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Abstract: Background: The primary cilium is a solitary, chemosensory and mechanosensory, non-motile microtubule-based 

organelle which in the quiescent cell cycle phase projects from the surface of most cells in vertebrates, including humans. A 

hypothesis has been proposed that the cell endogenous electromagnetic field results from a unique cooperating system among 

microtubules and mitochondria. The present study expands this prior hypothesis of the endogenous electromagnetic field in the 

cell to the present hypothesis that primary cilium could serve as a monopole antenna. It is proposed that primary cilia as 

monopole antennas can serve for both transmitting and receiving signals at the same frequency. Results: There was simulated 

the distribution of electric field of primary cilium as a monopole antenna of a single cell, primary cilia after mitosis and 

primary cilium of renal tubule in water environment. According to simulations of the distribution of electric field of primary 

cilium as a monopole antenna, the electromagnetic waves radiate not only to the neighbouring cells, but also to the nucleus of 

the cell proper where the gene expression during the cell cycle could be changed. Conclusions: The present study provides the 

first simulations of electromagnetic field of primary cilia as monopole antennas. The proof of this function of primary cilia 

could extend diagnostic and therapeutic modalities. There are several ways to verify this hypothesis. For example, it is possible 

to use the voltage sensitive dyes in the microenvironment outside the primary cilium or photon counting with low noise and 

highly sensitive photon counting system. 
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1. Introduction 

1.1. Primary Cilia 

The primary cilium is a solitary, chemosensory and 

mechanosensory, non-motile microtubule-based organelle 

which in the quiescent cell cycle phase projects from the 

surface of most vertebrate (including human) cells, 

encompassing embryonal and stem cells (Figure 1). The 

centrosome migrates to the cell surface, in post-mitotic cells, 

where the mother centriole differentiates into the basal body. 

This structure nucleates microtubules forming the primary 

cilium. 
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Figure 1. Primary cilia in vitro. 

Human retinal pigment epithelial cells hTERT-RPE1 were cultivated 24 h in 

serum-free medium and thereafter fixed by formaldehyde, extracted by 

Triton X-100 and post-fixed by cold methanol. Primary cilia and 

cytoplasmic microtubules are stained by mouse monoclonal antibody to 

acetylated alpha-tubulin (green), centrosome by rabbit antibody to gamma-

tubulin (red) and nucleus by DAPI (blue). Fluorescence microscope 

Olympus Provis AX70, objective 60x. Author: Dr. Eduarda Dráberová, 

Department of Biology of Cytoskeleton, Institute of Molecular Genetics, 

Czech Academy of Sciences. 

Primary cilia respond to a variety of mechanical and 

molecular stimuli in the extracellular environment and 

transmit signals to the cell. Although the numbers and 

distribution depend on tissue type, primary cilia are detected 

in most tissues. Defects in the primary cilia structure and/or 

function have been shown to be causally linked to the 

development of a broad range of human diseases [1]. 

1.2. Endogenous Electromagnetic Field in the Cell: 

Published Hypotheses About Mechanisms of Its 

Generation 

One of the most influential hypotheses explaining the 

mechanism of the generation of endogenous electromagnetic 

field (EMF) in the cell has been postulated by Herbert 

Fröhlich, who in 1968, proposed that biological systems 

display coherent longitudinal vibrations of electrically polar 

structures [2]. By definition electrically polar structures 

contain electrical charges and can, under certain conditions, 

generate EMF when vibrating [3]. This mechanism in 

Fröhlich's original model was general and not limited to a 

specific cellular structure. 

One of the current modifications of Fröhlich's hypothesis 

is a unique cooperating system among mitochondria and 

microtubules, reviewed, for example, in reference [4]. 

Briefly, mitochondria are the power plants of the cell. 

