
Journal of Photochemistry and Photobiology B: Biology 8 (2), 169—174.

Rahn, 0., 1936. Invisible Radiations of Organisms. Verlag von Gebriider Borntraeger,
Berlin.

Rajewsky, B.,1931. Uber einen empfindlichen lichtzéhler. Physikalische Zeitschrift 32,121.

Rattemeyer, M., Popp, F.A., Nagl, W., 1981. Evidence of photon emission from DNA in
living system. Naturwissenschaften 68, 572—573.

Rattemeyer, M., Popp, F.A., Nagl, W., 1984. Biophoton emission: new evidence for
coherence and DNA as source. Cell Biophysics 33—52, 572—573.

Regoli, F., Gorbi, S., Machella, N., Tedesco, S., Benedetti, M., Bocchetti, R., Notti, A.,
Fattorini, D., Piva, E, Principato, G., 2005. Pro-oxidant effects of extremely low
frequency electromagnetic fields in the land snail Helix aspersa. Free Radical
Biology and Medicine 39 (12), 1620—1628.

Reimers, J.R., McKemmish, L.K., McKenzie, R.H., Mark, A.E., Hush, N.S., 2009. Weak,
strong, and coherent regimes of Frohlich condensation and their applications to
terahertz medicine and quantum consciousness. Proceedings of the National
Academy of Sciences 106 (11), 4219—4224. URL. http://www.pnas.org/content/
106/11/4219.abstract.

Repacholi, M., Rubtsova, N., Mug, A. (Eds.), 1998. Electromagnetic Fields: Biological
Effects and Hygienic Standardization. WHO.

Research Center for Bioelectromagnetic Interaction, March 2010. EMF-portal.
website. URL. http://www.emf-portal.de/.

Ristovski, L.M., Nestorovia, N., Davidovia, G.S., 1992. The unified theory of Davydov’s
and Frohlich’s models. Zeitschrift fiir Physik B Condensed Matter 88, 145—157.

Rivera, H., Pollock, J.K., Pohl, H.A., 1985. The ac field patterns about living cells. Cell
Biophysics 7, 43—55.

Robinson, K., 1985. The responses of cells to electrical fields: a review. Journal of Cell
Biology 101 (6), 2023—2027.

Rojavin, M., Ziskin, M., 1998. Medical application of millimetre waves. QJM: An
International Journal of Medicine 91 (1), 57.

Ross, S., 2005. Combined DC and ELF magnetic fields can alter cell proliferation.
Bioelectromagnetics 11 (1), 27—36.

Rowlands, S., Sewchand, L., Lovlin, R., Beck, ]., Enns, E., 1981. A Frohlich interaction
of human erythrocytes. Physics Letters A 82 (8), 436—438.

Rowlands, S., Sewchand, L., Enns, E., 1982. Further evidence for a Frohlich interac-
tion of erythrocytes. Physics Letters A 87 (5), 256—260.

Rowlands, S., 1983. Coherent Excitation in Blood. Springer, Berlin, Heidelberg, New
York, pp. 145—161.

Roy, S.C., Braden, T., Pohl, H.A., 1981. Possibility of existence of pseudoferroelectric
state in cells: some experimental evidence. Physics Letters A 83 (3), 142—-144.
URL. http://www.sciencedirect.com/science/article/B6TVM-46SNK18-RK/2/
f74ddfe2ae9e5908b85925bc418e9b87.

Santini, M.T,, Ferrante, A., Rainaldi, G., Indovina, P, Indovina, P.L., 2005. Extremely
low frequency (ELF) magnetic fields and apoptosis: a review. International
Journal of Radiation Biology 81 (1), 1-11.

Scheminzky, F., 1916. Photographischer Nachweis von Emanationen bei bio-
chemischen Prozessen. Biochemische Zeitschrift 77, 13—16.

Schwartz, J., Mealing, G., 1993. Calcium-ion movement and contractility in atrial
strips of frog heart are not affected by low-frequency-modulated, 1 GHz
electromagnetic radiation. Bioelectromagnetics 14 (6), 521—533.

Scully, M., Svidzinsky, A., 2009. The super of superradiance. Science 325 (5947), 1510.

