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Chapter 10

Cellular electrodynamics in kHz–THz region
Michal Cifra
Institute of Photonics and Electronics, The Czech Academy of Sciences, Chaberska 57, 18200
Prague 8, Czech Republic
Abstract: We review here theories and evidence of a cellular electrodynamic
field in the kHz–THz region and its biological relevance. The endogenous
cellular electrodynamic field has been predicted to contribute to the organization within the cell and to interactions among the cells. Any cellular pulsed or
oscillatory process, which involves electrically charged or electrically polar
molecular structure, generates an electrodynamic field. Energy supply to and
low damping of an oscillatory process are necessary conditions for generation of
a field, which is of higher intensity than the field of thermal origin. We describe
cellular processes, which can give rise to an electrodynamic field in the kHz–
THz spectral region and are likely to be fulfilling necessary conditions of energy
supply and low damping. Our focus is on microtubule electromechanical vibrations, but also electronic conduction processes in DNA and proteins in general
are briefly reviewed. We also review and assess experimental works aiming to
detect cellular radiofrequency fields directly or indirectly. We conclude that
evidence for the necessary physical conditions for cellular electrodynamic field is
accumulating. However, there is still little direct experimental evidence for
kHz–THz electrodynamic field of nonexcitable cells. We believe that near
future can bring significant progress in this research field if appropriate cutting
edge technologies in detection techniques are used.
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1. Introduction
Biological phenomena that cannot be reduced to direct chemical “contact”
interaction between molecular partners have always either attracted attention of some scientists or scared off and discouraged others due to an apparent taste of mystery as was the case, e.g., in the field of bioelectricity and
electrophysiology (Geddes and Hoff, 1971; Cajavilca et al., 2009). However,
a rigorous scientific description of bioelectric phenomena became possible
with the conceptual and technological progress enabling the clarification of
physical processes underlying electrophysiology. Nowadays, the existence of
electric activity of cells is well accepted; its biological importance in case of
electro-excitable cells is indisputable, e.g., for nerve and muscle cells of
higher organisms. In addition, these electrophysiological phenomena are
observed and studied for frequencies of a few kHz (Buzsaki et al., 1992; Collins et al., 2001) and are not expected to exist at higher frequencies
(> 1–10 kHz).
Yet, let us imagine, on the one hand, a physicist who knows that the
electromagnetic field on Earth (also due to cosmic radiation) displays much
broader frequency spectra (see, e.g., in Chapter 2 of this book). He may ask
whether biological systems that evolved on Earth generate an electromagnetic field of a broader frequency range, say in kHz–THz region, than the
one which is in intense focus of current electrophysiology? A biologist, on the
other hand, might want to know whether such frequencies – assuming they
exist – have a function, i.e. are of biological relevance. Could such cellular
electromagnetic fields explain biological phenomena, which we either had
overlooked or neglected because we considered them as artifacts since they
did not fit into our concepts? The latter being, for example, interactions between bio-molecules that are faster and occur over larger distances than
allowed by the classical model of diffusion-based distribution of molecules.
Furthermore, if there was evidence - from at least a small number of experiments – for a high frequency biological electromagnetic field, we would like
to know about the structures and processes that generate these cellular
electromagnetic fields.
Electromagnetic fields are physical quantities directly measurable via
their force effects. Therefore, using the proper technology, experimental evidence for cellular electrodynamic fields can be obtained1. This chapter
1 There is no strict difference between the terms electromagnetic and electrodynamic
fields. With the prefix bio-, a term bioelectromagnetism is used to denote endogenous
electromagnetic fields of biological systems. Yet, again, literature on bioelectromagnetism almost exclusively deals with low frequency fields (< kHz), while we stress the
high frequency fields (> kHz). One can find in literature both terms bioelectrodynam-
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summarizes the foundation for cellular kHz–THz electrodynamics. It thereby focuses also on the cellular origin of the field.

2. Why to research cellular electrodynamic fields
The working hypothesis of several authors is that the endogenous cellular
electrodynamic field has an organizing function within cells and mediates
interactions between cells.

2.1. Role of fields in intracellular processes
The role of the endogenous cellular electrodynamic field has been predicted as (i) transporting reaction components and (ii) driving the kinetics of chemical reactions (Pokorný et al., 2005b,a; Pokorný, 2001). The
theory on the cellular field, furthermore, predicts that certain cellular
structures create spatially and dynamically complex patterns (local minima and maxima of field intensity) of the electrodynamic field (Cifra et
al., 2010; Havelka et al., 2011; Cifra et al., 2011b). This inhomogenous
electric field pattern acts by force on molecules adding a deterministic
component to their diffusion movement and thereby helping to organize
the movement of the reaction components (Pokorný et al., 2005b,a;
Pokorný, 2001). In addition, the spatial and temporal organization of
larger structures of the cell, i.e. the positioning of organelles and macromolecules) can be influenced by the electrodynamic field in ways similar to those described above (Cifra, 2012). Note that the recruiting of
molecular reaction partners by long-range electrodynamic interactions
has already been predicted by Fröhlich (Fröhlich, 1968b, 1972, 1970),
later on again by van Zandt (Van Zandt, 1978) and recently re-assessed
(Preto et al., 2012). Furthermore, electrodynamic processes are assumed
to play a significant role in cellular signaling (Priel et al., 2005, 2006) as
well as energy transfer (Cope, 1973). Finally, some researchers suggest
that the disturbance of the endogenous cellular electrodynamic processes
plays an important role in cancer (Pokorný, 2012).

2.2. Role of fields in intercellular processes
Multiple authors have performed experiments that show effects at distances
that were not predicted by a molecule-based diffusion model.
One class of experiments relates to the so-called dielectrophoretic
effect of cells on surrounding particles. This was extensively investigated
by Pohl et al. (Pohl, 1980b,a, 1981; Roy et al., 1981; Pohl et al., 1981;

ics or cellular electrodynamics, the former being more general without scale limitations and the latter limited to the scale of the cells.
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Pohl, 1982, 1983; Rivera et al., 1985). In this effect, cells are attracting
or repulsing micron sized dielectric particles. To test these assumptions,
Pohl et al. were changing (i) the conductivity of the medium, (ii) the dielectric constant of the particles, or they were (iii) switching off the metabolism of the cells. They concluded that the observed changes in
movement of the particles around individual tester cells were caused by
an oscillating electric field that is, furthermore, generated in accordance
to the metabolic activity of the cells.
Another class of theories and experiments was focused on electromagnetic
force interaction between cells. Based on the assumption of Fröhlich’s coherent electric oscillations generated by cells, Pokorný theoretically analyzed, the
mutual attraction of cells (Pokorný, 1980; Pokorný et al., 1983; Pokorný and
Wu, 1998). His results suggested that cells should be able to interact electromagnetically (attract or repulse) up to the distance of 10 micrometers. There
were also several experimental tests carried out on leukocyte sedimentation
rate and adherence (Jandová et al., 1987). Sedimentation rate of cells and
measured force between the cells and glass slides substrate coincided with
theoretical predictions of adherent force based on cellular electrodynamic activity. Most famous are the results of Rowlands et al. who observed that
roleaux formation of erythrocytes does not simply follow Brownian laws of
motion. It was suggested that the cellular electrodynamic fields generated as
described by the theory of Fröhlich gives a plausible explanation for this complex group of cellular interactions (Rowlands, 1983; Rowlands et al., 1981,
1982; Sewchand and Rowlands, 1983). Fröhlich predicted in his theory that
coherent electric oscillations of biosystems mediate mutual long-range (on
cellular/ molecular scale) resonance-like attraction. However, one has to be
careful about experimental details and interpretation of the results.
Many experiments on electrodynamic cellular interactions were performed with a focus on the optical field of cells of many species (see Table
2. in (Cifra et al., 2011a) or Ch. 8 in this book). There are, indeed, strong
indications that the cells are able to interact through their endogenous
photon emission under certain conditions. However, this refers to frequencies in the visible and UV region while here we focus on frequency ranges
of microwaves and below.
To summarize this section, there are many interesting theoretical predictions and experimental observations that take into account the cellular electrodynamic field. Moreover, some of the observations can be hardly explained
without assumption of non-chemical interaction that acts over distance. Nevertheless, it needs to be emphasized again that one has to be very careful
about experimental details and interpretation of the results as various other
non-field-like physicochemical phenomena can contribute to the observed results.
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3. Which structures and processes generate the cellular
electromagnetic field
3.1. Basis of electromagnetic field generation
All objects, whether living or nonliving, are continuously generating electromagnetic fields due to the thermal agitation of the particles that possess
charge. The thereby generated electromagnetic spectrum is described by
Planck’s law for the ideal case of a blackbody in thermal equilibrium. Electromagnetic fields generated thermally have a random, non-coherent character. However, our question is whether the electromagnetic field of a biological entity is an electromagnetic field generated by an object due to its
temperature or whether it is part of a biological property of a living system.
Physically, living biological systems are thermodynamic systems in a nonequilibrium state (i.e., they have a different energy level than their surrounding) and they are open (i.e., they can transfer energy and matter through the
system). Such systems may locally decrease entropy (increase order). Since
living systems are not in a thermal equilibrium, their electromagnetic (or generally, vibrational) spectrum may also deviate from thermal spectrum given
by Planck’s law. Furthermore, the important question is whether the generated biological electrodynamic fields can have a coherent component, since coherence enables very efficient energy and information transfer via the spatial
and dynamic formation of interference patterns. The answer may be at least
partially elucidated when we describe the structures and processes that are
responsible for the generation of the cellular electrodynamic fields.

