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Abstract: Mechanical vibrations seem to affect the behaviour of different cell types and the functions
of different organs. Pressure waves, including acoustic waves (sounds), could affect cytoskeletal
molecules via coherent changes in their spatial organization and mechano-transduction signalling.
We analyzed the sounds spectra and their fractal features. Cardiac muscle HL1 cells were exposed
to different sounds, were stained for cytoskeletal markers (phalloidin, beta-actin, alpha-tubulin,
alpha-actinin-1), and studied with multifractal analysis (using FracLac for ImageJ). A single cell was
live-imaged and its dynamic contractility changes in response to each different sound were analysed
(using Musclemotion for ImageJ). Different sound stimuli seem to influence the contractility and
the spatial organization of HL1 cells, resulting in a different localization and fluorescence emission
of cytoskeletal proteins. Since the cellular behaviour seems to correlate with the fractal structure
of the sound used, we speculate that it can influence the cells by virtue of the different sound
waves’ geometric properties that we have photographed and filmed. A theoretical physical model is
proposed to explain our results, based on the coherent molecular dynamics. We stress the role of the
systemic view in the understanding of the biological activity.

Keywords: mechano-transduction; cardiomyocytes; cytoskeletal proteins; sound waves; coherent
states; fractals

1. Introduction

Chronic stress plays a significant role in the onset of severe and impairing psychiatric
conditions [1], and mental stress represents one of the main cardiovascular risk factors
capable of directly inducing myocardial ischemia [2]. Mental illness and ischemic heart
disease appear thus to be correlated [3]. In particular, repeatedly experiencing hostility
and emotions of hatred [4] and anger (such as in some psychiatric disorders [5]) appears to
increase the risk of ischemic heart disease [6]. A possible link thus seems to reside in the
hyperactivation of the stress axis [7].

On the other hand, the practice of “loving-kindness” techniques (e.g., the repetition
of visualizations, phrases, and words focused on compassion, such as “I understand
you”, “I am sympathetic with you”, “I love you”, etc.) [8,9] and anti-stress methods (e.g.,
meditation or music appreciation) seems to be a useful tool in terms of prevention and
rehabilitation in the context of both ischemic heart disease [10] and mental illness [11].
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The possible biophysical and molecular mechanisms underlying the heart–brain corre-
lation have been discussed [12] and it has been shown [13–18] how the practice of relaxation
response (RR) improves coronary blood flow, the heart contractility, and determines a
favourable variation of inflammation molecules, stress hormones, neurotransmitters, aging
markers, and circulating microRNAs, inducing an attenuation of the expression of some
inflammatory genes in white blood cell precursors. Remarkably, the physical appearance
of the subjects’ serum changes during RR [14,19].

It has also been documented that subjects who undertake a properly designed cognitive-
behavioural path and learn RR, change their language [20]. In fact, language expresses
the way in which each subject perceives the world in which he is embedded. It is not
the events of everyday life that are “stressful”, but it is how each person “talks inside” in
front of the scenes that he observes to activate or not the stress axis and produce certain
adaptive/maladaptive emotions and behaviours [20].

The complex perceptual experiences felt by the body at the various interlinked levels of
emotional, visceral, and motor involvements produce through the brain action-perception
cycle dynamical patterns of synchronously oscillating neuronal patterns [21,22], and might
even be responsible of the formation of phonetic-semantic neuronal mappings, according
to recent views to be confirmed by further research work [23,24].

These premises suggest that the information encoded in language might directly
regulate bodily functions and of the heart in particular. The question then arises whether
the sounds and phonemes used during each 20 min-RR session [13] and the words used by
the subjects [20] can directly influence heart function and specifically heart cells [13].

Thus, cultures of murine atrial cardiomyocytes (HL1) were, by us, exposed to 20-
min sound sequences. In particular, the meditative bisyllabic phoneme (mantra) and the
music used in our clinical research was used, some “commercial” music with irregular
alternations of high-low frequencies and rhythms and a collection of noises. In order to
simulate the “loving-kindness” practices and hatred dynamics, a 20-min repetition of the
words “ti amo” and “ti odio” were also used (a simple linguistic-vocal representative
example of what has been previously reported [4–6,8–11,25]). The same cellular culture
line was followed as a control under the microscope for 20 min without any stimulation.

