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Abstract: We review processes by which different sounds, such as meditation music, mantra, kindness,
or hatred expressions, and noises induce responses from cells and their components. We define
‘good’ or ‘bad’ sounds as those enhancing or inhibiting the cell’s biological activity, respectively. It is
highlighted that the cellular dynamics results in a coherent organization with the formation of ordered
patterns due to long-range correlations among the system constituents. Due to coherence, in the
framework of quantum field theory, extended domains become independent of quantum fluctuations.
Non-dissipative energy transfer on macromolecule chains is briefly discussed. Observed fractal
features are analyzed by the fast Fourier transform and a linear relationship between logarithms of
conjugate variables is observed. The fractal relation to the generation of forms (morphogenesis) and
to the transition from form to form (metamorphosis) is commented. The review is also motivated by
the suggestions coming from the cells’ responses, which show their ability to move from the syntactic
level of the sound component frequencies to the semantic level of their collective envelope. The
process by which sounds are selected to be good or bad sounds sheds some light on the problem of
the construction of languages.

Keywords: cell responses to sounds; sounds’ effects on cytoskeleton; cellular contractility; fractal and
multifractal structures; coherent states; morphogenesis processes

1. Introduction

It has been proposed that sounds (pressure waves) may influence and modulate sev-
eral biological functions, such as blood pressure, heart rate, respiration, body temperature,
as well as cardiac and neurological functions [1,2]. From a cellular level up to a systemic
framework, rhythms can produce relevant bioeffects [1]. Every signaling event is modeled
by rhythms, and the synchronization of coupled oscillators and dynamical systems is a
crucial issue in essential processes of life. There is growing evidence that mechanical
vibration deeply affects stem cell dynamics and organ function, and the sounds with their
pressure waves may affect cells’ behavior determining micro-vibrations as well as reso-
nances [1]. It is well established that a wide variety of biological processes are influenced
by the nanomechanical properties of subcellular structures [3–7]. An example of this is
given by the vibrational modes generated by the cytoskeleton and nucleoskeleton, whose
resonance patterning can be transmitted to and recorded from the cell surface [3]. The
cytoskeleton also plays an important role in defining the mechanical and functional features
of cells, regulating transport and governing many cellular processes, such as mitosis and
meiosis [1].
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In this review, we discuss the results of our previous proof-of-concept work about
the effects induced by different sounds on cells and their components [8]. In Figure 1, a
synthesis of our experiment is depicted [8].
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and a decrease in the L to 0.4. In the case of “bad” signals, the D reduced to 1.3 with a slight in-
crease in the L to 0.8. Scale: 10 μm. The lower row shows the contractility analysis of the same cell 
under the different acoustic stimulations. 

In summary, cells of murine atrial cardiomyocytes (HL1) embedded in a liquid 
culture medium were exposed to 20 min sound sequences (Figure 1, first row), were 
stained for cytoskeletal markers (such as alpha-tubulin, Figure 1, middle row), and 
studied with multifractal analysis to monitor in vitro eventual reactions and changes. A 
single cell was live-imaged and its dynamic contractility changes in response to each 
different sound were analyzed using Musclemotion for ImageJ (Figure 1, third row at 
the bottom). Six replicas of the experiment were performed, documenting each time how 
different sound stimuli influence the contractility and the spatial organization of HL1 
cells, resulting in a different localization and fluorescence emission of cytoskeletal pro-
teins. 

Processes may occur by which the energy supplied by ‘good’ sounds to the biolog-
ical matter is used for the creation of order, formation of protein ‘bridges’, cell-to-cell 
correlations, strengthening of the links in the cytoskeleton network, etc., resulting in en-
hanced biological activity. The ‘bad’ sounds instead induce a negative response, i.e., the 
inhibition of the ordering among biological components. Fractal behavior plays a rele-
vant role in the contractility measurements performed on cardiac muscle cells using 
Musclemotion for Image [8]. 

Acoustic stimuli have been thus demonstrated to influence the individual and col-
lective behavior of cells. 

Figure 1. (Modified from [8]). The first row shows the starting condition using bright-field images
(representative images selected from 5 positions and 6 experimental repetitions). The cells have
a basal multifractal arrangement characterized by an average fractal size (D) of about 1.6 and a
lacunarity (L) of 0.7. Scale: 10 µm. The middle row represents the result of the different sound
stimulations. Alpha-tubulin was marked in green. In the control cells, there were no significant
variations in the parameters D and L. In the case of “good” sounds, there was an increase in the D
to 1.7 and a decrease in the L to 0.4. In the case of “bad” signals, the D reduced to 1.3 with a slight
increase in the L to 0.8. Scale: 10 µm. The lower row shows the contractility analysis of the same cell
under the different acoustic stimulations.

In summary, cells of murine atrial cardiomyocytes (HL1) embedded in a liquid culture
medium were exposed to 20 min sound sequences (Figure 1, first row), were stained for
cytoskeletal markers (such as alpha-tubulin, Figure 1, middle row), and studied with
multifractal analysis to monitor in vitro eventual reactions and changes. A single cell was
live-imaged and its dynamic contractility changes in response to each different sound were
analyzed using Musclemotion for ImageJ (Figure 1, third row at the bottom). Six replicas
of the experiment were performed, documenting each time how different sound stimuli
influence the contractility and the spatial organization of HL1 cells, resulting in a different
localization and fluorescence emission of cytoskeletal proteins.

Processes may occur by which the energy supplied by ‘good’ sounds to the biological
matter is used for the creation of order, formation of protein ‘bridges’, cell-to-cell correla-
tions, strengthening of the links in the cytoskeleton network, etc., resulting in enhanced
biological activity. The ‘bad’ sounds instead induce a negative response, i.e., the inhibition
of the ordering among biological components. Fractal behavior plays a relevant role in
the contractility measurements performed on cardiac muscle cells using Musclemotion for
Image [8].

Acoustic stimuli have been thus demonstrated to influence the individual and collec-
tive behavior of cells.

A theoretical analysis has been presented [8] to account for the main aspects of the
phenomenology of the interaction between sound waves and cells. Vibrational modes of the
electric dipoles characterizing the cellular molecules are considered to be quantum variables
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and quantum field theory (QFT) formalism is needed to properly describe them. The role of
the phonons (i.e., the quanta of the sound waves) has been considered, providing a deeper
understanding of the interaction of sound waves with cells. Moreover, the theoretical
modeling can account for the experimental observation of the fractal and multifractal
self-similarity [9] in the response signals of cells to sound stimuli. An isomorphism has
been found between the coherent state molecular regime and fractal and multifractal
structures [10].