3.2. Basis for cellular electrodynamic field generation
Various cell functions are associated with moving charges in cellular compartments and, hence, generate electrodynamic fields. For example, membrane depolarization or neuron firing at several hundred Hz (Buzsaki et al., 1992) generates oscillations of electric charges with higher harmonics creating an electric
oscillations 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 electrodynamic
fields, and if so how. A graphical summary of our working model for the generation of the cellular electrodynamic field is depicted in Figure 1.
Generally we can distinguish three types of processes generating electrodynamic fields in cells:
• Mechanical vibrations of electrically polar structures (proteins)
(kHz–THz)
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• Free ionic oscillation (Hz–MHz)
• Electronic oscillations (Hz–THz)
Additionally, in combination these processes can form quasiparticles2.
The above list of types of processes generating electrodynamic fields
delivers the physically reasonable conceptual boundaries where to look for
the realization of these processes in cells. As such, there may be multiple
sources of cellular electrodynamic field finally combining into a spectrally
and spatially complex total field. Yet, some general necessary conditions
need to be fulfilled in order to generate nontrivial cellular electrodynamic
fields:
• Energy supply
• Low damping of the oscillatory process: The term Quality factor (Q) is
also often used in this context. Q is inversely proportional to the
damping rate. If the damping is high, supplied energy quickly dissipates into all degrees of freedom, i.e. the system is heated up and the
generated electrodynamic field is only thermal with very broadband
frequency content.

3.2.1 Mechanical vibrations of electrically polar structures
The most straightforward (mechanistic) approach explaining the generation of
the cellular electrodynamic field is based on vibrations of electrically polar
biomolecular cellular structures. Such vibrations and modes of biomolecules
are broadly studied by multiple types of spectroscopies (Barth, 2007; Chou,
1988; Painter et al., 1982) and, hence are today widely acknowledged. It is not
surprising that it was concluded that the frequency of vibrations depends on
both the size and stiffness of the structure and the type of vibrational mode(s),
since this is very well known from macroscopic physics.
Probable structures that lead to the appearance of a cellular field are
the intrinsic electrically polar structures such as most proteins (Wada and
Nakamura, 1981; Wada et al., 1985; Nakamura and Wada, 1985)) or membranes. Membranes are electrically polarized due to different electric potentials generated by the presence of ions of opposite charge on both sides.

2 The real elementary particles, which are present in matter and relevant on biological scale are electrons, protons and neutrons. Yet, quasiparticles are emergent phenomena that occur in complex nanoscale systems and behave as if the systems contained (fictional) particles. Contrary to modeling with coupled elementary particle
types, the theoretical work with quasiparticles is very useful since both, the mathematical formalism and the physical understanding significantly simplify the description of field-related phenomena (but limited only to those).
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To summarize, the basic idea is that the metabolic energy induces vibrations in electrically polar molecules, which, in turn, then generate a cellular
electrodynamic field. The following section reviews the most important
works that can be categorized under this idea.

Figure 1. Working model of the generation of a cellular electrodynamic field. Vibrational (phonons – heat) energy from several metabolic sources is supplied to microtubules and membranes to excite their electrically polar vibrations. These vibrations
are expected to work in nonlinear regime (e.g. due to strong static electric field from
mitochondria) which allows for energy exchange among frequencies (vibration modes)
and other properties – see text. Organized water surrounding biological structures is
expected to cause lowered damping, thus increased coherence, of the vibration modes
compared to bulk water. Frequencies of the biological electrically polar vibrations and
of thereby generated electromagnetic field are most likely lying in the range kHz–
THz.
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Free ions within the cell and electrons/polarons in biomolecules are able
to oscillate in kHz–THz region (up to only MHz for ions). However, the
mechanism of how the metabolic energy can excite oscillations of biomolecular electrons/polarons and free ions in these frequency regions haven’t been
analyzed yet.

Fröhlich's theory
In 1968, Herbert Fröhlich postulated that biological systems exhibit coherent longitudinal3 vibrations of electrically polar structures (Fröhlich,
1968a,b, 1969). In order to fit into the Fröhlich’s model, a system has to fulfill the following necessary conditions:
• electric polarity
• vibration modes in radiofrequency / THz region
• sufficient energy supply
• nonlinearity
Electrically polar structures contain electric charges. When they vibrate, they become able to generate electrodynamic fields. The original
Fröhlich model was general and as such did not limit this process to any
particular cellular structure. From his model it follows that when the energy
supply exceeds a critical level, then the polar structure will enter a condition
in which a steady state of nonlinear vibration is reached. This would, furthermore, result in energy storage of highly (coherent) ordered fashion in
single or few degrees of freedom. 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 nonlinearity4
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 Fröhlich to
consider cellular membranes as the source of the postulated vibrations.
Fröhlich’s model created much enthusiasm in the scientific community.
Based on his theory, it was predicted that the biomolecular elctrodynamic
field would appear in the range of 100 to 1000 GHz. While some researchers

3 Longitudinal vibration modes in matter have been considered by Fröhlich (1969),
because they don’t lose energy by radiation (at least in bulk matter) in contrast to
transversal vibrational modes as is well known in solid state physics.
4 A nonlinear system is one that does not satisfy the superposition principle, or one
whose output is not directly proportional to its input. In the context of Fröhlich’s
model it is important note that nonlinearity enables transfer of energy between various frequencies, which is not possible in linear systems. In Fröhlich model, nonlinearity enables channeling (condensation) of energy into one or few modes (frequencies).
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used Raman spectroscopy to probe for vibrations in the predicted frequency
region and reported results apparently confirming the nonthermal vibrations predicted by Fröhlich (Webb et al., 1977; Webb, 1980; Drissler and
Santo, 1983; Drissler and MacFarlane, 1978; Del Giudice et al., 1985), others criticized these results as being an artifact (Layne et al., 1985; Layne
and Bigio, 1986; Furia and Gandhi, 1984, 1985; Cooper and Amer, 1983).
Ever since its appearance, Fröhlich’s model continued to inspire studies and
models that were addressing his original theory (for review see (Fröhlich
and Kremer, 1983; Fröhlich, 1988; Pokorný and Wu, 1998; Cifra et al.,
2011a; Reimers et al., 2009)). Even though highly skeptical authors
(Reimers et al., 2009) admit to a certain extent the feasibility of his theory,
it is not widely accepted that processes as described in Fröhlich’s model are
really happening in living cells. This is so because the available experimental evidence from studies with biological systems is controversial.
Anyone interested in a good and brief description of Fröhlich’s theory
may read the article (Šrobár, 2012a) where the model is explained in a clear
and exact language.