Chemical energy stored in fatty acids and pyruvate is 

transformed into electrochemical proton gradient across the 

inner mitochondrial membrane, and ultimately stored into 

adenosine (ATP) and guanosine triphosphate (GTP). Protons 

transferred across the inner membrane diffuse through the 

outer membrane into the surrounding medium, and along 

with the negative charge in the mitochondrial matrix form a 

strong static electrical field around the mitochondria. The 

intensity of this static electric field at the outer mitochondrial 

membrane is about 3.5 MV/m. In the vicinity of a single 

mitochondrion, the intensity of the electric field reduces 

almost linearly as a function of distance. Values of 540 kV/m 

for the electric field were measured at a distance of  2 µm 

from mitochondrion [5, 6]. About 40% of the input chemical 

energy of the mitochondrion are converted into ATP and 

GTP, with the remaining 60% liberated from mitochondria as 

photons and heat [4]. 

Microtubules are in a strong electric field since 

mitochondria are aligned near them. The microtubule is a 

highly dynamic polymer that continuously exchanges 

subunits (heterodimers) through the mechanism of dynamic 

instability (growing and shrinking of the microtubules) and 

by treadmilling (heterodimers are continually added at one 

end and lost from the other). One heterodimer binds 18 

calcium ions. The electric dipole moment of heterodimers 

occurs at approximately 10
−26

 C.m. The oscillations generate 

EMF. The strong electrostatic field surrounding the 

mitochondria can move microtubule oscillations into highly 

nonlinear region [5]. Mitochondrial dysfunction in cancer 

cells (Warburg effect) or in fibroblasts associated with cancer 

cells (reverse Warburg effect) results in decreased or 

increased power of the EMF generated, respectively [5, 7]. 

To the above-mentioned hypothesis concerning the 

endogenous EMF in the cell is added the present hypothesis 

of the possible function of primary cilium as a monopole 

antenna [8]. 

2. A Hypothetical Model of Primary 

Cilium as a Monopole Antenna 

It is hypothesized, that the emitted and received 

wavelength of electromagnetic waves of primary cilium as a 

monopole antenna is proportional to the length of primary 

cilium, in the range between the length of the mother 

centriole/basal body in polarized centrosome after mitosis 

and the length of primary cilium during G0 phase. 

Centrioles/basal bodies are 0.25 µm in diameter and their 

length may vary according to species and tissue type, around 

0.4-0.5 µm. The shortest wavelength could be the length of 

mother centriole/basal body in a polarized centrosome. The 

length of primary cilium during G0 phase is several microns, 

usually up to 10 microns, and only exceptionally longer. 

However, the emitted and received wavelength could be 

longer than the primary cilium. For example, in the technical 

applications the most common is the quarter-wave monopole 

antenna, in which the antenna is approximately 1/4 of a 

wavelength of the electromagnetic waves [9]. 

Fundamental to the nature of antennas is that the electrical 

attributes remain consistent regardless whether they are 

receiving or transmitting, as stated by the reciprocity theorem 

of electromagnetics [9]. As a precondition for this reciprocity, 

the materials in the antenna and the transmission medium 

have to be both reciprocal and linear, meaning that the 

material responds consistently to an electric current or 

magnetic field from whichever direction. In all models 

proposed below is assumed this reciprocity. The reported 
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values of conductivity of microtubules varies greatly in the 

literature [10], It is hypothesized, that primary cilia as 

monopole antennas can serve for both transmitting and 

receiving signals at same frequency (Figure 2). 

 

 

Figure 2. Primary cilium in silico. 

a (top figure) Isoline plot of the distribution of electric field of primary cilium as a monopole antenna of a single cell. 

b (bottom figure) Radiation pattern of endogenous EMF of primary cilium as a monopole antenna of a single cell. 

The simulations was performed using software Computer Simulation Technology AG, Darmstadt, Germany (CST). 

The overall power production of a living cell, determined 

with calorimetric measurements, is in the order of magnitude 

of 0.1 pW (10
−13

 W) [11]. The radiation power of primary 

cilium as monopole antenna must be lower than this value. 

The radiated power is higher from a longer monopole 

antenna than from a shorter one [9], and it is hypothesized an 

analogous dependence in the primary cilium. 

Ciliogenesis is an event regulated by the cell cycle. 