Serpersu, E., Tsong, T., 1984. Activation of electrogenic Rb+ transport of (Na, K)-
ATPase by an electric field. J. Biol. Chem. 259 (11), 7155—7162. URL. http://www.
jbc.org/cgi/content/abstract/259/11/7155.

Sewchand, L., Rowlands, S., 1983. Specificity of the Frolich interaction of erythro-
cytes. Physics Letters A 93 (7), 363—364.

Shcheglov, V., Belyaev, I, Alipov, Y., Ushakov, V., 1997. Power-dependent rear-
rangement in the spectrum of resonance effect of millimeter waves on the
genome conformational state of Escherichia Coli cells. Electromagnetic Biology
and Medicine 16 (1), 69—82.

Shcheglov, V., Alipov, E., Belyaev, 1., 2002. Cell-to-cell communication in response of
E. coli cells at different phases of growth to low-intensity microwaves. Bio-
chimica et Biophysica Acta (BBA)-General Subjects 1572 (1), 101-106.

Shen, X., Mei, W., Xu, X., 1994. Activation of neutrophils by a chemically separated
but optically coupled neutrophil population umdergoing respiratory burst.
Experientia 50, 963—968.

Siebert, W.W., Seffert, H., 1933. Physikalisches Nachweis der Gurwitsch-Strahlung
mit hilfe eines Differenzverfahrens. Naturwissenschaften 21 (9), 193—194.
Sienkiewicz, Z., 1998. Biological effects of electromagnetic fields and radiation.

Journal of Radiological Protection 18, 185.

Sinitsyn, N., Petrosyan, V., Yolkin, V., Devyatkov, N., Gulyaev, Y., Betskii, O., 2000.
Special function of the millimeter wavelength waves: aqueous medium system
in nature. Critical Reviews in Biomedical Engineering 28 (1—2), 269—305.

Sirenko, Y.M., Stroscio, M.A., Kim, K.W., Jan 1996. Elastic vibrations of microtubules
in a fluid. Phys. Rev. E 53 (1), 1003—1010.

Slawinski, J., 1990. Necrotic photon emission in stress and lethal interactions,
Current Topics in Biophysics 19, 8—27.

Slawinski, ]., 2003. Biophotons from stressed and dying organisms: toxicological
aspects. Indian Journal of Experimental Biology 41, 483—493.

Slawinski, J., Popp, E, 1987. Temperature hysteresis of low level luminescence from plants
and its thermodynamical analysis. Journal of Plant Physiology 130 (2—3), 111-123.

Slawinski, J., 2005. Photon emission from perturbed and dying organisms: biomedical
perspectives. Forsch Komplementarmed Klass Naturheilkd 12 (2), 90—95.

Smith, S., McLeod, B., Liboff, A., Cooksey, K., 1987. Calcium cyclotron resonance and
diatom mobility. Bioelectromagnetics 8 (3), 215—227.

Smith, K., 1991. The photobiological basis of low level laser radiation therapy. Laser
Therapy 3 (1), 19—24.

Sonnier, H., Marino, A., 2001. Sensory transduction as a proposed model for bio-
logical detection of electromagnetic fields. Electromagnetic Biology and Medi-
cine 20 (2), 153—175.

Srobr, ., Pokomy, J., 1996. Topology of mutual relationships implicit in the Fréhlich
model. Bioelectrochemistry and Bioenergetics 41 (1), 31-33. http://www.
sciencedirect.com/science/article/B6TF7-3VB3R5N-11/2/
8e19771fc88e46134a42ec3a9e56ebb7. URL.

Srobar, F, 2009a. Occupation-dependent access to metabolic energy in Frohlich
systems. Electromagnetic Biology and Medicine 28 (2), 194—200.

Srobar, F, 2009b. Role of non-linear interactions by the energy condensation in
Frohlich systems. Neural Network World 19 (4), 361—368.

Stoykov, N., Jerome, ]., Pierce, L., Taflove, A, 2004. Computational modeling
evidence of a nonthermal electromagnetic interaction mechanism with living
cells: microwave nonlinearity in the cellular sodium ion channel. IEEE Trans-
actions on Microwave Theory and Techniques 52 (8), 2040—2045.

Sun, W.,, Chiang, H., Fu, Y., Yu, Y., Xie, H., Lu, D., 2001. Exposure to 50 Hz electromagnetic
fields induces the phosphorylation and activity of stress-activated protein kinase
in cultured cells. Electromagnetic Biology and Medicine 20 (3), 415—423.