Figure 2. Transformation of food to energy which can (i) perform work (via ATP), e.g.,
in terms of protein motion, (ii) induce vibrations and (iii) heat. Note that heat can be
also understood as a broad frequency spectrum of vibrations and, further, that oxidative metabolism includes mitochondria-dependent heat generation.

Microtubules
After the discovery of the cytoskeleton in 1970s, microtubules (MTs) became a
serious candidate for being sources of cellular electrodynamic fields. This was
due to the fact that MTs fulfill the requirements needed for a Fröhlich system
and to generate of electrodynamic fields. Nowadays, microtubules are considered not the only possible candidates but most probable and most widely studied ones.
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Microtubule structure and electric polarity
MTs have a well-known and accepted structure, composed of tubulin heterodimer subunits that are electrically highly polar (Mershin et al., 2004;
Tuszynski et al., 2002). MTs resemble hollow tubes (Dustin, 1984) whose
growth (driven by tubulin polymerization) is nucleated by centrosomes or
other microtubule organizing centers. The electric polarity of tubulin heterodimer was predicted from its atomic structure (Mershin et al., 2004;
Tuszynski et al., 2002) and was also probed in several experiments (Mershin
et al., 2004; Schuessler et al., 2003; Böhm et al., 2005).

Energy supply to microtubules
MTs in vivo are characterized by their perpetual alternation between
growth (tubulin polymerization) and shrinking (MT depolymerization).
This dynamic instability results from a constant influx of energy via the
assembly and then followed by the disassembly of GTP rich tubulin heterodimer subunits (Caplow et al., 1994; Caplow, 1995; Caplow and Shanks,
1996). A further energy supply to MT vibration is assumed to come as a
fraction of energy used for the movement of motor proteins aligned with
MTs. Finally, the energy that is dissipated from mitochondria may also
translate into vibrational MT-movement resulting in the generation of an
electrodynamic field (Pokorný 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 infrared vibrations as well as
infrared and optical (Hideg et al., 1991) radiation. In short, the efflux of
energy from the mitochondria represents the most significant source of energy which may lead to the excitation of MT vibrations. The amounts of energy generated by the above-mentioned processes are well described in the
literature. The open question is if this energy can actually excite vibrations
of microtubules or other structures without immediate dissipation into heat.

Nonlinearity of microtubule vibrational dynamics
Mitochondria were also found to be sources of strong static electric fields,
namely in the range of 106 V/m, presumably due to the creation of a proton
gradient. This static electric field of mitochondria penetrates up to a few
micrometers into the cytosol (Tyner et al., 2007). At first sight, this is a controversial finding because in ionic solutions the static electric field should be
effectively screened by counterions within few Debye lengths, i.e. a few nanometers. Yet, some authors argue (Tyner et al., 2007) that the simple ionic
solution is not a proper model for intracellular water and, instead that a
complex fluid and gel-like model where the ion-mobility is hampered reflects
experimental reports much better (Zheng and Pollack, 2003; Zheng et al.,
2006; Pollack et al., 2006).

Cellular electrodynamics in kHz–THz region

199

Most interesting here is the regularly found alignment of mitochondria
along MTs. It is expected that the vicinity of the two structures combined
with their electric properties lead to nonlinear electrodynamics of MT
(Šrobár, 2009; Šrobár, 2012b) as the strong electrostatic fields of mitochondria shifts the vibrations of the microtubules to a nonlinear regime. It is the
nonlinear regime in Fröhlich’s theory that enables the excitation of polar
vibrations of molecules above their thermal level so that an electrodynamic
field around them can be generated.

Vibrations of microtubule and their damping
Microtubules are theoretically predicted to display collective vibrations in
the regions between kHz and GHz (103–109 Hz) region (Sirenko et al.,
1996; Gu et al., 2009; Wang et al., 2009; Deriu et al., 2010). The excitation
of MT vibrations were the mainstay of the model that was proposed by
Pokorný (Pokorný et al., 1997; Pokorný 1999; Pokorný et al., 1998) who
analyzed the longitudinal vibrations with slip boundary conditions: he
concluded from his calculations that vibrations of microtubule should not
be not overdamped.
Some scientists raised doubts about the possibility of 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 ”noslip” boundary condition between cellular structure and the surrounding
cytosol. However, it was argued (Pokorný , 2003, 2005) that lowered mobility of ions in the cytosol results in a ”slip” between microtubules, their
adjacent ionic layers and the cytosol, making microtubule vibrations in the
cytosol physically plausible. Even though there are further arguments for
the plausibility of underdamped microtubule vibrations in vivo (Pokorný et
al., 2011) the actual quality factor of microtubule vibration modes remains
still an open question demanding careful spectroscopic studies. Only two
pioneering published experimental studies on microtubule vibration are
currently available, but none of them deliver an estimation of the quality
factor of MT oscillations from measured data (Hameroff et al., 1986; Pizzi
et al., 2011).
To conclude this review about the feasibility of microtubule oscillations,
the very interesting findings of A. Bandyopadhyay on microtubules should
be mentioned. His team performed recent experiments, which go beyond
the study of vibrational properties of microtubules and include also electronic properties, which are more generally described in subsection 3.2.3. His
results suggests that microtubules manifest (i) resonant-like response of DC
conduction to specific applied radiofrequencies (ii) Fröhlich-like condensation (iii) coherent radiofrequency emission after pumping with radiofre-
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quency signal and other intriguing features (see Bandyopadhyay, 2011, 2012;
Sahu et al., 2013a,b).,

Vibrations of other cellular structures
Technically, any cellular structure or substructure can oscillate at its resonance frequency – eigenfrequency when excited by energy unless strongly
damped. For example, Smith calculated that a spherical cellular membrane
has a mechanic resonance frequency of 1010 Hz (10 GHz) (perpendicular to
the membrane surface) and a mechanical circumferential resonant frequency of 108 Hz (100 MHz) (parallel to the membrane surface); the electromagnetic resonance of the cell membrane (again parallel to the membrane surface) occurs at a frequency of 1013 Hz (10 THz) (Jafary-Asl and Smith, 1983).
Weak resonances in the region around 36-38 GHz have also been detected on erythrocyte ghosts in suspension (Blinowska et al., 1985). This
result has been attributed to the vibration modes of the cell membrane
which roughly fit the prediction of Smith (Jafary-Asl and Smith, 1983).

3.2.2. Ionic oscillations
An electrochemical model was proposed by Pohl where he suggested that
electrodynamic fields can be generated within the cells by the coupling of
oscillating chemical reactions with physically mobile ions, finally leading
to charge waves (Pohl et al., 1981; Pohl, 1982). In his model, the oscillations of ions can be induced by chemical reactions, where the direction of
oscillations will be steered by filamentous cellular structures. Pohl’s model
for the generation of cellular electrodynamic oscillations has not been developed further. Since many types of chemical reactions generate also
sound emission with spectra up to 1 MHz (Betteridge et al., 1981; Wentzell
and Wade, 1989), oscillatory chemical processes up to this frequency cannot be excluded. However, the current author does not know about the
existence of periodic high frequency chemical oscillations that come from
biologically relevant models.