Several specific mechanisms can be invoked, such as phase locking and phase content
in the dynamics of the molecular components and the water bath in which molecules and
cells are embedded [11–15]. Additionally, non-trivial topological properties may have an
important role in the molecular dynamical properties [14–17]. Our review will include an
illustration of the QFT spontaneous breakdown of symmetry (SBS), a mechanism that is
the basis of most theoretical and experimental physics. Ordered patterns and organization
appear as a consequence of SBS [18–22].

The motivation for this review and discussion is the need to relate among themselves
the two main approaches by which biological systems are usually investigated. In the
first, most common approach, the many elementary components of the living systems are
studied separately from each other. The second approach is based on a systemic view
of understanding biological activity. Collective dynamic modes and synchronization of
spatially separated molecular subunits are supposed to play a key role in understanding
how to describe the overall behavior of a large number of molecular components. The
highly ordered pattern in the spatial molecular arrangements indicates that the study of the
biochemical properties of interacting molecules needs to be complemented by the study of
their dynamics in the framework of QFT. This indeed accounts for the collective molecular
long-range correlations, which are responsible for the observed organization, regularities,
and high functional efficiency in the behavior of biological systems, out of reach from the
study limited to the properties of each component. This last one is, of course, essential;
it is necessary, although not sufficient, to the understanding of the system’s functional
activity [8,14,15].

One further motivation in our review is to analyze the role played by the formation of
ordered patterns (fractal forms) consequent to the process of SBS in terms of morphogenesis
and metamorphosis processes (see Sections 3 and 4) [8,23].

Finally, the fact that the experiment cells give the same response to vocal sounds
pronounced by different persons suggests interesting views on the language, also con-
cerning results from subjects experiencing the relaxation response (RR) practice analyzed
in Ref. [24], which we briefly mention in the following (cf. Sections 2 and 3). Among
other consequences, such an RR practice has induced also changes in the language used
by the patients undergoing a specific protocol of RR sessions. For example, a statistically
significant decrease has been recorded [24] in the use of first-person singular pronouns,
while an increase has been recorded for the first-person plural pronouns, with a decrease
in the total, singular plus plural, first-person pronouns; a decrease in the use of negations
and articles in the sentences; an increase in positive expressions of affective and emotional
processes, etc. These changes in the language, at a high level of organization complexity,
have been accompanied by variations in biological markers, serum transparency, and pH,
at the biochemical, say microscopic, level [24]. The question thus arises of how these two
levels, each one with its complex, although different, dynamical features, are correlated. Of
course, we do not mean that the language level, involving also the extremely complex brain
functional activity, might be naively, in an oversimplified way, traced back or described in
terms of the observed cell interactions with sounds, which are reviewed in the following.
On the contrary, our discussion only provides a possible first step toward the understanding
of how highly complex functional activities, such as the ones related to the language, might
be interrelated with the biochemical background activity.
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2. Results Summary

The results of our previous proof-of-concept study show different responses from
HL1 cells exposed to 20 min sound sequences of different sounds, without a regular
pattern of high and low frequencies and rhythms from vocal sounds, kindness or hatred
expressions, to mantra, meditation music, or noises. One of the motivations to expose
cardiac HL1 cells to the specific time of 20 min was the study in vitro of the effects of
sounds to understand the results obtained in vivo with patients following Relaxation
Response sessions of 20 min each, listening to music, words, and other sounds which,
as said at the end of the previous section, turned out to affect their heart functions and
other biological markers (e.g., blood serum transparency, pH, etc.) [24–26]. The choice of
atrial cardiomyocytes was suggested by their specific properties of contractility and of
forming networks, which permits visualization of contraction and conformational changes
as responses to the stress induced by the sound waves. The technique used for such
observations was the time-lapse technique (see Ref. [8]).

The graphs shown below each image in the first and middle row of Figure 1 represent
ƒ(α) vs. α, called the multifractal spectrum, i.e., the typical pattern in the fractal analy-
sis [9,27]. f (α) can be viewed as the fractal dimension of the set formed by sub-sets with
local scaling exponent α. The relation of f (α) and α with the generalized dimension D
is through a Legendre transformation [27,28]. All ƒ(α) curves form humps over a broad
area, as expected for multifractal behavior. The amplitude of the resulting curve (with the
shape of a parabola) reflects the degree of irregularity in the distribution of the points. The
lacunarity (L) gives a measurement of such inhomogeneities. The parabola degenerates to
a point in the case of a (mono-)fractal. The uniform distribution of points is for α = 1, while
α < 1 (and α > 1) represents a distribution of points ‘dense inside and dispersive outside’
(and ‘dispersive inside and dense outside’). The resulting average fractal dimension D
together with L is also indicated for each case.

The fast Fourier transform (FFT) analysis has also been performed for each signal,
showing interesting results. In Figure 2 the FFT, performed with OriginLab software, is
reported for two of some of the sounds used to stimulate the cells, in particular, the (good)
signal “I love you” and the (bad) signal “I hate you”.
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Figure 2. FFT of the “I love you (ti amo)” (black points, upper graph) and “I hate you (ti odio)” (red
points, lower graph) signals used in our previous work [8].

Although it is not possible to distinguish a regular linear behavior in these signals, the
analysis performed in [8] showed a multifractal nature in both cases, where a multifractal
structure can be described as made of fractal sub-structures. However, while the “I love you”
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signal seems to favor a very homogeneous multifractal arrangement in the cells (parameter
D), the “I hate you” signal presents very inhomogeneous values of the D parameter.

In biological matter, macromolecules are characterized by the specific electric dipole
moment of their constituent units. Macromolecules and cells are embedded in the water
bath, and water molecules are as well characterized by their specific electric dipole moment.
Since dipoles may be oriented in any direction, the basic symmetry is the rotational spherical
symmetry. The action of sounds may induce a breakdown of this dipole symmetry by
producing a non-vanishing polarization density P(x,t) (dipole ordering). The dipole long-
range correlations arising in such a process of symmetry breakdown generate the collective,
coherent behavior of the system components, which manifests in the macroscopic scale
behavior of the observed cellular structures and cell network. The ordering is strictly
related to fractal self-similarity [10]. Self-similarity can be observed through the analysis of
the spectrum on a log–log scale since it unveils both periodic structures and scaling laws.

The amplitude of the “Mantra” signal FFT reported in Figure 3 shows for instance a first
power-law (scaling law) behavior. Because of the isomorphism between self-similar fractal
structures and coherent states, the log–log plot shows indeed that a dynamical coherent
regime exists, related to long-range correlation modes at microscopic levels. Only the
“Mantra” signal shows a monofractal behavior, as also confirmed by the immunofluorescent
signal emission plotted as a function of frequency on a double logarithmic scale (see Ref. [8]).
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As mentioned, such a fractal-like self-similar structure is the manifestation of coherent
dynamics active at a microscopic level.