Suresh, S., 2007. Biomechanics and biophysics of cancer cells. Acta Materialia 55,
3989—-4014.

Swain, J., 2006. On the possibility of large upconversions and mode coupling
between frohlich states and visible photons in biological systems. URL. http://
eprintweb.org/S/authors/All/sw/]_Swain/5.

Swain, J., 2008. Mode coupling in living systems: implications for biology and
medicine. Indian Journal of Experimental Biology 46, 389—394.

Takahashi, K., Kaneko, L., Date, M., Fukada, E., 1986. Effect of pulsing electromagnetic
fields on DNA synthesis in mammalian cells in culture. Cellular and Molecular
Life Sciences 42 (2), 185—186.

Tao, NJ., Lindsay, S.M., Rupprecht, A., Jul 1987a. Comment on “resonant microwave
absorption by dissolved DNA”. Physics Review Letters. 59 (4), 518.

Tao, N.J.,, Lindsay, S.M., Rupprecht, A., 1987b. The dynamics of the DNA hydration
shell at gigahertz frequencies. Biopolymers 26 (2), 171—188.

Teissie, J., 2007. Biophysical effects of electric fields on membrane water interfaces:
a mini review. European Biophysics Journal 36 (8), 967—972.

Thomas, Y., Schiff, M., Belkadi, L., Jurgens, P, Kahhak, L., Benveniste, ]., 2000. Acti-
vation of human neutrophils by electronically transmitted phorbol-myristate
acetate. Medical Hypotheses 54 (1), 33—39.

Tian, F, Nakahara, T, Yoshida, M., Honda, N., Hirose, H., Miyakoshi, J., 2002. Expo-
sure to power frequency magnetic fields suppresses X-ray-induced apoptosis
transiently in Ku80-deficient xrs5 cells. Biochemical and Biophysical Research
Communications 292 (2), 355—361.

Tofani, S., Barone, D., Cintorino, M., de Santi, M., Ferrara, A., Orlassino, R.,
Ossola, P., Peroglio, F.,, Rolfo, K., Ronchetto, F., 2001. Static and elf magnetic

doi:10.1016/j.pbiomolbio.2010.07.003

Please cite this article in press as: Cifra, M., et al., Electromagnetic cellular interactions, Progress in Biophysics and Molecular Biology (2010),



http://www.springerlink.com/content/k23641006n0v27gg
http://www.pnas.org/content/106/11/4219.abstract
http://www.pnas.org/content/106/11/4219.abstract
http://www.emf-portal.de/
http://www.sciencedirect.com/science/article/B6TVM-46SNK18-RK/2/f74ddfe2ae9e5908b85925bc418e9b87
http://www.sciencedirect.com/science/article/B6TVM-46SNK18-RK/2/f74ddfe2ae9e5908b85925bc418e9b87
http://www.jbc.org/cgi/content/abstract/259/11/7155
http://www.jbc.org/cgi/content/abstract/259/11/7155
http://www.sciencedirect.com/science/article/B6TF7-3VB3R5N-11/2/8e19771fc88e46134a42ec3a9e56ebb7
http://www.sciencedirect.com/science/article/B6TF7-3VB3R5N-11/2/8e19771fc88e46134a42ec3a9e56ebb7
http://www.sciencedirect.com/science/article/B6TF7-3VB3R5N-11/2/8e19771fc88e46134a42ec3a9e56ebb7
http://eprintweb.org/S/authors/All/sw/J_Swain/5
http://eprintweb.org/S/authors/All/sw/J_Swain/5

M. Cifra et al. / Progress in Biophysics and Molecular Biology xxx (2010) 1-24 23

fields induce tumor growth inhibition and apoptosis. Bioelectromagnetics 22
(6), 419—428.

Traill, RR., 2005. How Popperian positivism killed a good-but-poorly-presented
theory — insect communication by infrared. General Science Journal, 1-24.
Traill, RR,, 2008. Critique of the 1977 debate on infra-red ‘olfaction’ in insects —

(Diesendorf vs. P.S.Callahan). General Science Journal, 1—6.

Trushin, M., 2003a. Culture-to-culture physical interactions causes the alteration in
red and infrared light stimulation of Escherichia coli growth rate. Journal of
Microbiology, Immunology and Infection 36 (2), 149—152.