Any spatial changes of the cytoskeleton by the immunofluorescence technique and
multifractal analysis were assessed in Image-J [26] with FracLac plugin [27]. The direct re-
sponse (contractility variation) of the same single cell to each different acoustic stimuli was
followed, acquiring a live video that was then automatically analysed with Musclemotion
plugin for Image-J [28]. The mean fluorescence intensity of cytoskeletal protein markers un-
der the different conditions was also evaluated. In order to better understand and describe
the experimental results, the spectrum was analysed and the geometric characteristics of
the waveforms of the used sounds were photographed and filmed.

Finally, the theoretical analysis is presented in Section 3.1 (see also the
Appendices A and B) in order to account for the main aspects of the phenomenological
analysis of the sound wave interaction with the cell and its components, in particular with
microtubules. The vibrational modes of the electric dipoles characterizing the molecules of
the inter- and intra-cellular systems are actually quantum variables and thus it is required
the use quantum field theory formalism for their proper description. The role of the
phonons (namely, the quanta of the sound waves in quantum theories) is thus considered,
which provides a deeper understanding of the interaction of sound waves with cells and
their environment at a microscopic molecular level. Moreover, the theoretical modelling
reveals it is able to account for the experimental observation of the fractal and multi-
fractal self-similarity in the response signals of cells to sound stimuli. An isomorphism
is indeed shown to exist between the coherent state molecular regime and fractal and
multifractal structures.
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2. Results
2.1. Spatial Organization: Starting Condition and Alpha-Tubulin Staining after Different
Acoustic Stimulations

Figure 1A shows the starting condition by means of bright field images (representative
images selected from five positions and six experimental repetitions). As described in
Section 4, cell numbers were similar during our experiments. 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.
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to 0.8. 
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Table 1 represents, in grey, the median and interquartile range of the automatic peak 

contractility measurements made by the software (in “arbitrary units -a.u.”, please see 
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Figure 1. (A) Starting condition, description in the text. (B) Alpha-tubulin staining after the different 20-min sounds
stimulation with a graph below representing ƒ(α) vs. α (the typical pattern for multifractals) and the results of the
multifractal analysis reporting the average fractal dimension (D) and lacunarity (L). In (B), all L parameters vary less than
± 0.002. All the photos are representative images selected from 5 positions and 6 experimental repetitions. Images were
acquired with 40×/0.60 dry objective. Scale bar 10 µm.

Figure 1B represents the result of the different sound stimulations. Alpha-tubulin was
marked in green. In the control cells, there were no significant variations of the parameters
D and L. In the case of meditative music, mantra, or the signal “ti amo”, there was an
increase in the D to 1.7 and a decrease in the L to 0.4. In the case of commercial music,
noise, and the “ti odio” signal, the D reduced to 1.3 with a slight increase in the L to 0.8.

2.2. Contractility

Table 1 represents, in grey, the median and interquartile range of the automatic peak
contractility measurements made by the software (in “arbitrary units-a.u.”, please see
Musclemotion plugin for more details [28]). In total, 100 measurements were made in each
condition. We repeated the experiment 6 times (600 measurements in each condition). The
white line indicates the statistical analysis relating to the comparison between dependent
samples (performed by Wilcoxon test)—the same cell acted as a control of itself and the
contractility measurements at the different stimulations were compared with the “baseline”
(absence of sound stimulus-control).
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Table 1. Contractility automatic analysis of the same cell under the different acoustic stimulations with statistical analysis.

Control Meditation
Music Mantra “Ti Amo”

Signal
Commercial

Music Noise “Ti Odio”
Signal

Contractiona.u. 268
(265–270)

301
(300–304)

306
(304–312)

301
(299–303)

244
(223–247)

250
(245–255)

241
(240–246)

p - <0.01 <0.001 <0.01 <0.001 <0.01 <0.001

Figure 2 depicts the automatic analysis of the contractility of a single cell filmed
while it is first subjected to 20 min of silence, followed by 20 min of the different sound
stimulations, interspersed with 20 min of silence from each other. It is possible to note,
taking the cell in conditions of silence as a reference, that its contractility varies according
to the acoustic stimulus that passes through it, increasing in the case of meditative music,
mantra, and the signal “ti amo” and decreasing in the case of commercial music, noise, and
“ti odio” signals.
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Figure 2. Contractility analysis of the same cell (at the top of the panel, black arrows indicate the contraction—magnification
63×) under the different acoustic stimulations. The graphics represent Contraction (a.u.) vs. Time (ms).