Water constitutes the environment in which macromolecules, all the cell components,
and cells themselves are embedded. The radiative interaction (not the static one) between
the cell components and water, as well as the one with enzyme macromolecules, is then
considered [8,14,15]. The collective dipole behavior has been studied in the framework of
QFT, according to which any interaction between two systems is mediated by the propa-
gation of a field or quanta, such as, for example, photons exchanged between interacting
electric charges in quantum electrodynamics.

All the graphs are expressed in arbitrary units (a.u), commonly used in physiology
or spectroscopy, as a relative unit of measurement to show the ratio of the intensity of the
signals analyzed or of the pixel displacement—as an estimate of a “contractility” trend and
“spectral intensity” trend—to a predetermined reference measurement [28].

In summary, the a.u only serves to compare multiple measurements performed in
similar environments, since the ratio between the measurement and the reference is a
consistent and dimensionless quantity independent of what actual units are used [28,29].
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3. Discussion

HL-1 cells’ responses to sound are different for different sounds. The sounds used
in the experiment are made by a spectrum of frequencies that, propagating in the liquid
culture medium, seem to stimulate cellular organization. This biological reorganization
exhibits the fractal or multifractal self-similar spectral structure, as shown by the log–log
plots in Figure 1 (third row), Figures 2 and 3, unveiling periodic and scaling laws.

The effect of sound seems thus to be connected to its specific fractal geometric form,
directly modulating the cytoskeleton morphology through penetrating up to the nucleus
of cellular microvesicles [30] and influencing protein oscillatory motions in the cytoplasm.
At the same time, electromagnetic inter-molecular interaction drives the fundamental
processes for the cell survival [14,15,30,31]. Since the protein chains may support wave
excitations as well as nonlinear solitary waves [8,14–17], sounds and proteins may undergo
an interaction by exchanging quantum modes, e.g., dipole quantum waves, through the
mediation of the liquid bath in which they are embedded. Oscillatory and assembly modes
will then be present according to the sound characteristics [32,33].

The studied cellular contractility patterns represent different cell responses, in some
cases (“good signals”) presenting an increase in contractility while in other cases (“bad
signals”) decreasing it. This seems to concur with other results on the response of human
cells to “good sounds” (such as melodic music and human voice) measured through a
multi-spectral imaging system.

The observed reaction of the cells to sounds, reported in the previous section, may
cooperate with the possible biophysical and molecular mechanisms underlying the heart–
brain correlation discussed by some of the authors (CDL and GV) in Ref. [34]. There,
they have shown (see also [24]) how the practice of relaxation response (RR) improves
several biological functions, for instance coronary blood flow, inducing positive changes
in molecular inflammation processes, stress hormones, neurotransmitters, aging markers,
and circulating microRNAs. Furthermore, the serum changes during RR [8,24,25], and
even language, may change with respect to the complex perceptual experiences felt by the
body. The information contained in the sounds and phonemes used during every 20 min
RR session seems thus to directly influence bodily functions and the heart, in particular,
responses that seem to be indeed consistent, at a cellular and molecular level, with the
effects of sounds on cells reported above.

At the level of theoretical modeling, the experimentally observed responses of cells
to different kinds of sound stimulations can be understood by realizing that, through a
chain of steps, “good” (or “bad”) sounds induce (or contrast or destroy) the formation
of long-range correlations among the system elementary constituents. These long-range
correlations describe the ordering induced by the mechanism of spontaneous breakdown
of symmetry (SBS). SBS consists of the fact that the ground state of the system, i.e., the
lowest energy state, is characterized by symmetry properties that are not the same as the
motion equations defining the system dynamics.

The symmetry of the equations is then said to be spontaneously broken (‘sponta-
neously’ since the symmetry of the ground state is ‘dynamically’ singled out). The system’s
elementary components are the electric dipoles of the water molecules inside the cells and
of the bath in which the cells are embedded. They constitute about 90% of the present
molecules of the studied system. In the initial step, the input sounds induce, as mentioned,
the breakdown of the dipole spherical symmetry by producing, if a ‘good’ sound (or con-
trasting, if a ‘bad’ sound), the dipole polarization density P(x,t). The dynamical effect
following from the SBS is the formation of long-range dipole correlations resulting in the
“in-phase” collective motion of the dipoles (ordering). The value of P(x,t) gives a measure of
the degree of ordering induced by SBS and is indeed called the order parameter [14,15]. It
is a classical field, independent of quantum fluctuations.

The quanta associated with the long-range correlations, called Nambu–Goldstone (NG)
quanta, have zero mass and integer spin (are bosons), which means that a large number of
them may condense in the ground state of the system, forming a coherent state. ‘Coherent’
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means that long-range correlations coexist in that state without negative interferences. They
are long-range “phase correlations” among oscillating molecular dipoles.

We remark that the dipole long-range correlations reduce the randomness of the
molecular kinematics, facilitating short-range interactions (Van der Waals interactions, H-
bonding, etc.), thus allowing the observed high efficiency of biological systems, otherwise
incompatible with purely random chemical activity.

We also observe that an electromagnetic (em) field (of external or internal origin) is not
able to propagate within the correlated region if its strength is too weak. If it is too strong,
it may destroy the correlations. For an intermediate strength, the field can percolate the
coherent region by propagating in a filamentary or self-focusing way [15,35–39] (similar
to self-focusing in the Kerr effect in nonlinear optics or to the Anderson–Higgs–Kibble
mechanism [40–42] in QFT). The condensation persists outside the propagation channel;
it is zero inside the channel. By using such a mechanism, a model for the formation
of microtubules within the cell aqueous environment has been formulated [15] and the
internal diameter of the microtubules has been computed to be about 146 Å, fitting quite
well the experimental value of about 150 Å (see Appendix A.1).

This process contributes to the understanding of the observed dynamical rearrange-
ment, formation, and depletion of the cytoskeleton microtubules under the stimuli of good
and bad sounds, respectively. The cell functional activity may thus occur within a limited
window of high and low values of the ordering produced by external stimuli (thus defining
the limits and the meaning of “good” and “bad” sounds).