3.2.3. Electronic oscillations
One of the necessary conditions for kHz - THz electronic oscillations in biomolecules is their electronic conductivity. One biomolecule that is known to
conduct electrons is DNA (Fink and Schönenberger, 1999; Abdalla, 2011).
One speaks (for DNA) of a so-called phonon assisted conductivity attributed
to polarons (Conwell and Rakhmanova, 2000; Endres et al., 2004; Henderson et
al., 1999), which are quasiparticles that involve charge (here electron) and
associated deformation of the lattice (cloud of phonons). The DNA polaronbased conductivity is now a widely and intensively studied scientific field.
Due to these conductive properties, a collective of authors labels DNA as an
antenna for electromagnetic fields (Blank and Goodman, 2011).
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While proteins were for a long time generally accepted to be
non-conducting (Kertesz et al., 1977), some theoretical predictions propose
conduction or semiconduction to occur in them (Szent-Gyorgyi, 1941; Cope,
1973). Indeed, there is strong current evidence that metaloproteins enable
enhanced electron transfer (Gray and Winkler, 2005). It has also been
shown that aromatic amino acids, such as tryptophan, promote electron
conduction (Shih et al., 2008). There is, furthermore, a very recent example
of semiconduction of a metal-reducing bacterial polypeptide named geopilin
(Reguera et al., 2005; Veazey et al., 2011; Feliciano et al., 2012) found in
several types of bacteria (Gorby et al., 2006), which led the authors to propose that conductive bacterial polypeptide nanowires represent a common
bacterial strategy for efficient electron transfer and energy distribution.
The other theory of biological charge conduction and electrodynamic
generation relates to electrosoliton5. Electrosolitons can be viewed as a quasiparticles involving electrons that could provide transport of charge in biological systems and were considered as an important contender of electrodynamic field generation in the microwave frequency region (Brizhik and
Eremko, 2003; Brizhik, 2003; Brizhik and Eremko, 2001; Musumeci et al.,
2003). These works have been inspired by a seminal work of Davydov who
theoretically predicted the existence of solitons in proteins, α-helixes (Davydov, 1979), although his idea was originally dealing with soliton of zero
total charge (exciton). Physically, there is a tight relation between electrosoliton and polaron (Brizhik and Eremko, 2003), because they both involve
charge and interact with lattice vibrations (phonons). However, for a soliton
to appear, non-linear interactions within the lattice have to occur (Cantu
Ros et al., 2011). Although other types of solitons (optical, water waves) are
perfectly accepted to exist and their properties are being technically exploited in physics, there is still no clear direct and broadly accepted experimental
evidence for Davydovs solitons or electrosolitons to exist in biological systems (Austin et al., 2009) and there are ongoing theoretical debates whether
it can exist at all (Lomdahl and Kerr, 1985; Xiao, 1998).
Studies in this subsection indicate feasibility of electron conduction in
biomolecules. Polaron conductivity is well accepted in DNA and is an ongoing research question in the case of proteins. However, the further two
fundamental questions remain for the feasibility of electronic oscillations
in biomolecules:
• How can the metabolic energy input result in collective excitation of
electron/polaron oscillations? Could such oscillations, give rise to an
electrodynamic field
An electrosoliton is an electrical counterpart of a soliton. Soliton is a self-reinforcing
solitary wave (a wave packet or pulse) that maintains its shape while it propagates.
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• Do electron/polaron oscillations exhibit lower damping than electrically polar vibration states (as mentioned in section 3.2.1)?

4. Experimental evidence for cellular electrodynamic fields
There is an accumulating evidence for the necessary conditions for generation of cellular electrodynamic field as described in section 3.2. However,
apart from various indirect evidence there exist just several pioneering
works on direct experimental detection of cellular electrodynamic activity.

4.1. Indirect cellular EMF detection by dielectrophoresis
An electric oscillation can be detected indirectly using a technique called
dielectrophoresis (DEP) (Pohl, 1978). In this technique, electric oscillations are detected as effects of a non-uniform electric field on a neutral
particle via a polarization force. One of the pioneers in measuring cellular
electrodynamic fields using the DEP method was Herbert A. Pohl (Pohl,
1980b,a, 1981; Roy et al., 1981; Pohl et al., 1981; Pohl, 1982, 1983; Rivera
et al., 1985). 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 an
electric field on a dipole. Since Pohl used small particles of a few micrometers in size to probe cellular electric oscillations, he often used the term “micro-DEP” (µ-DEP). In this method, particles were either repelled from or
attracted to the surface of cells depending on whether particles had a lower
dielectric constant (BaSO4, SiO2, Al2O3) or higher dielectric constant (BaTiO3, SrTiO3, NaNbO3) than the suspending medium, which was usually
water-based. Pohl estimated that the frequencies of cellular electrical oscillations were in the radiofrequency range (5 kHz to 9 MHz) (Pohl, 1980b;
Pollock and Pohl, 1988). In his experiments, he tested several types of cells
such as bacteria, fungi, algae, nematodes and mammalian cells, all of which
showed, under suitable conditions, a dielectrophoretic effect interpreted to
be caused by a cellular electrodynamic field (Pollock and Pohl, 1988). Other
investigators reported similar findings for diverse cell types including human leukocytes (Pohl and Lamprecht, 1985; Hölzel, 1990, 2001; Pokorný,
1990; Jandová et al., 1987).

4.2. Indirect experimental evidence for cellular kHz–GHz oscillations
through effects of external fields
There is large body of experimental work (a few hundreds) on the external
electromagnetic field resonance effects on (at specific frequencies) biological systems, (for a review see Cifra et al., 2011a; Belyaev, 2005a,b). Especially Russian authors (Betskii et al., 2000; Devyatkov, 1973) interpreted
these results as a proof of internal cellular electrically polar vibrations
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being affected by external fields. The idea was that such resonant effects
are possible only if there are structures in the cell which are able to vibrate with high quality factor at the same frequencies as those applied
externally, i.e. resonate. Their following argumentation was that if there
is a cellular structure able to resonate (oscillate) with an external electromagnetic field, then it is able to generate electromagnetic oscillations under the condition that (metabolic) energy is supplied, see Golant, 1989a,b
and Devyatkov et al., 1991, p.66 for original Russian texts and Golant
(1994); Betskii et al. (2000) for English texts. However, the resonant biological effects of electromagnetic fields can also be explained by other,
though more complex, mechanisms such as (i) influence of field on triplet
free radical chemistry (Keilmann, 1986), (ii) hydrodynamic flow due to
inhomogeneous surface heating of the water-like biological samples
(Khizhnyak and Ziskin, 1996) and due to hypothesised oscillations of water molecule polymers (Sinitsyn et al. (2000)).

4.3. Direct electronic detection
Already some work aimed at the direct electronic detection of electrodynamic
cellular signals has been done (Table 4.3). The first direct evidence for electrodynamic field generation in the spectral region of kHz–GHz by cells was attempted to be obtained in a series of experiments that used direct electronic
detection from a single cell or a suspension of cells. Using a spectrum analyzer, Jafary-Asl and Smith claimed to find electrodynamic signals emitted from
Saccharomyces cervisiae in the range of 7–80 MHz (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. But Hölzel who extensively analyzed the frequencies of different groups of cells in the MHz region (Hölzel, 1990; Hölzel
and Lamprecht, 1995, 1994; Hölzel, 2001) disagreed with Jafary-Asl and
Smith claiming that the frequencies they had reported were mainly artifacts
probably due to a positive feedback coupling in the amplifier. However, with
improvement in detection techniques other researchers claimed to successfully detect cellular electrodynamic fields, e.g., during the process of mitosis
of yeast cells, in MHz region (Jelínek et al., 1999, 1996; Pokorný et al., 2001).
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Organism

Frequency or
wavelength

References

Netrium Digitus (Algae)

7 kHz, 33 kHz

(Pohl and Pollock, 1986)

Saccharomyces cerevisiae
(yeast)

0.4–1.6 kHz

(Jelínek et al., 2009;
Cifra, 2009)

1, 7, 50 (60)–80 MHz

(Jafary-Asl and Smith,
1983; Del Giudice al., 1989)

8-9, 8.2 MHz

(Jelínek et al., 1999,
1996; Pokorný et al., 2001)

1.5, 2.6, 5.7, 18,
52 MHz

(Hölzel, 1990; Hölzel and
Lamprecht, 1995, 1994;
Hölzel, 2001)

42 GHz (attempts only,
not considered
significant)

(Jelínek et al., 2002, 2005,
2007; Kučera, 2006)

Schizosaccharomyces
Pombe (yeast)

3.1, 4.8 MHz

(Hölzel, 1990; Hölzel and
Lamprecht, 1995, 1994;
Hölzel, 2001)

frog gastrocnemius
muscle (electrically stimulated)

0.2–2 mm

(Gebbie and Miller, 1997)

electrically stimulated
nerve from blue crab
Callinectes sapidus

3–10 µm

(Fraser and Frey, 1968)

Table 1. Direct electronic detection of electrodynamic cellular signals up to the THz
region. Indirect detection of cellular electrodynamic fields, for instance by its dieletrophoretic effect, is not included.