Trushin, M., 2003b. Do bacterial cultures spread messages by emission of electro-
magnetic radiations? Annals of Microbiology 53 (1), 37—42.

Trushin, M., 2003c. The possible role of electromagnetic fields in bacterial commu-
nication. Journal of Microbiology, Immunology and Infection 36 (3), 153—160.

Trushin, M.V., 2003d. Studies on distant regulation of bacterial growth and light
emission. Microbiology 149, 363—368.

Trushin, M. 2004a. Light-mediated “conversation” among microorganisms.
Microbiological Research 159 (1), 1-10.

Trushin, M.V., 2004b. Distant non-chemical communication in various biological
systems. Rivista di Biologia/Biology Forum 97, 399—432.

Tsong, T.Y., Astumian, R.D., 1986. Absorption and conversion of electric field energy
by membrane bound ATPases. Bioelectrochemistry and Bioenergetics 15 (3),
457—-476. URL. http://www.sciencedirect.com/science/article/B6TF7-45937MG-
H/2/082aa9f57b0d5ddd1929e101d85e605f.

Tsong, T., Gross, C., 1994. Bioelectrodynamics and Biocommunication. World
Scientific, New Jersey, London, Hong Kong, Ch. The Languages of Cells —
Molecular Processing of Electric Signals by Cell Membranes, pp. 131-158.

Tsong, T.Y., 1989. Deciphering the language of cells. Trends in Biochemical Sciences
14 (3), 89—-92.

Tsong, T.Y., 1992. Molecular recognition and processing of periodic signals in cells:
study of activation of membrane ATPases by alternating electric fields.
Biochimica et Biophysica Acta (BBA) — Reviews on Biomembranes 1113 (1),
53—70. URL. http://www.sciencedirect.com/science/article/B6T22-488GHSF-
10/2/e86a0667269879ca2d91174e480a2ec2.

Tuby, H., Maltz, L., Oron, U.,, 2007. Low-level laser irradiation (LLLI) promotes
proliferation of mesenchymal and cardiac stem cells in culture. Lasers in
Surgery and Medicine 39 (4), 373—378.

Turcu, ., 1997. A generic model for the Frohlich rate equations. Physics Letters A 234
(3), 181—186. URL. http://www.sciencedirect.com/science/article/B6TVM-
3SPTGXR-4/2/3fd48760d809d1df8b34151cda824fe3.

Tuszynski, J.A., Dixon, J.M., Oct 2001. Quantitative analysis of the frequency spec-
trum of the radiation emitted by cytochrome oxidase enzymes. Physical Review
E 64 (5), 051915.

Tuszynski, J.A., Paul, R.,, Chatterjee, R., Sreenivasan, S.R., Nov 1984. Relationship
between Frohlich and Davydov models of biological order. Physical Review A 30
(5), 2666—2675.

Tuszynski, J.A., Paul, R, Mar 1991. Reply to “comment on ‘relationship between
Frohlich and Davydov models of biological order™. Physical Review A 43 (6),
3179-3181.

Tuszynski, J.A., Bolterauer, H., Sataric, M.V., 1992. Self-organization in biological
membranes and the relationship between Fréhlich and Davydov theories.
Nanobiology 1, 177—190.

Tuszynski, J.A., Feb. 1985. On the existence of Frohlich’s long-range interactions in
dipolar chains. Physics Letters A 107, 225—229.

Tuszynski, ].A., 1985a. Comments on the Davydov Hamiltonian for quasi-one-dimen-
sional molecular chains. International Journal of Quantum Chemistry 29, 379—-391.

Tuszynski, J.A., 1985b. Generalization of Frohlich’s thermodynamic model of the
living state phase transition. Physics Letters A 108 (3), 177—182. URL. http://
www.sciencedirect.com/science/article/BETVM-46VROC7-9S/2/
8ed8d6d14237831aa41f7f27629cd946.

Tuszynski, J.A., 1987. Biological membranes as dissipative structures. Nuclear
Physics B Proceedings Supplements 2, 618.

Tuszynski, J.A., 1988. On possible mechanisms of rouleau formation in human
erythrocytes. Journal of Theoretical Biology 132 (3), 369—373. URL. http://www.
sciencedirect.com/science/article/ BGBWMD-4KDG TGJ-8/2/
6611077209d935dd81bcf9ff0258¢869.