In addition to the SBS phenomenon, sounds may produce at the extremity of a quasi-
unidimensional structure, e.g., a protein chain, a molecular deformation turning into
oscillations of the electric dipoles of the chain units. The molecular deformation (space
displacement field) may couple to the molecular dipoles and produce a wave by which the
localized deformation propagates over the chain according to the dynamics of the nonlinear
Schrödinger equation. Such a wave is the so-called Davydov solitary wave or Davydov
soliton. The energy carried by this wave propagates in a non-dissipative way since the
soliton remains stable when colliding with obstructions or other waves [14,43–45]. The
relevance of such a phenomenon to the energy supply, transport, and storage in biological
systems is obvious (cf. Appendix A.3) [14,15,43].

The energy supplied in various forms to the cells, thus also by “good” (“bad”) sounds,
can be generally regarded as the “feeding” of the cells, provided of course the supplied
energy does not produce thermalization of (heating up) the cell and its environment,
destroying dipole ordering (“bad” sounds). The resulting electret’s state (the dipole in-
phase ordered patterns), in the “good” case, has a short lifetime, so cyclic feeding processes
are necessary to keep efficiently active the cellular functional properties.

Fractal self-similarity has been also found in experimental studies and analysis of
DNA and coherent long-range molecular organization has been suggested [46,47].

The mentioned isomorphism between fractal self-similarity and coherent states sug-
gests that the experimentally observed fractal structures reported in the previous section
are manifestations of the coherent dynamics of the long-range dipole correlations. Such
processes of ordering are processes generating forms with fractal properties. It is then
intriguing to think of them as morphogenesis processes [10]. This might shed some light
indeed on the morphogenesis dynamics, a problem (at least) not completely solved in
biomolecular studies. Moreover, along a similar line of thought, we are also motivated to
study the transitions through different ordered states (phase transitions) as processes from
form to form and think of them as metamorphosis processes [14,15,23], so recurrent in the life,
i.e., the time evolution, of biological systems.

Finally, the experimental observation that cells react with the same responses to
different persons’ vocal sounds suggests that cells’ response is induced not by individual
frequencies, voiceprint, and tones, but by their collective envelope. In this way, cells perform
very fast and efficient transitions from the syntactic unit’s level (individual frequencies) to
the semantic level, a not easy task to be achieved by an ‘artificial’ device. Such behavior
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might contribute, at the cellular level, to the observed changes in the languages used
by patients after relaxation response (RR) practice [24], as mentioned in Section 1. Such
an RR practice has been documented [25,26] to produce in the subjects not only positive
effects in the inflammation molecules, stress hormones, neurotransmitters, and aging
markers, including serum transparency, but also changes in the words and structures of
language expressions [24] denoting changes in the meaningfulness of the subject cognitive
experiences and emotions.

The RR practice thus leads to the intriguing result of relating the microscopic complex
biochemistry at a cellular level to the macroscopic complex functional level of language
use, with lexical choices and sentence construction. Such a transition from micro-to-macro
and vice versa is of course far from being a trivially linear process of cause-to-effect. It
denotes instead a highly non-linear process by which collective modes (i.e., behaviors at the
cellular level and functional macroscopic level) are dynamically generated, both ways
(down-up and also up-down), given the observable responses at the biochemical level that
the relaxation practice produces. This might shed some light on millenary wisdom about
the powerfulness of “a good word” or of “a bad word”.

There is a further suggestion coming from what is observed to be “good” and “bad”
sounds, for example in the kindness or hatred expressions. Of course, the cell does not know
the meanings of the words. The suggestion is that an “opposite” mechanism is at work, in
the sense that, at the level of macroscopic behaviors, our ancestors had the experience that
“certain” sounds were producing “good” effects on the receiver, while other sounds were
producing opposite, “bad” effects on him/her. Then, those specific sounds producing a
“good” response were adopted in the language as expressions of kindness, and similarly for
the bad ones as expressions of hatred and hostility. Originally, the language has been thus
constructed based on the reaction of the receiver. In this way, people “learned” that some
words were producing good effects on the receiving subject, and therefore they “adopted”
those words in their language as kindness words. As a matter of fact, this describes how
we “learn to talk” with our pets. Their reactions to our words, or sounds in general, “teach”
us how to talk to them. We learn from them how to speak to them. It is not that they learn
our language. These remarks deserve further study, which we plan to do in the future, also
considering some fractal structures emerging in the language [48].

We finally observe that the analysis in terms of em frequencies done by Geesnik
and Meijer in Ref. [49] could be also applied to the spectrum with fractal–multifractal
self-similarity manifesting in the log–log plots of Figures 1–3.

In summary, the picture emerging from the theoretical modeling seems to fit well with
the experimentally observed effects induced by ‘good’ and ‘bad’ sounds.

4. Conclusions

The experimental observation shows that the energy supplied by sounds to the cells
could produce ordering, protein ‘bridges’, formation and strengthening of links in the
cytoskeleton network, etc., thus stimulating the biological activity. Such sounds have
been classified as “good” sounds. The “bad” sounds induce, on the contrary, inhibition of
ordering among biological components, even the cell explosion (see Ref. [8]).

Observations have also shown the recurrence of fractal and multifractal structures
in the cell response to sound stimuli, which represents a characteristic feature of these
experiments, and signals that the underlying dynamics is a coherent dynamics, according
to the theorem that an isomorphism exists in QFT between coherent states and fractal
structures [10]. In the adopted theoretical modeling, good sound promotes the formation
of coherent long-range correlations among the electric dipoles of the water molecules of
the bath in which cells and their components are embedded. Bad sounds, instead, oppose
the formation of these long-range correlations or destroy them if they already exist. In
this view, remarkably, the theoretical modeling can describe the formation of microtubules
in terms of a process of molecular coating of channels produced in the coherent ordering
by em fields of external or endogenous origin. The internal diameter of the microtubules,



Int. J. Mol. Sci. 2022, 23, 5145 9 of 14

computed in such a scheme, turns out [15] to be about 14.6 nm which agrees quite well
with the measured diameter of about 15 nm (cf. Appendix A.1).

In connection with the formation of coherent structures, we mention that in quantum
mechanics (QM) it is known that the phenomenon of decoherence occurs. However,
our theoretical modeling is framed in QFT where coherence represents a quite stable
phenomenon [50], for example in crystals, ferromagnets, superconductors, and in a wide
range of temperatures, e.g., the coherent ordering of the diamond crystal is lost at the critical
temperature of 3545 ◦C at atmospheric pressure, sodium chloride (the kitchen salt) crystal
melts at 804 ◦C, while the critical temperature for superconductors containing compounds
of niobium is −252 ◦C. The microscopic dynamics of these long-lived ordered systems,
persisting even at a high temperature, is indeed ruled by QFT, not by QM. In our theoretical
modeling, we thus exploit the fully QFT phenomenon of the spontaneous breakdown of
symmetry (SBS), generating, according to the Goldstone theorem [18–22,51], the long-range
correlation quanta, the Nambu–Goldstone (NG) quanta, that coherently condense in the
system ground state, and manifest in ordered patterns (forms). Examples of NG quanta
are the magnons, i.e., the spin-wave quanta in ferromagnets; the phonons or elastic wave
quanta in crystals; and the ‘dipole wave quanta’ in the present case, associated with the
long-range correlations among the electric dipoles of the water molecules.