Primary cilia are found on the cells in G0 phase of the cell 

cycle. As the cells re-enter the cell cycle, the cilium is 

resorbed into the cytoplasm [12], and, consequently, this 

monopole antenna is formed and destroyed periodically. For 

example, the usual duration of cell cycle in cell cultures is 

about 24 hours. Mitosis takes less than one hour, and primary 

cilium as a monopole antenna in such cell culture can radiate 

electromagentic waves less than 23 hours during a period of 

24 hours. The primary cilium is successively growing, 

therefore, the wavelength of this monopole antenna in each 

cell cycle period successively increases, and the frequency 

inversely decreases. In the beginning of the quiescent phase 
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the primary cilium grows rapidly (0.12 µm/min - 0.4 

µm/min) [13], then in the plateau phase grows very slowly, 

but continuously, because the primary cilium can only grow, 

not decrease in length as it can be only irreversibly rapidly 

resorbed before mitosis. At this moment, a monopole antenna 

stops radiating. A resorption of primary cilium (accompanied 

with the shortening of the radiated wavelength) is faster than 

its formation. The exact moment of the resorption of primary 

cilium during the cell cycle depends on the cell type. Some 

cell types resorb primary cilium at the transition of G0/G1 

phase, other cell types in S-phase or at the transition of G2/M 

phase [14]. In case of unfavorable conditions, such as 

starvation (e.g. after serum starvation in the cell culture), the 

length of primary cilium extends. It is hypothesized, that the 

changes of the length of the primary cilium and the velocity 

of these changes during the cell cycle are proportional to the 

wavelength and inversely to the frequency of emitted 

electromagnetic waves. 

If the irradiated field is not electromagnetic, but is some 

manifestation of so-called new physics (e.g. warm dark 

matter), there would not be a valid radiation pattern of 

electomagnetic fíeld (f = c / λ), but should be valid in the 

periodicity of cyclical presence of radiation of antenna 

structure of primary cilium during cell cycle and the 

dynamics of the changes its length. 

After the mitosis there are two daughter cells, with two 

antennas. These antennas are not usually formed (cannot start 

to emit and receive signals) simultaneously, but the daughter 

cell with the older mother centriole usually forms primary 

cilium as a monopole antenna for several hours [15] earlier 

than the daughter cell with the mother centriole (Figure 3). 

Asymmetric inheritance of the centrosome which contains 

the mother centriole into one daughter cell is linked to 

maintaining stem cell character in the Drosophila germline, 

the developing mouse neocortex [16]. Primary cilia 

reassemble preferentially in vertebrate muscle specific stem 

cells, named satellite cells [15]. Primary cilia may function as 

positional sensors [17], and asynchronous cilium growth may 

bias the orientation of sister cells with regard to the stem cell 

niche [15]. 

 

Figure 3. Primary cilium as a monopole antenna of the daughter cell. 

Arrow plot of the distribution of electric field of primary cilium as a monopole antenna of the daughter cell with the older mother centriole shortly after 

mitosis. The simulation was performed using software Computer Simulation Technology AG, Darmstadt, Germany (CST). 

It is hypothesized, that from the known location and other 

known parameters of primary cilia, it is possible to calculate 

the distribution of electric field and the radiation patterns of 

monopole antenna arrays in a water environment. 

3. Simulations of the Distribution of 

Electric Field and the Radiation 

Pattern of Electromagnetic Field of 

Primary Cilia as Monopole Antennas 

All simulations were performed using the software 

Computer Simulation Technology AG, Darmstadt, Germany 

(CST). All models are simulated in a water environment. For 

the simulation of the propagation of EMF in water the Debye 

model was used (Figure 2 – Figure 4). There has been 

simplified the structure of microtubules in the shape of a 

cone in the models. 

4. Discussion 

The present study provides the first simulations of EMF of 

primary cilia as monopole antennas. A majority of protein 

molecules are electrically polar structures. Even if the 

radiated power of the primary cilia is low, it may have an 

impact on intracellular processes such as the transport of 

substrates, temporal and spatial organization structures and 

molecules. It may provide an intracellular and extracellular 
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signaling mechanism [18], may locally change the chemical 

reaction rates by attracting or rotating the molecular reaction 

partners [19]. 