2.3. Specific Sound Analysis, Immunofluorescence, and Confocal Microscopy

Figure 3 shows the sound analysis (left side of the panel) and the multifractal analysis
of the immunofluorescent images of cytoskeletal markers (on the right).
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Figure 3. Sound analysis (left side of the panel) and the multifractal analysis of the immunofluorescent images of cytoskeletal
markers (on the right). (A) Control cells, (B) Meditation music, (C) Mantra, (D) “ti amo” signal, (E) “ti odio” signal. On
the left: the sound analysis (FFT on the top, underlying spectrum graphical depiction and spectral multifractal analysis
next). On the right, in order: Alpha-tubulin 63× (and Hoecst in B), Phalloidin 63×, 100×, confocal (cf.), Beta-actin 63× and
Alpha-actinin-1 (Actinin) 100× stainings after 20 min of each sound stimulation. Below a graph representing ƒ(α) vs. α (the
typical pattern for multifractals) and the results of the multifractal analysis reporting the average fractal dimension (D) and
lacunarity (L) of all the experiments. All L parameters vary less than ± 0.002. All the photos are representative images
selected from 5 positions and 6 experimental repetitions. Scale bar 10 µm.

In the control cells (A), we note a multifractal arrangement with a certain inhomogene-
ity of the parameter D (in the different samplings carried out, it is between 1–1.5 and 1.8)
and L. The curves ƒ(α) vs. α (under the photos) of the multifractal analysis present a wide
bottom concavity.

Images in B, C, D, and E, left side of the panel, show the analysis of sounds: the
Fast Fourier Transform (FFT) of the spectrum at the top with the underlying relative
graphical-chromatic representation. Next, the fractal analysis: the mantra has a monofractal
dimension; the meditative music and the “ti amo” signal are multifractal. All these signals
seem to favour a very homogeneous multifractal arrangement in the cells (D tends to settle
on 1.6–1.7) with a small L. The curves ƒ(α) vs. α are tighter than thecontrols. In the case of
meditative music, we could also observe monofractal arrangements (D marked in red). The
“ti odio” signal is multifractal and is accompanied by very inhomogeneous D parameters,
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different from both the controls and the previous ones, with a larger L and wide ƒ(α) vs. α
curves.

The other two signals (noises and commercial music) did not show any significant
differences from the controls (images not presented).

2.4. Mean Fluorescence Intensity

In Figure 4, we evaluated the immunofluorescent signal emission in the same three
restricted regions of interest (ROIs) after light stimulation with the laser set at 510, 520, and
530 nm. Only the cells stimulated by the “mantra” signal show a monofractal emission
in the regions explored (linear LOG–LOG relationship -logarithm of intensity over log of
frequency-). This does not happen in the other cases.
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within cells stimulated with “mantra” signal for 20 min (on the top). This does not happen in the other cases: on the bottom
is reported the results of the LOG–LOG plot of the signal “ti odio” as example. Scale bar 10 µm.

In Table 2, we report the mean grey intensity for the markers phalloidin, beta-actin,
and alpha-actinin-1 (Actinin), and in A, we report the data of the control cells. The cells
stimulated with meditative music, mantra, and the “ti amo” signal have comparable
emissions. In B, we present the average of their pooled data. In C, the data relating to cells
subjected to the “ti odio” signal is presented. We did not notice any differences between
control cells, noise, or commercial music.

Table 2. Mean fluorescence intensity.