Biological systems live at multiple organization levels. The interaction of cells with the
sound stimuli manifests in the continuous rearrangement of the microscopic equilibrium
of the long-range correlations among the basic constituents, thus pursuing the adequate
response of the system to the environment’s action on it. The equilibrium is reached by
continuously regaining the minimization of free energy (cf. Appendix A.2), re-establishing
the balance between the energy supplied by sounds and the formation/rearrangements
of ordered patterns (morphogenesis) [10]. In such an evolving (living) through different
dynamical regimes (phase transitions) toward a further, although temporary, dynamical
equilibrium, from form to form, we recognize the dynamics of metamorphosis processes [10,23]
characterizing the continuous activity of the biological system.

We have mentioned above that, in the experiment, vocal sounds pronounced by
different persons stimulate the same response. This might suggest that cells in their
dynamic reactions to sounds exhibit a sort of quantum computing architecture simulating
computational processes. As already remarked, obtaining the same response by the cells
to different voices pronouncing the same words or sequences of words signals that cells
can go from the syntactic level of individual frequencies to the semantic level, detecting
the collective frequency modes (meaning) which is what effectively determines the cell
response. It is the ‘meaningfulness’ of the RR experience to the specific patient, operating
at his profound biological levels, that affects not only biochemical markers but also his
language structures and expressions [24,52]. These interesting features certainly deserve
further studies that we plan to do in future work.

In this line of thought, we have observed in previous sections that the cell responses
induce us to classify the sounds as “good” ones or “bad” ones, according to the different
effects by them caused on the cells. This leads us to consider, from such a perspective, the in-
triguing problem of the ‘construction’ of languages at the dawn of the human communities’
evolution. Perhaps it has been the reaction of the ‘receiver’ to induce the ‘speaker’ to choose
a specific ‘sound’ to enhance, damp, or avoid that reaction, something like we do when
talking with our pets, trying to understand how to get their attention or how to induce
them to assume or not assume a specific behavior. Remarkably, as in the experiments here
reviewed, linguistic studies show that fractal self-similarity plays an important role also in
language structuring and sentence formation [24,48].
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Appendix A

In this Appendix, we review some aspects of QFT and SBS, referring in particular
to the observations presented in the text showing that sounds produce conformational
changes in the cytoskeletal structures. We therefore briefly review the dynamics underlying
the microtubule formation and the temperature relation with the range of the correlations
among the system components (the dipoles of water molecules). Energy transfer on linear
structures by solitary waves is also reviewed.

Appendix A.1. Formation of Microtubules

As mentioned in Section 3, an electromagnetic (em) field of convenient strength
propagates through coherently ordered regions in a filamentary-like or self-focusing fash-
ion [15,35–39]. One can show that the em field acquires then a mass M which depends on
the medium polarization density P(x,t), M = M(P), where P denotes P(x,t), and M(P) = 0
at P = 0 [15]. One can also show that the diameter of the ‘channel’ through which the em
field percolates the coherent medium is d = }/cM, for M 6= 0, P 6= 0. Here, } = h/2π, with
h being the Planck constant and c the speed of light. Assuming that all the dipoles are
correlated, one obtains d = 146 Å with M =13.60 eV, to be compared with the observed
diameter of microtubules ranging from 120 to 150 Å. When P(x,t) comes from about 70% of
dipoles, the value d = 125 Å is obtained, still in agreement with observations.

Within such channels the em field is non-zero. Outside them is zero. There is, there-
fore, perpendicular to the channel, a transverse field gradient force F(ν), ν is the field
frequency, attracting or repelling, according to a resonant pattern (ν2

0k − ν2) [15], atoms,
ions, molecules of specific frequency ν0k, floating outside the channel. Note that small
changes in the frequencies may produce switching between the ± signs in the difference
(ν2

0k − ν2) (thus between attractive/repulsive actions). Note that the field frequency may
be influenced by the molecules previously attracted (or repelled) and in general by the
molecular environment. The effect is the attraction (or repulsion) of different molecules on
the channel boundary, and thus a selective polymerization process leading to the molecular
coating of the channel, namely the dynamic formation of the microtubule.

If the em field in the channel disappears, the coating disassembles or persists, depend-
ing on the lower or higher chemical affinity of the coating molecules. Moreover, the em
field produces also a longitudinal force [15] along the channel, pushing the molecules, thus
favoring their chemical interaction, or, depending on their chemical affinity, producing
the disruption of the microtubule (especially in its ending part, as, e.g., in the microtubule
treadmilling). As well known, most of the metabolic activity occurs on the cytoskeletal
microtubules. These also offer a “chemical transport rail” for the cell. The attractive or
repulsive transverse em force may then contribute to the interlocked chemical reactions on
the microtubule (their sequential ordering), while the longitudinal em force contributes to
the chemical transport in the cell.

The NG dipole wave quanta energy E = 13.60 eV, corresponding, as seen, to the
microtubule diameter of about 146 Å, is the hydrogen ionization energy. It acts as threshold
energy. The propagation of the em field (a photon) of energy hν > 13.60 eV may destroy the
coherent dipole ordering, and thus restore the spherical wave (Maxwell) em propagation
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with consequent inhibition or destruction of cytoskeletal microtubules and also induce
possible ionization events. A photon of lower energy, instead, cannot penetrate the dipole
ordered patterns. In this case, the supplied energy may be ‘stored’ in the system by
contributing to the polarization, until the accumulated amount is enough to be used by
some chemical reaction of the metabolic activity, or, at the threshold of 13.60 eV, in some
ionization processes, or to open a channel through which to propagate (delayed propagation
and radiation) [15,26]. Coherence thus offers the possibility to store ‘non-thermalizing’
energy in the system.

In conclusion, the processes of microtubule formation sketched above may contribute
to the understanding of the observed dynamical formation of cytoskeletal networks, cell-to-
cell correlations, cell mobility, and contractility under sound stimuli, with dependence on
their frequency patterns and intensity.