Tuvia, S., Levin, S., Korenstein, R. 1992. Oxygenation—deoxygenation cycle of
erythrocytes modulates submicron cell membrane fluctuations. Biophysical
Journal 60, 733—737.

Tuvia, S., Almagor, A., Bitler, A, Levin, S., Korenstein, R., Yedgar, S., 1997. Cell
membrane fluctuations are regulated by medium macroviscosity: evidence for
a metabolic driving force. Proceedings of National Academy of Science USA 94,
5045—-5049.

Tuvia, S., Bitler, A., Korenstein, R., 1998. Mechanical fluctuations of the membrane-
skeleton are dependent on F-actin ATPase in human erythrocytes. The Journal
of Cell Biology 141, 1551-1561.

Tuvia, S., Moses, A., Nathan, G., Levin, S., Korenstein, R., 1999. $-adrenergic agonists
regulate cell membrane fluctuations of human erythrocytes. Journal of Physi-
ology 516 (3), 781-792.

Tyner, KM., Kopelman, R., Philbert, M.A., 2007. “Nano-sized voltmeter” enables
cellular-wide electric field mapping. Biophysical Journal 93, 1163—1174.

Vaks, V.L, Domrachev, G.A., Rodygin, Y.L, Selivanovskii, D.A., Spivak, E.I, 1994.
Dissociation of water by microwave radiation. Radiophysics and Quantum
Electronics 37 (1), 85—88.

Van Wijk, R., Shen, X. (Eds.), 2005. Biophotonics: Optical Science and Engineering
for the 21st Century. Springer.

Van Wijk, R., Van Wijk, E.P.A., 2005. An introduction to human biophoton emission.
Forsch Komplementdrmed Klass Naturheilkd 12, 77—-83.

Van Wijk, R., Kobayashi, M., Van Wijk, E., 2006. Anatomic characterization of human
ultra-weak photon emission with a moveable photomultiplier and CCD
imaging. Journal of Photochemistry and Photobiology B: Biology 83 (1), 69—76.

Van Wijk, R., Van Wijk, E.P.A., Wiegant, FA.C,, Ives, ]., 2008. Free radicals and low-
level photon emission in human pathogenesis: state of the art. Indian Journal of
Experimental Biology 46, 273—309.

Van Wijk, R., 2001. Bio-photons and bio-communication. Journal of Scientific
Exploration 15 (2), 183—197.

Van Zandt, L., Saxena, V. 1989. Millimeter-microwave spectrum of DNA: six
predictions for spectroscopy. Physical Review A 39 (5), 2672—2674.

Van Zandt, L.L., 1978. Resonant interactions between biological molecules. Journal
of Biological Physics 6 (3—4), 124—132.

Van Zandt, L., 1986. Resonant microwave absorption by dissolved dna. Physical
Review Letters 57 (16), 2085—2087.

Ventura, C., Maioli, M., Asara, Y., Santoni, D., Mesirca, P, Remondini, D., Bersani, F.,
2005. Turning on stem cell cardiogenesis with extremely low frequency
magnetic fields. The FASEB Journal 19, 155—157.

Vigny, P, Duquesne, M., 1976. Excited states of biological molecules. Wiley-Inter-
science, New York, Ch. On the Fluorescence of Nucleotides and Polynucleotides
at Room Temperatures, pp. 167—177.

Voeikov, V., Beloussov, L., 2007. Biophotonics and coherent systems in biology.
Springer, Ch. From mitogenetic rays to biophotons, pp. 1-16.

Voeikov, V.L., Novikov, C.N., 1997. Interaction of two optically coupled whole blood
samples in the course of respiratory burst in one of them. In: Advances in
Fluorescence Sensing Technology in Clinical Diagnostics III.

Voeikov, V.L, Koldunov, V.V., Kononov, D.S., 2001a. Long-duration oscillations of
chemiluminescence during the amino-carbonyl reaction in aqueous solutions.
Russian Journal of Physical Chemistry 75 (9), 1443—1448.

Voeikov, V.L, Koldunov, V.V., Kononov, D.S., 2001b. New oscillatory process in
aqueous solutions of compounds containing carbonyl and amino groups.
Kinetics and Catalysis 42, 606—608.