Statistical analysis revealed four peaks in detected power during the
mitosis. It was suggested that these peaks of the cellular electrodynamic
activity can be related to the microtubules reassembling into the mitotic
spindle, with binding of chromatids to kinetochore microtubules, and with
elongation of mitotic spindles during anaphase A and B (Pokorný et al.,
2001). Experiments aimed at the detection of cellular electrodynamic activi-
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ty in the region around 42 GHz (Jelínek et al., 2002, 2005, 2007; Kučera,
2006) has been carried out with very limited success.
A recent review (Kučera et al., 2010) elucidates reasons for the limited
success of experiments on the direct electronic detection of cellular electrodynamic field. Practically all hitherto used measurement systems haven’t
fulfilled at least some necessary technical requirements which stem from
identified and predicted biophysical properties of cellular electrodynamic
sources. Such technical requirements include mainly nanoscopic resolution
of sensor and suitable input electrical characteristics of preamplifiers. This
was caused by the ignorance of the early authors on the one hand and also
by technological limits of that time on the other hand.

5. Conclusion
The research of high frequency (kHz–THz) cellular electrodynamics has a 40
years long history. As the initial enthusiasm to seriously test early theories
has been hindered by technological limitations, this research field had a
rather slow scientific evolution. Yet, current technology together with basic
physical concepts allowed identification of cellular structures and processes
that could give rise to a cellular electrodynamic field. What is needed now is
to establish if there is really any nontrivial specific role, i.e. the biological
relevance of cellular and biomolecular electrodynamics. As electrodynamic
fields do have the property to act on charged structures and as exactly such
charged structures cause these fields, we can assume that there exists a
feedback system between the charged structures and the field. This, however, is of great significance because it induces the possibility of an electrodynamic contribution to the organisation of molecular cell processes. We see
several experimental indications that biological electrodynamic fields may
mediate the interaction among biomolecules and biosystems. However, the
development of bioelectro-dynamics bears also a new understanding of physical interactions in biology presumably not only for the smallest scale of biomolecules but up to the scale of multicellular organisms.
Finally, if the hypotheses of a) underdamped electronic/electrically polar
mechanical oscillations in microtubules and other biomolecules, which
would be measureable with new generation of sensors and b) the biological
significance of these oscillations in biomolecular reaction rate and e.g. further in mitosis or cell adherence will be confirmed, the future applications of
bioelectrodynamics could lead to the controlled development of new noninvasive diagnostic methods and therapies based on electromagnetic fields
and modification of biomolecules, the substrate of endogenous biological
electrodynamic fields.

206

Michal Cifra

6. Acknowledgements
Author acknowledges financial support from Czech Science Agency, projects
n. P102/10/P454, 15-17102S and P102/11/0649. Discussions with J. Pokorný,
F. Šrobár, J. Proška and D. Fels are deeply appreciated. O. Kučera is
acknowledged for discussions and preparation of figures.

References
Abdalla, S. (2011). Electrical conduction through DNA molecule. Progress in Biophysics and
Molecular Biology, 106(3):485–497.
Adair, R. K. (2002). Vibrational resonances in biological systems at microwave frequencies.
Biophysical Journal, 82(3):1147–1152.
Austin, R., Xie, A., Fu, D., Warren, W., Redlich, B., and Van Der Meer, L. (2009). Tilting
after dutch windmills: probably no long-lived davydov solitons in proteins. Journal of
biological physics, 35(1):91–101.
Bandyopadhyay, A. (2011). Study of opto-electronic properties of a single microtubule in the
microwave regime. Technical report, DTIC Document.
Bandyopadhyay, A. (2012). Biological information processing in single microtubules. Technical report, DTIC Document.
Barth, A. (2007). Infrared spectroscopy of proteins. Biochimica et Biophysica Acta (BBA)Bioenergetics, 1767(9):1073–1101.
Belyaev, I. (2005a). Nonthermal biological effects of microwaves: Current knowledge, further perspective, and urgent needs. Electromagnetic Biology and Medicine, 24:375–403.
Belyaev, I. Y. (2005b). Non-thermal biological effects of microwaves. Microwave review,
11(2):13–29.
Betskii, O. V., Devyatkov, N. D., and Kislov, V. (2000). Low intensity millimeter waves in
medicine and biology. Critical reviews in biomedical engineering, 28(1- 2):247–268.
Betteridge, D., Joslin, M., and Lilley, T. (1981). Acoustic emissions from chemical reactions.
Analytical Chemistry, 53(7):1064–1073.
Blank, M. and Goodman, R. (2011). DNA is a fractal antenna in electromagnetic fields.
International journal of radiation biology, 87(4):409–415.
Blinowska, K. J., Lech, W., and Wittlin, A. (1985). Cell membrane as a possible site of Fröhlich’s coherent oscillations. Physics Letters A, 109(3):124–126.
Böhm, K. J., Mavromatos, N. E., Michette, A., Stracke, R., and Unger, E. (2005). Movement
and alignment of microtubules in electric fields and electric-dipole-moment estimates.
Electromagnetic Biology and Medicine, 24(3):319–330.
Brizhik, L. S. (2003). Dynamical properties of Davydov solitons. Ukrainian Journal of Physics,48(7):611–622.
Brizhik, L. S. and Eremko, A. A. (2001). Soliton induced electromagnetic radiation a
selfregulation of metabolic processes. Physics of the Alive, 12(1):5–11.
Brizhik, L. S. and 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.