Appendix A.2. Temperature and Correlation Range

Long-range correlations coexist without negative interferences in the coherent state.
Consider then the approximation that the associated NG quanta behave as free particles and
also that their mass gets non-zero contributions from boundary effects. Then, we have [15]
p2/2meff = (3/2)kB T, where p is the momentum, T the temperature, kB the Boltzmann
constant, and meff the effective mass of the NG quantum due to the finite size R = }/c meff
of the coherent domain. By using R = n λ/2, with n an integer and λ the de Broglie
wavelength p = h/λ, we obtain R = n2πhc/(6kB T). For n = 1 and T = 300 K, R = 25 µm,
consistently with the observed size scale (cf. the scale in Figure 1). Suppose that T increases
(remaining, however, below the destructive threshold) due to, e.g., an external supply
of energy. The system then reacts, to maintain T constant, by increasing the size R of
the correlated coherent domain (for fixed n). The range over which coherent correlations
span plays thus an important role in controlling the system temperature within a certain
functional interval, which of course confirms the utmost relevance of temperature in the
living matter [53].

The stationary state condition ((almost) constant T, at a given condensation density
N of NG quanta), is obtained by minimization of the free energy F: dF = dU − kBT dS = 0,
U is the internal energy, and S is the entropy. This implies [13,51]: dU ∝ dN/dt ∝ kBTdS
(with heat given by dQ = kBT dS). Thus, a change dU > 0, due, e.g., to a supply of energy,
implies dS > 0 and an increase in the rate of change of dN/dt, i.e., an increase in the loss of
correlations in the ground state (dS > 0 means indeed loss of ordering). This may explain
how ‘disordering effects’, due to ‘bad’ sound supplying energy in a ‘non-resonant’ way to
the system, may lead to the observed cell explosion (dU > 0); ‘good’ sounds produce, on
the contrary, ordering, with dS < 0, i.e., dU < 0 and a reduction in the loss of correlations,
dN/dt < 0. Energy dissipation (dU < 0) (below a critical threshold) plays a positive role in
keeping the health state of the system.

In conclusion, variations in T turn into variations in the entropy S, namely order-
ing/disordering, through variations in the size R of the correlated domains, and vice versa.
In these processes, part of the internal energy is ‘used’ to create correlations (R increases) or,
on the contrary, energy ‘stored’ in the correlations is released to produce increases in the ki-
netic energy, thus in T (in the internal energy U). These exchanges of energy between U and
S, U↔ S, constitute a ‘dynamical degree of freedom’ through which the system microscopic
configurations may be rearranged, within the equilibrium constraint dF = 0 [54].

A final remark is that, due to dynamical nonlinearity, the coupling of the quanta of
sound waves (the phonons) to the em field of molecular dipoles is enhanced by

√
N, with

N the number of components [14,15]. The collective interaction, for large N, has then a
time scale shorter by a factor 1/

√
N than the short-range interaction time scale among the

individual components and is thus not affected by thermal fluctuations for kB T less than
the energy of the collective interaction.
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Appendix A.3. Solitary Waves

Sounds may couple directly to macromolecule chains (e.g., proteins), or, as mentioned
in Section 3, they may trigger ATP reactions, which in turn induce the formation of solitary
waves (solitons) on the chain. It is indeed remarkable that the energy to excite the Davydov
soliton, of the order of 0.25 eV, is about the same as the energy released by ATP hydrolysis
at the origin of a protein chain [14,43,44]. In both cases, the energy released by sounds
propagates [14,43–45] on the chain, “trapped” in the soliton coherent localized deformation,
over large distances due to the soliton (almost) non-dissipative dynamics, and with a
time-dependent velocity due to the discreteness of the chain and the consequent periodic
potentials [44].

The em radiation produced by the coherent oscillations of the chain molecular dipoles,
within the traveling solitary wave packet, breaks the rotational symmetry of the sur-
rounding water molecular dipoles, contributing to the formation of long-range ordering
correlations. Moreover, the soliton may capture and trap an electric charge in its motion
(electrosoliton) [43–45]. The radiation emitted by the non-dissipative electric current flow-
ing (with the soliton) over the chain, together with the radiation from the chain dipole
oscillations, may synchronize with the radiation emitted by solitons on the other chains,
traveling at the same velocity and emitting radiation at the same frequency [45].

The lifetime of the soliton on the chain is finite since the chain has a finite length. The
energy released when the soliton decays propagates in the water bath, not in a diffusive
way, but in waveform since the electret state has been previously formed in the bath by the
same soliton. The reciprocal dynamical dependence between the molecular chain defor-
mations and the water environment has been observed by spectroscopic experiments [55],
where the hydration water forming, under ambient conditions, a coating superstructure of
macromolecules (DNA, in Ref. [55]) has been studied.

References
1. Muehsam, D.; Ventura, C. Life Rhythm as a Symphony of Oscillatory Patterns: Electromagnetic Energy and Sound Vibration

Modulate Gene Expression for Biological Signaling and Healing. Glob. Adv. Health Med. 2014, 3, 40–55. [CrossRef] [PubMed]
2. Ventura, C.; Gullà, D.; Graves, M.; Bergonzoni, A.; Tassinari, R.; Cavallini, C.; von Stietencron, J. Cell melodies: When sound

speaks to stem cells. CellR4 2017, 5, e2331.
3. Ventura, C. Seeing Cell Biology with the Eyes of Physics. NanoWorld J. 2017, 3, S1–S8. [CrossRef]
4. Pelling, A.E.; Sehati, S.; Gralla, E.B.; Valentine, J.S.; Gimzewski, J.K. Local nanomechanical motion of the cell wall of Saccharomyces

cerevisiae. Science 2004, 305, 1147–1150. [CrossRef] [PubMed]
5. Matsuhashi, M.; Pankrushina, A.N.; Takeuchi, S.; Ohshima, H.; Miyoi, H.; Endoh, K.; Murayama, K.; Watanabe, H.; Endo, S.; Tobi,

M.; et al. Production of sound waves by bacterial cells and the response of bacterial cells to sound. J. Gen. Appl. Microbiol. 2005,
44, 49–55. [CrossRef]

6. Guo, F.; Li, P.; French, J.B.; Mao, Z.; Zhao, H.; Li, S.; Nama, N.; Fick, J.R.; Benkovic, S.J.; Huang, T.J. Controlling cell-cell interactions
using surface acoustic waves. Proc. Natl. Acad. Sci. USA 2015, 112, 43–48. [CrossRef]

7. Fletcher, D.A.; Mullins, R.D. Cell mechanics and the cytoskeleton. Nature 2010, 463, 485–492. [CrossRef]
8. Dal Lin, C.; Radu, C.M.; Vitiello, G.; Romano, P.; Polcari, A.; Iliceto, S.; Simioni, P.; Tona, F. Stimulation on In-Vitro HL1Cells.