The best transmission of signal by electromagnetic waves 

is between the same types of antennas, such as monopole 

antennas. The transmission of signal is possible also between 

two different types of antennas, for example, between 

monopole and dipole antenna, but the transmission signal is 

in principle not so good as between two same type antennas 

[20]. Therefore, it is hypothesized that the main target of the 

radiated signal of primary cilia as monopole antennas are 

other primary cilia. 

According to simulations of the distribution of electric 

field of primary cilium as a monopole antenna, the 

electromagnetic waves radiate not only to the neighbouring 

cells, but also in the nucleus of the cell proper (Figure 2). In 

this context published experiments about the changes of gene 

expression caused by non-thermal effects of terahertz 

radiation are of interest [20]. In contrast to the published 

experiments, the emitted energy of primary cilium to the 

nucleus of the same cell is very small, but operates in close 

proximity of few microns over the long period of the 

quiescent state. Therefore, it is hypothesized that it could be a 

changing the gene expression during the cell cycle of same 

cell. 

As water interfaces with hydrophilic surfaces it undergoes 

structural change, which includes the many hydrophilic 

surfaces within the cell. This interfacial water has become 

known as “exclusion zone water” or “fourth-phase water”. 

Cell water is mainly interfacial water [21]. In cell biology, it 

may play a role more fundamental than generally assumed 

[4]. It was shown, that formation of interfacial water is 

promoted by infrared radiation [21]. Therefore, it is assumed 

that infrared radiation of primary cilia could promote 

formation of interfacial water in the cells according to the 

distribution of electric field. 

The majority of cancer cells lack the primary cilia, or 

possess these structures damaged or in a low frequency [22, 

23]. Therefore, it would not be possible communicate with 

most cancer cell types, but only with primary cilia of cancer 

associated fibroblasts, which are present, in varying amount 

[24], in the tumor microenvironment of all solid tumors 

(Figure 4). 

 

Figure 4. Primary cilia as monopole antennas of cancer associated fibroblasts. 

Isoline plot of the distribution of electric field of primary cilia as monopole antennas of cancer associated fibroblasts on the periphery and cancer cells without 

primary cilia in the middle of monolayer epithelium The simulation was performed using software Computer Simulation Technology AG, Darmstadt, Germany 

(CST). 

There is an exception to this rule in the tumors dependent 

on the activating mutation of the Hedgehog signaling 

pathway. These tumors form the primary cilia at an increased 

frequency (e.g. small part of medulloblastoma and basalioma 

types) [25]. In these types of tumors it could be possible to 

communicate even with primary cilia of cancer cells. 

4.1. The Potential Implications of the Function of Primary 

Cilia as Monopole Antennas in the Light of This 

Hypothesis 

The proof of the function of primary cilia as monopole 

antennas could advance the understanding of the nature of 

life from molecular biology and chemistry deeper into the 

physics. It could extend diagnostic and therapeutic 

modalities. Disorders of the primary cilia are involved in the 

pathophysiology of a wide range of human diseases, from 

rare multisystem syndromes and developmental defects to the 

most common diseases such as cardiovascular disease, 

polycystic kidney disease, osteoarthrosis, and certain types of 

obesity [14, 26]. Temporary primary cilia formation is 

essential for the successful repair of injury of certain cell 

types [27]. 

At present an important limitation of a deeper 

breakthrough between biotechnologies and microelectronics 
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is the mutual interface. The communication between low 

frequency ionic currents via ion channels in biological tissues 

and high frequency currents in semiconductor materials in 

microelectronics is difficult. The communication would be 

much easier between two monopole antennas, one 

represented by primary cilium, and the second one artificial 

microelectronic, or even among monopole antenna arrays. 

Artificial monopole antennas of prosthetic devices could 

communicate with primary cilia as monopole antennas of 

healthy cells, including brain cells. In this context, it is 

notable, that almost all brain neurons possess primary cilia 

[28]. Neuronal primary cilium can transmit signal at a higher 

frequency than conduction velocity of an action potential, 

which is limited by the repolarization. Being an all-or-none 

action potential signal does not decay with transmission 

distance in contrast to signal from primary cilium which 

rapidly decays with transmission distance. 