Cellular electrodynamics in kHz–THz region

207

Buzsaki, G., Horvath, Z., Urioste, R., Hetke, J., and Wise, K. (1992). High-frequency network oscillation in the hippocampus. Science, 256(5059):1025–1027.
Cajavilca, C., Varon, J., and Sternbach, G. (2009). Luigi Galvani and the foundations of
electrophysi- ology. Resuscitation, 80(2):159–162.
Cantu Ros, O., Cruzeiro, L., Velarde, M., and Ebeling, W. (2011). On the possibility of electric transport mediated by long living intrinsic localized solectron modes. The European
Physical Journal B-Condensed Matter and Complex Systems, 80(4):545–554.
Caplow, M. (1995). Correction. Journal of Cell Biology, 129(2):549.
Caplow, M., Ruhlen, R. L., and Shanks, J. (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. and 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.
Chou, K. C. (1988). Low-frequency collective motion in biomacromolecules and its biological
functions. Biophysical chemistry, 30(1):3–48.
Cifra, M. (2009). Study of electromagnetic oscillations of yeast cells in kHz and GHz region.
PhD thesis, Czech Technical University in Prague.
Cifra, M. (2012). Electrodynamic eigenmodes in cellular morphology. Biosystems,
109:356366. Cifra, M., Farhadi, A., and Fields, J. Z. (2011a). Electromagnetic cellular
interactions. Progress in Biophysics & Molecular Biology, 105:223–246.
Cifra, M., Havelka, D., and Deriu, M. A. (2011b). Electric field generated by longitudinal
axial microtubule vibration modes based on atomic resolution microtubule model. Journal of Physics: Conference Series.
Cifra, M., Pokorný , J., Havelka, D., and Kučera, O. (2010). Electric field generated by axial
longitu- dinal vibration modes of microtubule. BioSystems, 100(2):122–131.
Collins, D. R., Pelletier, J. G., and Pare, D. (2001). Slow and fast (gamma) neuronal oscillations in the perirhinal cortex and lateral amygdala. J Neurophysiol, 85(4):1661–1672.
Conwell, E. and Rakhmanova, S. (2000). Polarons in DNA. Proceedings of the National
Academy of Sciences, 97(9):4556–4560.
Cooper, M. S. and Amer, N. M. (1983). The absence of coherent vibrations in the Raman
spectra of living cells. Physics Letters A, 98(3):138–142.
Cope, F. W. (1973). Electron-phonon (trapped photon) coupling and infrared coaxial transmission line theory of energy transport in mitochondria and nerve. Bulletin of Mathematical Biology, 354(5-6):627–644.
Davydov, A. S. (1979). Solitons in molecular systems. Physica Scripta, 20:387.
Del Giudice, E., Doglia, S., Milani, M., Smith, C. W., and Vitiello, G. (1989). Magnetic flux
quantization and Josephson behaviour in living systems. Physica Scripta, 40:786–791.
Del Giudice, E., Doglia, S., Milani, M., Smith, C. W., and Webb, S. (1985). Presence of lines
in Raman spectra of living cells. Physics Letters A, 107(2):98–100.
Deriu, M. A., Soncini, M., Orsi, M., Patel, M., Essex, J. W., Montevecchi, F. M., and Redaelli, A. (2010). Anisotropic elastic network modeling of entire microtubules. Biophysical
Journal, 99(7):2190–2199.
Devyatkov, N. D. (1973). Influence of millimeter-band electromagnetic radiation on biological objects. Uspekhi Fizicheskikh Nauk, 110:568–569.

208

Michal Cifra

Devyatkov, N. D., Golant, M. B., and Betskii, O. B., editors (1991). Millimeter waves and
their role in life processes, in Russian, Millimetrovye volny i ikh rol v processakh
zhiznedeyatelnosti. Moskva, Radio i svyazi. ISBN 5-256-00766-1.
Drissler, F. and MacFarlane, R. (1978). Enhanced anti-stokes Raman scattering from living
cells of Chlorella pyrenoidosa. Physics Letters A, 69(1):65–67.
Drissler, F. and Santo, L. (1983). Coherent excitations in biological systems, chapter Coherent excitation and Raman effect, pages 6–8. Springer, Berlin Heidelberg – New York.
Dustin, P. (1984). Microtubules. Springer Verlag - Berlin, Heidelberg, New York, Tokyo.
Endres, R., Cox, D., and Singh, R. (2004). Colloquium: The quest for high-conductance
DNA. Reviews of Modern Physics, 76(1):195.
Feliciano, G., da Silva, A., Reguera, G., and Artacho, E. (2012). The molecular and electronic structure of the peptide subunit of geobacter sulfurreducens conductive pili from first
principles. The Journal of Physical Chemistry A.
Fink, H. and Schönenberger, C. (1999). Electrical conduction through DNA molecules.
Nature, 398(6726):407–410.
Foster, K. R. and Baish, J. W. (2000). Viscous damping of vibrations in microtubules. Journal of Biological Physics, 26(4):255–260.
Fraser, A. and Frey, A. H. (1968). Electromagnetic emission at micron wavelength from
active nerves. Biophysical Journal, 8:731–734.
Fröhlich, H. (1968a). Bose condensation of strongly excited longitudinal electric modes.
Physical Letters A, 26:402–403.
Fröhlich, H. (1968b). Long-range coherence and energy storage in biological systems. International Journal of Quantum Chemistry, 2:641–649.
Fröhlich, H. (1969). Quantum mechanical concepts in biology. In Marois, M., editor, Proceedings of First International Conference on Theoretical Physics and Biology 1967,
pages 13–22.
Fröhlich, H. (1970). Long range coherence and the action of enzymes. Nature,
228:1093.
Fröhlich, H. (1972). Selective long range dispersion forces between large systems. Physics
Letters A, 39(2):153–154.
Fröhlich, H., editor (1988). Biological Coherence and Response to External Stimuli.
Springer Berlin Heidelberg New York.
Fröhlich, H. and Kremer, F., editors (1983). Coherent excitations in biological systems.
Springer, Berlin Heidelberg – New York.
Furia, L. and Gandhi, O. P. (1984). Absence of biologically related Raman lines in cultures
of bacillus megaterium. Physics Letters A, 102(8):380–382.
Furia, L. and Gandhi, O. P. (1985). Absence of lines in Raman spectra of living cells. Physics Letters A, 111(7):376–377.
Gebbie, H. A. and Miller, P. F. (1997). Nonthermal microwave emission from frog muscles.
Interna- tional Journal of Infrared and Millimeter Waves, 18(5):951–957.
Geddes, L. and Hoff, H. (1971). The discovery of bioelectricity and current electricity, the
Galvani-Volta controversy. Spectrum, IEEE, 8(12):38–46.
Golant, M. B. (1989a). O probleme rezonanchnogo deistva kogerentnykh elektromagnitnykh izluchenii millimetrovogo diapazona voln na zhivie organizmy. Biofizika,
34(2):339–348.

Cellular electrodynamics in kHz–THz region

209

Golant, M. B. (1989b). Rezonantsnoe deistvie kogerentnykh elektromagnitnykh izluchenii
millimetrovogo diapazona voln na zhivie organizmy. Biofizika, 34(6):1004–1014.
Golant, M. B. (1994). Biological aspects of low intensity millimeter waves, chapter Acoustoelectric waves in cell membranes of living organisms – a key problem for understanding
of MM-waves interaction with living organisms, pages229–249. Seven Plus.
Gorby, Y., Yanina, S., McLean, J., Rosso, K., Moyles, D., Dohnalkova, A., Beveridge, T.,
Chang, I., Kim, B., Kim, K., et al. (2006). Electrically conductive bacterial nanowires
produced by shewanella oneidensis strain mr-1 and other microorganisms. Proceedings
of the National Academy of Sciences, 103(30):11358–11363.
Gray, H. and Winkler, J. (2005). Long-range electron transfer. Proceedings of the National
Academy of Sciences of the United States of America, 102(10):3534–3539.
Gu, B., Mai, Y., and Ru, C. (2009). Mechanics of microtubules modeled as orthotropic elastic
shells with transverse shearing. Acta Mechanica, 207(3): 195–209.
Hameroff, S., Lindsay, S., Bruchmann, T., and Scott, A. (1986). Acoustic modes of microtubules. Biophysical journal, 49(2 Pt 2):58a. Thirtieth Annual Meeting 9-13 February
1986 Brooks Hall/Convention Center, San Francisco, California Monday, February 10,
1986, Polk Hall, Part 1.
Havelka, D., Cifra, M., Kučera, O., Pokorný , J., and Vrba, J. (2011). High-frequency electric field and radiation characteristics of cellular microtubule network. Journal of Theoretical Biology, 286:31–40.
Henderson, P., Jones, D., Hampikian, G., Kan, Y., and Schuster, G. (1999). Long-distance
charge transport in duplex DNA: the phonon-assisted polaron-like hopping mechanism.
Proceedings of the National Academy of Sciences, 96(15):8353–8358.
Hideg, É., Kobayashi, M., and Inaba, H. (1991). Spontaneous ultraweak light emission from
respiring spinach leaf mitochondria. Biochimica et Biophysica Acta (BBA) Bioenergetics, 1098(1):27–31.
Hölzel , R. (1990). Elektromagnetische Felder in der Umgebung lebender Zellen. PhD thesis, Frei Universität Berlin.
Hölzel, R. (2001). Electric activity of non-excitable biological cells at radiofrequencies. Electro- and magnetobiology, 20(1):1–13.
Hölzel , R. and Lamprecht, I. (1994). Electromagnetic fields around biological cells. Neural
Network World, 3:327–337.
Hölzel, R. and Lamprecht, I. (1995). Optimizing an electronic detection system for radiofrequency oscillations in biological cells. Neural Network World, 5:763–774.
Jafary-Asl, A. H. and Smith, C. W. (1983). Biological dielectrics in electric and magnetic
fields. In Ann. Rep. Conf. Electrical Insulation and Dielectric Phenomena, IEEE Publ.,
volume 83, pages 350–355.
Jandová, A., Kobilková, J., Pilecká, N., Dienstbier, Z., Hraba, T., and Pokorný, J. (1987).
Surface properties of leukocytes in healthy humans and cancer patients. In Fiala, J.
and Pokorný, J., editors, Biophysical Aspects of Cancer, pages 132–141.
Jelínek, F., Cifra, M., Pokorný, J., Hašek, J., Vaniš, J., Šimša, J., and Frýdlová, I. (2009).
Measurement of electrical oscillations and mechanical vibrations of yeast cells membrane around 1 kHz. Electromagnetic Biology and Medicine, 28(2): 223–232.
Jelínek, F., Pokorný, J., and Šaroch, J. (2002). Experimental investigation of electromagnetic activity of living cells at millimeter waves. In Pokorný, J., editor, Abstract book of
International symposium Endogenous Physical Fields in Biology, pages 57–58.