A Pilot Study and a Theoretical Physical Model. Int. J. Mol. Sci. 2021, 22, 156. [CrossRef]
9. Peitgen, H.-O.; Jürgens, H.; Saupe, D. Chaos and Fractals; Springer: New York, NY, USA, 2004.
10. Vitiello, G. Fractals, coherent states and self-similarity induced noncommutative geometry. Phys. A. 2012, 376, 2527–2532.

[CrossRef]
11. Fröhlich, H. Long-range coherence and energy storage in biological systems. Int. J. Quantum Chem. 1968, 2, 641–649. [CrossRef]
12. Fröhlich, H. Long-range coherence in biological systems. Riv. Nuovo Cimento 1977, 7, 399–418. [CrossRef]
13. Davydov, A.S. Biology and Quantum Mechanics; Pergamon Press: Oxford, UK, 1982.
14. Del Giudice, E.; Doglia, S.; Milani, M.; Vitiello, G. A quantum field theoretical approach to the collective behavior of biological

systems. Nucl. Phys. 1985, 251, 375–400. [CrossRef]
15. Del Giudice, E.; Doglia, S.; Milani, M.; Vitiello, G. Electromagnetic field and spontaneous symmetry breakdown in biological

matter. Nucl. Phys. 1986, 275, 185–199. [CrossRef]
16. Vitiello, G. Classical chaotic trajectories in quantum field theory. Int. J. Mod. Phys. B 2004, 18, 785–792. [CrossRef]
17. Hilborn, R. Chaos and Nonlinear Dynamics; Oxford University Press: Oxford, UK, 1994.
18. Itzykson, C.; Zuber, J. Quantum Field Theory; McGraw-Hill: New York, NY, USA, 1980.
19. Bogoliubov, N.N.; Logunov, A.A.; Todorov, I.T. Axiomatic Quantum Field Theory; Benjamin: New York, NY, USA, 1975.

http://doi.org/10.7453/gahmj.2014.008
http://www.ncbi.nlm.nih.gov/pubmed/24808981
http://doi.org/10.17756/nwj.2017-s2-001
http://doi.org/10.1126/science.1097640
http://www.ncbi.nlm.nih.gov/pubmed/15326353
http://doi.org/10.2323/jgam.44.49
http://doi.org/10.1073/pnas.1422068112
http://doi.org/10.1038/nature08908
http://doi.org/10.3390/ijms22010156
http://doi.org/10.1016/j.physleta.2012.06.035
http://doi.org/10.1002/qua.560020505
http://doi.org/10.1007/BF02747279
http://doi.org/10.1016/0550-3213(85)90267-6
http://doi.org/10.1016/0550-3213(86)90595-X
http://doi.org/10.1142/S0217979204024409


Int. J. Mol. Sci. 2022, 23, 5145 13 of 14

20. Goldstone, J. Field theories with superconductor solutions. Nuovo Cimento 1961, 19, 154–164. [CrossRef]
21. Goldstone, J.; Salam, A.; Weinberg, S. Broken Symmetries. Phys. Rev. 1962, 127, 965–970. [CrossRef]
22. Matsumoto, H.; Tachiki, M.; Umezawa, H. Thermo Field Dynamics and Condensed States; North-Holland: Amsterdam, The

Netherlands, 1982.
23. Del Giudice, E.; Spinetti, P.R.; Tedeschi, A. Water dynamics at the root of metamorphosis in living organisms. Water J. 2010, 2,

566–586. [CrossRef]
24. Dal Lin, C.; Brugnolo, L.; Marinova, M.; Plebani, M.; Iliceto, S.; Tona, F.; Vitiello, G. Toward a Unified View of Cognitive

and Biochemical Activity: Meditation and Linguistic Self-Reconstructing May Lead to Inflammation and Oxidative Stress
Improvement. Entropy 2020, 22, 818. [CrossRef]

25. Dal Lin, C.; Iliceto, S.; Tona, F.; Vitiello, G. Cellular and subcellular coherent dynamics, biological functional properties, and
system-environment interaction. BioCell 2022, 46, 1779–1788. [CrossRef]

26. Dal Lin, C.; Grasso, R.; Scordino, A.; Triglia, A.; Tona, F.; Iliceto, S.; Vitiello, G.; Elia, V.; Napoli, E.; Germano, R.; et al. Ph, Electric
Conductivity and Delayed Luminescence Changes in Human Sera of Subjects Undergoing the Relaxation Response: A Pilot
Study. Org. J. Biol. Sci. 2020, 4, 2532–5876. [CrossRef]

27. Su, Z.-Y.; Wu, T. Multifractal analyses of music sequences. Phys. D Nonlinear Phenom. 2006, 221, 188–194. [CrossRef]
28. Karperien, A. FracLac for ImageJ. Available online: http://rsb.info.nih.gov/ij/plugins/fraclac/FLHelp/Introduction.htm

(accessed on 1 December 2020).
29. Olesen, H. Properties and units in the clinical laboratories sciences: I. Sintax and semantic rules (IUPAC-IFCC Recomandations

1995). Pure Appl. Chem. IUPAC 1995, 87, 1563–1574. [CrossRef]
30. Dierkes, K.; Sumi, A.; Solon, J.; Salbreux, G. Spontaneous Oscillations of Elastic Contractile Materials with Turnover. Phys. Rev.

Lett. 2014, 113, 148102. [CrossRef] [PubMed]
31. Meijer, D.K.F.; Geesink, J.H. Phonon Guided Biology. Architecture of Life and Conscious Perception Are Mediated by Toroidal

Coupling of Phonon, Photon and Electron Information Fluxes at Discrete Eigenfrequencies. NeuroQuantology 2016, 14, 718–755.
[CrossRef]

32. Acbas, G.; Niessen, K.A.; Snell, E.H.; Markelz, A.G. Optical measurements of long-range protein vibrations. Nat. Commun. 2014,
5, 3076. [CrossRef] [PubMed]

33. Sahu, S.; Ghosh, S.; Fujita, D.; Bandyopadhyay, A. Live visualizations of single isolated tubulin protein self-assembly via tunneling
current: Effect of electromagnetic pumping during spontaneous growth of microtubule. Sci. Rep. 2014, 4, 7303. [CrossRef]

34. Dal Lin, C.; Falanga, M.; De Lauro, E.; De Martino, S.; Vitiello, G. Biochemical and biophysical mechanisms underlying the heart
and the brain dialog. AIMS Biophys. 2021, 8, 1–33. [CrossRef]

35. Marburger, J.H. Self-focusing. Theory Prog. Quant. Electr. 1975, 4, 35–110. [CrossRef]
36. Chiao, R.Y.; Gustafson, T.K.; Kelley, P.L. Self-Focusing of Optical Beams. In Self Focusing: Past and Present; Boyd, R.W., Lukishova,

S.G., Shen, Y.R., Eds.; Springer: New York, NY, USA, 2009; pp. 129–143.
37. Zakharov, V.E.; Shabat, A.B. Exact theory of two-dimensional self-focusing and self-modulation of waves in nonlinear media. Sov.