Voeikov, V.L., Asfaramov, R., Bouravleva, E., Novikov, C., Vilenskaya, N., 2003. Bio-
photon research in blood reveals its holistic properties. Indian Journal of
Experimental Biology 43, 473—482.

Voeikov, V.L., 2005. Biological oxidation: over a century of hardship for the concept
of active oxygen. Cellular and Molecular Biology 51, 663—675.

Volodyaev, LV., 2007. Ultraweak radiation and optical interaction of eggs and
embryos of african clawed frog, Ph.D. thesis. Sverkhslaboe izluchenie i opti-
cheskoe vzaimodeistvie yaitsekletok i zarodishchei schportsevoi lyagushki (in
Russian). Moscow State University.

Volodyaev, L.V, Beloussov, L.V., 2007. Ultraweak emissions of developing Xenopus
laevis eggs and embryos. Russian Journal of Developmental Biology 38,
386—393.

Volodyaev, 1., Ivanovsky, R.N., Krasilnikova, E.N., Beloussov, L.V., 2009. A partial
verification of the A. Gurvich mitogenetic effect. URL. In: Saratov Fall Meeting
2009, International School for Junior scientists and Students on Optics, Laser
Physics and Biophysics. http://optics.sgu.ru/SFM_Files/2009/report/1054/.

Volotovski, ., Sokolovsky, S., Nikiforov, E., Zinchenko, V., 1993. Calcium oscillations
in plant cell cytoplasm induced by red and far-red light irradiation. Journal of
Photochemistry and Photobiology B: Biology 20 (2—3), 95—100.

Volpe, P., 2003. Interactions of zero-frequency and oscillating magnetic fields with
biostructures and biosystems. Photochemical & Photobiological Sciences 2 (6),
637—-648.

Wainwright, M., Killham, K., Russel, C., Grayston, ]J., 1997. Partial evidence for the
existence of mitogenetic radiation. Microbiology 143 (1), 1-3.

Wainwright, M., 1998. Historical and recent evidence for the existence of mitoge-
netic radiation. Perspectives in Biology and Medicine 41 (4), 565—571.

Wang, C., Zhang, L., 2008. Circumferential vibration of microtubules with long axial
wavelength. Journal of Biomechanics 41 (9), 1892—1896. URL. http://www.
sciencedirect.com/science/article/B6T82-4SN8VB1-3/2/
b00ae1dc96171994c60cd3b63102c416.

Wang, C., Ru, C., Mioduchowski, A., 2006. Vibration of microtubules as orthotropic
elastic shells. Physica E: Low-dimensional Systems and Nanostructures 35 (1),
48-56. http://www.sciencedirect.com/science/article/B6VMT-4KJTNT4-2/2/
c937e65ac2d9b1c7e4f0449b66f544b0. URL.

Wang, C., Li, C., Adhikari, S., 2009. Dynamic behaviors of microtubules in cytosol.
Journal of Biomechanics 42 (9), 1270—1274.

Weaver, ], Astumian, R., 1990. The response of living cells to very weak electric
fields: the thermal noise limit. Science 247, 459—462.

Webb, H., Brown Jr., E, 1965. Interactions of diurnal and tidal rhythms in the fiddler
crab, Uca pugnax. Biological Bulletin 129 (3), 582—591.

Webb, SJ., Stoneham, M.E., Frohlich, H., 1977. Evidence for non-thermal excitation
of energy levels in active biological systems. Physics Letters A 63, 407—408.

Webb, SJ., 1980. Laser-Raman spectroscopy of living cells. Physics Reports 60 (4),
201—224. URL. http://www.sciencedirect.com/science/article/B6TVP-46T4HK4-
11/2/3e704a91d3038f9149f908ab3be18df1.

Westerhoff, H.V., Tsong, T.Y., Chock, P.B., Chen, Y.D., Astumian, R.D., 1986. How
enzymes can capture and transmit free energy from an oscillating electric field.
Proceedings of the National Academy of Sciences of the United States of
America 83 (13), 4734—4738. URL. http://www.pnas.org/content/83/13/4734.
abstract.