4.2. Experimental Tests for Verification of the Function of 

Primary Cilia as Monopole Antennas 

There are several potential approaches to verify the present 

hypothesis. For example, it is possible to use the voltage 

sensitive dyes (nanosized voltmeter) in the microenvironment 

outside the primary cilium [6] or indirect cellular EMF 

detection by micro-dielectrophoresis [29]. During the 

measurement, the cells must be at room temperature, so that 

they are alive and able to communicate. The principal 

technical problem is a very weak radiation power of primary 

cilium (less than 10
-13

 W) at the wavelength of several 

microns measured at background room temperature. 

It is assumed that the measurement of the power of 

electromagnetic waves of microtubules of the cell could be 

easier through the primary cilia than inside the cell [30]. In 

the radial arrangement of microtubule dipoles, with negative 

electric charge on microtubule organizing center (MTOC), 

and positive electric charge in the periphery of the cell, with 

central location of the centrosome (MTOC) in the cell, the 

maximum power of EMF radiated is in the cell volume. 

However, in the case of polarization of the centrosome 

(MTOC) to the periphery of the cell, with microtubule 

axonema of primary cilium shaped as a monopole antenna, 

the radiation power of the EMF may be emitted into the 

surroundings of the cell. 

From the various parameters of the EMF the power is the 

easiest to be measured. Because the radiation power of one 

primary cilium is extremely low, it would be easier to 

compare the power of EMF on a Petri dish between the 

monolayer cell culture of the same surface size (i.e. 

approximately the same number of cells) with and without 

the primary cilia. The volume of one cell can be 

microscopically measured and the number of cells on the 

Petri dish with the given surface can be approximated. The 

final length of primary cilia and the portion (percentage) of 

cells with primary cilia can be assessed immunofluorescently. 

For the cell culture with the final length of primary cilia up 

to 0.9 µm it is possible to use photon counting with low noise 

and highly sensitive photon counting system capable of 

spectral analyses. This system, located in a dark room, 

consists of a light-tight sample chamber, a photomultiplier 

tube, a rotating wheel with a set of glass filters for spectral 

analysis and computer-controlled photon counter. Electronic 

noise in a photomultiplier tube can be decreased by water 

cooler or thermoelectrically. It is expected a more sensitive 

experimental set-up with a photomultiplier tube above a Petri 

dish with cell culture (down view), than beside a Petri dish 

(side view). 

For wavelengths longer than 0.9 µm the dark current 

(electronic noise) of photomultiplier tubes is excessively 

high. Therefore it is necessary for the measurement of power 

in the wavelength of several microns to use a semiconductor 

near infrared detector matched to its preamplifier. It should 

be more sensitive to use a set of semiconductor detectors 

with various filters for different wavelengths according to the 

final length of primary cilia in the particular cell culture, e.g. 

semiconductor detectors sensitive in the range 0.9-2 µm, 2-5 

µm and 5-7 µm, respectively. Electronic noise in a 

semiconductor near infrared detectors can be decreased by 

liquid nitrogen in a Dewar flask or thermoelectrically. It is 

expected a more sensitive experimental set-up with a down 

view Dewar flask above the Petri dish with cell culture, than 

with a side view Dewar flask beside the Petri dish. 

In the cell culture experiments is expected a higher photon 

emission in case of photon counting and higher radiation 

power of EMF in the case of semiconductor detectors in the 

wavelength proportional to the final length of primary cilia 

on the Petri dish with monolayer cell culture with primary 

cilia, compared to the same culture without primary cilia. 

5. Conclusions 

In conclusion, it is hypothesized that the primary cilia as 

monopole antennas can serve for transmitting and receiving 

signals and as positional sensors. The weak radiated power of 

EMF of primary cilia may also have an impact on 

intracellular processes in the same cell, proportionally to the 

changing length of primary cilium during the cell cycle. The 

present study provides the first simulations of the 

electromagnetic field of primary cilia as monopole antennas 

in a water environment. This hypothesis could be verified by 

voltage sensitive dyes (nanosized voltmeter) or photon 

counting. 
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