J. Exp. Theor. Phys. 1971, 61, 118–134.
38. Askar’yan, G.A. The self-focusing effect. Sov. Phys. Usp. 1974, 16, 680. [CrossRef]
39. Mandoli, D.F.; Briggs, W. Optical properties of etiolated plant tissues. Proc. Natl. Acad. Sci. USA 1982, 79, 2902–2906. [CrossRef]

[PubMed]
40. Anderson, P.W. Plasmons, Gauge invariance and mass. Phys. Rev. 1963, 130, 439. [CrossRef]
41. Higgs, P.W. Spontaneous symmetry breakdown without massless bosons. Phys. Rev. 1966, 145, 1156. [CrossRef]
42. Kibble, T.W. Symmetry breaking in non-Abelian gauge theories. Phys. Rev. 1967, 155, 1554. [CrossRef]
43. Davydov, A.S. Solitons in Molecular System; Reidel: Dordrecht, Netherlands, 1985.
44. Brizhik, L.; Cruzeiro-Hansson, L.; Eremko, A.; Olkhovska, Y. Soliton dynamics and Peierls-Nabarro barrier in a discrete molecular

chain. Phys. Rev. B 2000, 61, 1129–1141. [CrossRef]
45. Brizhik, L. Influence of electromagnetic field on soliton mediated charge transport in biological systems. Electromagn. Biol. Med.

2015, 34, 123–132. [CrossRef]
46. Bernaola-Galvan, P.; Roman-Roldan, R.; Oliver, J.L. Compositional segmentation and long-range fractal correlations in DNA

sequences. Phys. Rev. E 1996, 53, 5181–5189. [CrossRef]
47. Lebedev, D.V.; Filatov, M.V.; Kuklin, A.I.; Islamov, A.K.; Kentzinger, E.; Pantina, R.; Toperverg, B.P.; Isaev-Ivanov, V.V. Fractal

nature of chromatin organization in interphase chicken erythrocyte nuclei: DNA structure exhibits biphasic fractal properties.
FEBS Lett. 2005, 579, 1465–1468. [CrossRef]

48. Piattelli-Palmarini, M.; Vitiello, G. Linguistics and some aspects of its underlying dynamics. Biolinguistics 2015, 9, 96–115.
[CrossRef]

49. Geesink, H.J.H.; Meijer, D.K.F. Electromagnetic Frequency Patterns that are Crucial for Health and Disease reveal a Generalized
Biophysical Principle: The GM scale. Quantum Biosyst. 2017, 8, 1–16.

50. Klauder, J.R.; Sudarshan, E.C.G. Fundamentals of Quantum Optics; Benjamin: New York, NY, USA, 1968.
51. Umezawa, H. Advanced Field Theory: Micro, Macro, and Thermal Physics; AIP: New York, NY, USA, 1993.
52. Huth, A.G.; De Heer, W.A.; Griffiths, T.L.; Theunissen, F.E.; Gallant, J.L. Natural speech reveals the semantic maps that tile human

cerebral cortex. Nature 2016, 532, 453–458. [CrossRef] [PubMed]

http://doi.org/10.1007/BF02812722
http://doi.org/10.1103/PhysRev.127.965
http://doi.org/10.3390/w2030566
http://doi.org/10.3390/e22080818
http://doi.org/10.32604/biocell.2022.019169
http://doi.org/10.13133/2532-5876/16997
http://doi.org/10.1016/j.physd.2006.08.001
http://rsb.info.nih.gov/ij/plugins/fraclac/FLHelp/Introduction.htm
http://doi.org/10.1351/pac199567081563
http://doi.org/10.1103/PhysRevLett.113.148102
http://www.ncbi.nlm.nih.gov/pubmed/25325664
http://doi.org/10.14704/nq.2016.14.4.985
http://doi.org/10.1038/ncomms4076
http://www.ncbi.nlm.nih.gov/pubmed/24430203
http://doi.org/10.1038/srep07303
http://doi.org/10.3934/biophy.2021001
http://doi.org/10.1016/0079-6727(75)90003-8
http://doi.org/10.1070/PU1974v016n05ABEH004130
http://doi.org/10.1073/pnas.79.9.2902
http://www.ncbi.nlm.nih.gov/pubmed/16593186
http://doi.org/10.1103/PhysRev.130.439
http://doi.org/10.1103/PhysRev.145.1156
http://doi.org/10.1103/PhysRev.155.1554
http://doi.org/10.1103/PhysRevB.61.1129
http://doi.org/10.3109/15368378.2015.1036071
http://doi.org/10.1103/PhysRevE.53.5181
http://doi.org/10.1016/j.febslet.2005.01.052
http://doi.org/10.5964/bioling.9033
http://doi.org/10.1038/nature17637
http://www.ncbi.nlm.nih.gov/pubmed/27121839


Int. J. Mol. Sci. 2022, 23, 5145 14 of 14

53. Pietruszka, M.A. Non-equilibrium phase transition at a critical point of human blood. Sci. Rep. 2021, 11, 22398. [CrossRef]
[PubMed]

54. Kurcz, A.; Capolupo, A.; Beige, A.; Del Giudice, E.; Vitiello, G. Energy concentration in composite quantum systems. Phys. Rev. A
2010, 81, 063821. [CrossRef]

55. McDermott, M.L.; Vanselous, H.; Corcelli, S.A.; Petersen, P.B. DNA’s Chiral Spine of Hydration. ACS Cent. Sci. 2017, 3, 708–714.
[CrossRef] [PubMed]

http://doi.org/10.1038/s41598-021-01909-9
http://www.ncbi.nlm.nih.gov/pubmed/34789814
http://doi.org/10.1103/PhysRevA.81.063821
http://doi.org/10.1021/acscentsci.7b00100
http://www.ncbi.nlm.nih.gov/pubmed/28776012

	Introduction 
	Results Summary 
	Discussion 
	Conclusions 
	Appendix A
	Formation of Microtubules 
	Temperature and Correlation Range 
	Solitary Waves 

	References