Wolf, F, Torsello, A., Tedesco, B., Fasanella, S., Boninsegna, A., D'Ascenzo, M.,
Grassi, C., Azzena, G., Cittadini, A, 2005. 50-Hz extremely low frequency

doi:10.1016/j.pbiomolbio.2010.07.003

Please cite this article in press as: Cifra, M., et al., Electromagnetic cellular interactions, Progress in Biophysics and Molecular Biology (2010),



http://www.sciencedirect.com/science/article/B6TF7-4593%207MG-H/2/082aa9f57b0d5ddd1929e101d85e605f
http://www.sciencedirect.com/science/article/B6TF7-4593%207MG-H/2/082aa9f57b0d5ddd1929e101d85e605f
http://www.sciencedirect.com/science/article/B6T22-488GH8F-10/2/e86a0667269879ca2d91174e480a2ec2
http://www.sciencedirect.com/science/article/B6T22-488GH8F-10/2/e86a0667269879ca2d91174e480a2ec2
http://www.sciencedirect.com/science/article/B6TVM-3SPTGXR-4/2/3fd48760d809d1df8b34151cda824fe3
http://www.sciencedirect.com/science/article/B6TVM-3SPTGXR-4/2/3fd48760d809d1df8b34151cda824fe3
http://www.sciencedirect.com/science/article/B6TVM-46VR0C7-9S/2/8ed8d6d14237831aa41f7f27629cd946
http://www.sciencedirect.com/science/article/B6TVM-46VR0C7-9S/2/8ed8d6d14237831aa41f7f27629cd946
http://www.sciencedirect.com/science/article/B6TVM-46VR0C7-9S/2/8ed8d6d14237831aa41f7f27629cd946
http://www.sciencedirect.com/science/article/B6WMD-4KDG%20TGJ-8/2/6611077209d935dd81bcf9ff0258c869
http://www.sciencedirect.com/science/article/B6WMD-4KDG%20TGJ-8/2/6611077209d935dd81bcf9ff0258c869
http://www.sciencedirect.com/science/article/B6WMD-4KDG%20TGJ-8/2/6611077209d935dd81bcf9ff0258c869
http://optics.sgu.ru/SFM_Files/2009/report/1054/
http://www.sciencedirect.com/science/article/B6T82-4SN8VB1-3/2/b00ae1dc96171994c60cd3b63102c416
http://www.sciencedirect.com/science/article/B6T82-4SN8VB1-3/2/b00ae1dc96171994c60cd3b63102c416
http://www.sciencedirect.com/science/article/B6T82-4SN8VB1-3/2/b00ae1dc96171994c60cd3b63102c416
http://www.sciencedirect.com/science/article/B6VMT-4KJTNT4-2/2/c937e65ac2d9b1c7e4f0449b66f544b0
http://www.sciencedirect.com/science/article/B6VMT-4KJTNT4-2/2/c937e65ac2d9b1c7e4f0449b66f544b0
http://www.sciencedirect.com/science/article/B6TVP-46T4HK4-11/2/3e704a91d3038f9149f908ab3be18df1
http://www.sciencedirect.com/science/article/B6TVP-46T4HK4-11/2/3e704a91d3038f9149f908ab3be18df1
http://www.pnas.org/content/83/13/4734.abstract
http://www.pnas.org/content/83/13/4734.abstract

24 M. Cifra et al. / Progress in Biophysics and Molecular Biology xxx (2010) 1-24

electromagnetic fields enhance cell proliferation and DNA damage: possible
involvement of a redox mechanism. Biochimica et Biophysica Acta (BBA)-
Molecular Cell Research 1743 (1-2), 120—129.

Wu, T,, Austin, S., 1977. Bose condensation in biosystems. Physics Letters A 64 (1),
151—-152. URL. http://www.sciencedirect.com/science/article/BETVM-46SXN5W-
1D6/2/ed1956161032f16e4f5265cd2f01bbdd.

Wu, TM, Austin, S., 1978. Cooperative behavior in biological systems. Physics
Letters A 65 (1), 74—76. URL. http://www.sciencedirect.com/science/article/
B6TVM-46R3P1P-14P/2/11c9181df9bf6c8f1606c8a6106c823a.

Wu, T.M.,, Austin, S., 1979. Biological Bose condensation and the time threshold for
biological effects. Physics Letters A 73 (3), 266—268. http://www.sciencedirect.
com/science/article/BEGTVM-46T4]SB-9G/2/
9779ba21963c8ea24371c5a933dcb267. URL.