210

Michal Cifra

Jelínek, F., Pokorný, J., Šaroch, J., and Hašek, J. (2005). Experimental investigation of
electromagnetic activity of yeast cells at millimeter waves. Electromagnetic Biology and
Medicine, 24(3):301–308.
Jelínek, F., Pokorný, J., Šaroch, J., Trkal, V., Hašek, J., and Palán, B. (1999). Microelectronic sensors for measurement of electromagnetic fields of living cells and experimental results. Bioelectrochemistry and Bioenergetics, 48(2):261–266.
Jelínek, F., Šaroch, J., Kučera, O., Hašek, J., Pokorný, J., Jaffrezic-Renault, N., and
Ponsonnet, L. (2007). Measurement of electromagnetic activity of yeast cells at 42 GHz.
Radioengineering, 16(1):36–39.
Jelínek, F., Šaroch, J., Trkal, V., and Pokorný, J. (1996). Measurement system for experimental verification of Fröhlich electromagnetic field. Bioelectrochemistry and Bioenergetics, 41(1):35–38.
Keilmann, F. (1986). Triplet-selective chemistry: A possible cause of biological microwave
sensitivity. Zeitschrift für Naturforschung, 41:795–798.
Kertesz, M., Koller, J., and Azman, A. (1977). Calculated forbidden band gap in periodic
protein models indicating them to be insulators Nature, 266:278.
Khizhnyak, E. P. and Ziskin, M. C. (1996). Temperature oscillations in liquid media
caused by continuous (nonmodulated) millimeter wavelength electromagnetic irradiation. Bioelectromagnetics, 17(3):223–229.
Kučera, O. (2006). Measurement of electromagnetic yeast cell activity in mm wave region,
in Czech, Měření elektromagnetické aktivity kvasinek v pásmu mm vln. Bachelor thesis. Czech Technical University in Prague.
Kučera, O., Cifra, M., and Pokorný , J. (2010). Technical aspects of measurement
lar electromagnetic activity. European Biophysics Journal, 39(10):1465–1470.

of cellu-

Layne, S. P. and Bigio, I. J. (1986). Raman spectroscopy of Bacillus megatherium using an
optical multi-channel analyzer. Physica Scripta, 33:91–96.
Layne, S. P., Bigio, I. J., Scott, A. C., and Lomdahl, P. S. (1985). Transient fluorescence in
syn- chronously dividing Escherichia coli. Proceedings of the National Academy of Sciences of the United States of America, 82(22):7599–7603.
Lomdahl, P. and Kerr, W. (1985). Do Davydov solitons exist at 300 K? Physical Review
Letters, 55(11):1235–1238.
Mershin, A., Kolomenski, A. A., Schuessler, H. A., and Nanopoulos, D. V. (2004). Tubulin
dipole moment, dielectric constant and quantum behavior: computer simulations, experimental results and suggestions. Biosystems, 77(1-3):73 – 85.
Musumeci, F., Brizhik, L. S., and Ho, M.-W., editors (2003). Energy and Information Transfer in Biological Systems: How Physics Could Enrich Biological Understanding – Proceedings of the Inter- national Workshop. World Scientific Publishing.
Nakamura, H. and Wada, A. (1985). Nature of the charge distribution in proteins III. Electric multipole structures. Journal of the Physical Society of Japan, 54(10):4047–4052.
Painter, P., Mosher, L., and Rhoads, C. (1982). Low-frequency modes in the Raman spectra
of proteins. Biopolymers, 21(7):1469–1472.
Pizzi, R., Strini, G., Fiorentini, S., Pappalardo, V., and Pregnolato, M. (2011). Artificial
Neural Networks, chapter Evidences Of New Biophysical Properties of Microtubules,
page in print. Nova Science Publ. New York.
Pohl, H. A. (1978). Dielectrophoresis. Cambridge Univ. Press, London.

Cellular electrodynamics in kHz–THz region

211

Pohl, H. A. (1980a). Do cells in a reproductive state exhibit a Fermi-Pasta-Ulam-Fröhlich
resonance and emit electromagnetic radiation? Journal of Biological Physics, 8(1):45–
75.
Pohl, H. A. (1980b). Oscillating 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. (1983). Natural alternating fields associated with living cells. International
Journal of Quantum Chemistry: Quantum Biology Symposium, 11:367–368.
Pohl, H. A., Braden, T., Robinson, S., Piclardi, J., and Pohl, D. G. (1981). Life cycle alterations of the micro-dielectrophoretic effects of cells. Journal of Biological Physics, 9:133–
154.
Pohl, H. A. and Lamprecht, I. H. D. (1985). Wechsfelder umgeben wachsende Zellen. Umschau, 6:366–367.
Pohl, H. A. and Pollock, J. K. (1986). Modern Bioeletrochemistry, chapter Biological Dielectrophoresis: The Behavior of Biologically Significant Materials in Nonuniform Electric
Fields, pages 329–375. Plenum press, New York and London.
Pokorný, J. (1980). Coherent vibrational interaction among cells in biological systems.
Czechoslovak Journal of Physics, B30:1339–1342.
Pokorný, J. (1990). Electromagnetic field generated by living cells, in Czech, Elektromagnetickě pole generované živými buňkami. PhD thesis, Faculty of Mathematics and
Physics, Charles University.
Pokorný, J. (1999). Conditions for coherent vibrations in cytoskeleton. Bioelectrochemistry
and Bioenergetics, 48(2):267–271.
Pokorný, J. (2001). Endogenous electromagnetic forces in living cells: implication for
transfer of reaction components. Electro- and Magnetobiology, 20(1):59–73.
Pokorný, J. (2003). Viscous effects on polar vibrations in microtubules. Electromagnetic
Biology and Medicine, 22(1):15–29.
Pokorný, J. (2005). Viscous effects on polar vibrations microtubules. In URSI GA Delhi
Proceedings. Pokorný , J. (2012). Physical aspects of biological activity and cancer. AIP
Advances, 2(1):011207–011207.
Pokorný, J., Hašek, J., and Jelínek, F. (2005a). Electromagnetic field in microtubules:
Effects on transfer of mass particles and electrons. Journal of Biological Physics, 31(34):501–514.
Pokorný, J., Hašek, J., and Jelínek, F. (2005b). Endogenous electric field and organization
of living matter. Electromagnetic Biology and Medicine, 24(3): 185–197.
Pokorn, J., Hašek, J., Jelínek, F., Šaroch, J., and Palán, B. (2001). Electromagnetic
activity of yeast cells in the M phase. Electro- and Magnetobiology, 20(1):371–396.
Pokorný, J., Hašek, J., Vaniš, J., and Jelínek, F. (2008). Biophysical aspects of cancer electromagnetic mechanism. Indian Journal of Experimental Biology, 46:310–321.
Pokorný , J., Jandová, A., Kobilková, J., Heyberger, K., and Hraba, T. (1983). Fröhlich electromagnetic radiation from human leukocytes: Implications for leukocyte adherence
inhibition test. Journal of theoretical biology, 102(2): 295–305.