Wu, T.M., Austin, S.J., 1981. Fréhlich’'s model of Bose condensation in biological
systems. Journal of Biological Physics 9 (2), 97—107.

Yan, Y., Popp, F.-A,, Sigrist, S., Schlesinger, D., Dolf, A., Yan, Z., Cohen, S., Chotia, A.,
2005. Further analysis of delayed luminescence of plants. Journal of Photo-
chemistry and Photobiology B: Biology 78, 235—244.

Zhadin, M., Giuliani, L., 2006. Some problems in modern bioelectromagnetics.
Electromagnetic Biology and Medicine 25 (4), 227—243.

Zhadin, M., Deryugina, O., Pisachenko, T., 1999. Influence of combined DC and AC
magnetic fields on rat behavior. Bioelectromagnetics 20 (6), 378—386.

Zhadin, M., 2000. Review of russian literature on biological action of DC and
low-frequency AC magnetic fields. Bioelectromagnetics 22 (1), 27—45.

Zhang, ]., Zhang, X., 2007. Communication between osteoblasts stimulated by
electromagnetic fields. Chinese Science Bulletin 52 (1), 98—100.

Zheng, ]., Pollack, G., 2003. Long-range forces extending from polymer-gel surfaces.
Physical Review E 68 (3), 31408-1—31408-7.

Zheng, J., Chin, W,, Khijniak, E., Khijniak Jr., E., Pollack, G.H., 2006. Surfaces and
interfacial water: evidence that hydrophilic surfaces have long-range impact.
Advances in Colloid and Interface Science 127 (1), 19—27.

Zrimec, A., Jerman, I, Lahajnar, G., 2002. Alternating electric fields stimulate ATP
synthesis in Escherichia coli. Cellular and Molecular Biology Letters 7 (1),
172—175.

Ziircher, E., Cantiani, M., Sorbetti-Guerri, F., Michel, D., 1998. Tree stem diameters
fluctuate with tide. Nature 392, 665—666.

doi:10.1016/j.pbiomolbio.2010.07.003

Please cite this article in press as: Cifra, M., et al., Electromagnetic cellular interactions, Progress in Biophysics and Molecular Biology (2010),



http://www.sciencedirect.com/science/article/B6TVM-46SXN5W-1D6/2/ed1956161032f16e4f5265cd2f01bbdd
http://www.sciencedirect.com/science/article/B6TVM-46SXN5W-1D6/2/ed1956161032f16e4f5265cd2f01bbdd
http://www.sciencedirect.com/science/article/B6TVM-46R3P1P-14P/2/11c9181df9bf6c8f1606c8a6106c823a
http://www.sciencedirect.com/science/article/B6TVM-46R3P1P-14P/2/11c9181df9bf6c8f1606c8a6106c823a
http://www.sciencedirect.com/science/article/B6TVM-46T4JSB-9G/2/9779ba21963c8ea24371c5a933dcb267
http://www.sciencedirect.com/science/article/B6TVM-46T4JSB-9G/2/9779ba21963c8ea24371c5a933dcb267
http://www.sciencedirect.com/science/article/B6TVM-46T4JSB-9G/2/9779ba21963c8ea24371c5a933dcb267

	Electromagnetic cellular interactions
	Introduction
	Evidence that cells generate electromagnetic fields
	Type of EMF
	Measurement of EMF
	History of detection of cellular EMF
	Experimental detection of EMF of biologic origin in infra-red, visible and ultraviolet ranges
	Indirect cellular EMF detection by dielectrophoresis
	Direct electronic detection of cellular EMFs
	Detection of cellular vibration states by spectroscopic techniques

	Correlation of cellular EMF activity with cellular metabolism, vitality and replication
	How cells can generate EMFs
	Basis of EMF generation
	Basis for cellular EMF generation


	Evidence for cells being affected by electromagnetic fields
	The effect of EMFs on biological systems
	How EMFs affect biosystems
	How cells react to non-visible EMFs
	How cells react to EMF in the visible range


	Evidence for cells interacting through electromagnetic fields
	Are biological systems really interacting through EMFs?
	Caveats and obstacles in experiments on cellular EMF interactions
	How cells interact via EMFs

	Conclusion and future prospects
	Acknowledgements
	References