212

Michal Cifra

Pokorný, J., Jelínek, F., and Trkal, V. (1998). Electric field around microtubules. Bioelectrochemistry and Bioenergetics, 48:267–271.
Pokorný, J., Jelínek, F., Trkal, V., Lamprecht, I., and Hölzel, R. (1997). Vibrations in microtubules. Journal of Biological Physics, 23:171–179.
Pokorný, J., Vedruccio, C., Cifra, M., and Kučera, O. (2011). Cancer physics: diagnostics
based on damped cellular elastoelectrical vibrations in microtubules. European Biophysics Journal, 40(6):747–759.
Pokorný, J. and Wu, T.-M. (1998). Biophysical Aspects of Coherence and Biological Order.
Academia, Praha, Czech Republic; Springer, Berlin – Heidelberg – New York.
Pollack, G., Cameron, I., and Wheatley, D. (2006). Water and the Cell. Springer,
Dodrecht, The Netherlands.
Pollock, J. K. and Pohl, D. G. (1988). Biological Coherence and Response to External Stimuli, chapter Emission of Radiation by Active Cells, pages 140–147. Springer Berlin Heidelberg New York.
Preto, J., Floriani, E., Nardecchia, I., Ferrier, P., and Pettini, M. (2012). Experimental assessment of the contribution of electrodynamic interactions to long-distance recruitment of biomolecular partners: Theoretical basis. Physical Review E, 85(4):041904.
Priel, A., Ramos, A., Tuszynski, J., and Cantiello, H. (2006). A biopolymer transistor: electrical amplification by microtubules. Biophysical journal, 90(12):4639–4643.
Priel, A., Tuszynski, J., and Cantiello, H. (2005). Electrodynamic signaling by the dendritic
cytoskele- ton: toward an intracellular information processing model. Electromagnetic
Biology and Medicine, 24(3):221–231.
Reguera, G., McCarthy, K., Mehta, T., Nicoll, J., Tuominen, M., and Lovley, D. (2005).
Extracellular electron transfer via microbial nanowires. Nature, 435(7045):1098–1101.
Reimers, J. R., McKemmish, L. K., McKenzie, R. H., Mark, A. E., and Hush, N. S. (2009).
Weak, strong, and coherent regimes of Fröhlich condensation and their applications to
terahertz medicine and quantum consciousness. Proceedings of the National Academy
of Sciences, 106(11):4219–4224.
Rivera, H., Pollock, J. K., and Pohl, H. A. (1985). The ac field patterns about living cells.
Cell Biophysics, 7:43–55.
Rowlands, S. (1983). Coherent Excitation in Blood, pages 145–161. Springer, Berlin Heidelberg - New York.
Rowlands, S., Sewchand, L., and Enns, E. (1982). Further evidence for a Fröhlich interaction of erythrocytes. Physics Letters A, 87(5):256–260.
Rowlands, S., Sewchand, L., Lovlin, R., Beck, J., and Enns, E. (1981). A Fröhlich interaction of human erythrocytes. Physics Letters A, 82(8):436–438.
Roy, S. C., Braden, T., and Pohl, H. A. (1981). Possibility of existence of pseudoferroelectric
state in cells: Some experimental evidence. Physics Letters A, 83(3):142–144.
Sahu, S., Ghosh, S., Ghosh, B., Aswani, K., Hirata, K., Fujita, D., and Bandyopadhyay, A.
(2013a). Atomic water channel controlling remarkable properties of a single brain microtubule: Correlating single protein to its supramolecular assembly. Biosensors and
Bioelectronics, in press.
Sahu, S., Ghosh, S., Hirata, K., Fujita, D., and Bandyopadhyay, A. (2013b). Multi- level
memory-switching properties of a single brain microtubule. Applied Physics Letters,
102(12):123701–123701.

Cellular electrodynamics in kHz–THz region

213

Schuessler, H., Mershin, A., Kolomenski, A., and Nanopoulos, D. (2003). Surface plasmon
resonance study of the actin-myosin sarcomere complex and tubulin dimer. Journal of
Modern Optics, 50(1517):23812391.
Sewchand, L. and Rowlands, S. (1983). Specificity of the Fröhlich interaction of erythrocytes. Physics Letters A, 93(7):363–364.
Shih, C., Museth, A., Abrahamsson, M., Blanco-Rodriguez, A., Di Bilio, A., Sudhamsu, J.,
Crane, B., Ronayne, K., Towrie, M., Vlček Jr, A., et al. (2008). Tryptophan-accelerated
electron flow through proteins. Science, 320(5884):1760–1762.
Sinitsyn, N., Petrosyan, V., Yolkin, V., Devyatkov, N., Gulyaev, Y., and 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., and Kim, K. W. (1996). Elastic vibrations of microtubules in
a fluid. Phys. Rev. E, 53(1):1003–1010.
Szent-Gyorgyi, A. (1941). Towards a New Biochemistry? Science, 93:609–611.
Tuszyński, J. A., Brown, J. A., Carpenter, E. J., Crawford, E., and Nip, M. N. A. (2002).
Electrostatic properties of tubulin and microtubules. In Proceedings of ESA Conference.
Tyner, K. M., Kopelman, R., and Philbert, M. A. (2007). ”Nano-sized voltmeter” enables
cellular-wide electric field mapping. Biophysical Journal, 93:1163–1174.
Van Zandt, L. (1978). Resonant interactions between biological molecules. Journal of Biological Physics, 6(3):124–132.
Veazey, J., Reguera, G., and Tessmer, S. (2011). Electronic properties of conductive pili of
the metal- reducing bacterium geobacter sulfurreducens probed by scanning tunneling
microscopy. Physical Review E, 84(6):060901.
Šrobár, F. (2009). Role of non-linear interactions by the energy condensation in Fröhlich
systems. Neural Network World, 19(4):361–368.
Šrobár, F. (2012a). Fröhlich systems in cellular physiology. Prague Medical Report,
113(2):95–104.
Šrobár, F. (2012b). Impact of mitochondrial electric field on modal occupancy in the Fröhlich model of cellular electromagnetism. Electromagnetic Biology and Medicine,
32(3):401–408.
Wada, A. and Nakamura, H. (1981). Nature of the charge distribution in proteins. Nature,
293:757–758.
Wada, A., Nakamura, H., and Sakamoto, T. (1985). Nature of the charge distribution in
proteins II. Ef- fect of atomic partial charges on ionic charges. Journal of the Physical
Society of Japan, 54(10):4042– 4046.
Wang, C., Li, C., and Adhikari, S. (2009). Dynamic behaviors of microtubules in cytosol.
Journal of biomechanics, 42(9):1270–1274.
Webb, S. J. (1980). Laser-Raman spectroscopy of living cells. Physics Reports, 60(4):201–
224.
Webb, S. J., Stoneham, M. E., and Fröhlich, H. (1977). Evidence for non-thermal excitation
of energy levels in active biological systems. Physics Letters A, 63:407–408.
Wentzell, P. and Wade, A. (1989). Chemical acoustic emission analysis in the frequency
domain. Analytical chemistry, 61(23):2638–2642.
Xiao, Y. (1998). One more reason why the Davydov soliton may be thermally stable. Physics Letters A, 243(3):174–177.

214

Michal Cifra

Zheng, J., Chin, W., Khijniak, E., Khijniak Jr., E., and 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.
Zheng, J. and Pollack, G. (2003). Long-range forces extending from polymer-gel surfaces.
Physical Review E, 68(3):31408–1–31408–7.