A B C

Phalloidin 17.8 ± 4.3 #,∗ 30.3 ± 5.4 #,• 6.1 ± 2.9 ∗,•
Beta-actin 1.5 ± 0.3 #,∗ 7.4 ± 1.9 #,• 2.7 ± 0.6 ∗,•

Alpha-actinin-1 1.5 ± 0.2 #,∗ 3.1 ± 0.7 #,• 1.0 ± 0.2 ∗,•
# Mann–Whitney for independent samples A vs. B p < 0.05; ∗ Mann–Whitney for independent
samples A vs. C p < 0.05; •Mann–Whitney for independent samples B vs. C p < 0.05; A = control-no
sound; B = meditation music, mantra, “ti amo” signal; C = “ti odio” signal.
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3. Discussion

In the previous sections, as customary [29], the word sound has been used to refer to
oscillation in pressure, stress, particle displacement, particle velocity, etc. Sound waves
propagate in a medium with internal (elastic or viscous) forces. A sound source thus creates
vibrations in the medium (air, water, solids) through which it propagates with longitudinal
and transverse wave components. Sound waves, in their propagation, can be reflected,
refracted, or attenuated by the medium. At a fixed distance from the sound source, the
pressure and displacement of the medium and the velocities of its components vary in time
and at a given time they vary in space.

Very schematically, sound types span from noise (white, pink, brown noises) to music
and words according to the degree of intrinsic organization of the wave trains [30–32].
Such an organization can be studied by means of signal analysis methods and fractal
analysis [33,34].

Sound waves, depending on their wavelength (frequency), can locate objects in space,
revealing, on the basis of their response signal, their geometric shape, their ordered arrange-
ments, and their fractal and multifractal properties within three-dimensional patterns [35].
Few notions on multifractals are recalled in Section 3.1.

Besides the evidence that cells are able to communicate with each other through light
emissions [36,37] and in general through electromagnetic waves [38–40], cells can also
communicate through mechanical vibrations [41–43]. Sound waves, similar to other me-
chanical waves, can profoundly affect the behaviour of different cell types and, ultimately,
the functions of different organs [44,45].

Pressure waves produced by sounds could affect certain cells or their structures
determining microvibrations, or even cause resonances, i.e., the synchronization of the
biomolecular oscillatory patterns within cells [46]. For example, it has been shown that
bacterial cells are able to respond to specific single acoustic frequencies and are able to emit
sounds [47].

Moreover, acoustic vibrations in the form of single frequencies [48], noise or music,
have been shown to alter proliferation, viability [49], and hormone binding [50] in human
cell cultures and in animal models [51,52]. Acoustic stimuli are thus of paramount im-
portance in guiding the spatial interaction between cells, influencing their individual and
collective behaviour [53,54], their intra-cellular and inter-cellular organization, which are
key elements regulating their function [55].

As is well known, the cellular component that regulates and couples cellular form
and function is the cytoskeleton [56]. Mechanical forces, exerted, e.g., by sound pres-
sure on surface-adhesion receptors, such as integrins and cadherins, are channelled very
rapidly along cytoskeletal filaments and focused at distant sites in the cytoplasm and
nucleus [43,57,58], altering cellular genome activities [59].

Microtubules, which represent one component of the cytoskeleton and are composed
of dimers of alpha and beta tubulin, interact with the other cytoskeletal proteins, and are
responsible for the structure and shape of cell and of its movements. They also interact with
other cytoplasmic organelles, such as mitochondria, and regulate their functions [60,61].

A remarkable property of microtubules is that they undergo an ultra-rapid (msec)
polymerization/de-polymerization turnover by exchanging their subunits. As micro-
tubules, actin is involved in a dynamic process of polymerization/de-polymerization.

A fundamental example of how the cellular shape and cytoskeleton structure are
important for the maintenance of cellular function is the cardiomyocyte and its contractile
capacity [62–64].

Thus, we focused our attention on these inter-related dynamic systems.
As exposed in the introduction, our interest and focus in this work was in under-

standing how the wave-length (and frequency) information encoded in the sounds and
phonemes used in our clinical research [13] and the same words used by the subjects under
therapy [20] can affect and influence heart function [13]. This in vitro proof-of-concept



Int. J. Mol. Sci. 2021, 22, 156 8 of 20

study, by directly focusing on molecular and cellular response to sound probes, represents
a first step to answering this question.

As illustrated in previous sections, HL1 cells were probed with different sounds for
20 min and their response was detected and analysed. The experiment was repeated six
times with the same outcomes: (1) change in cellular/cytoskeletal spatial configuration,
(2) contractility modification, (3) coherent signals of different cytoskeletal components,
and (4) change of immunofluorescence emission.

According to the multifractal analysis and the cell imaging, the tubulin distribution
in Figure 3 (in particular Figure 3C,D) is organized as a net of filaments perpendicular
and parallel to sound waves (that come from right to left) (video from [65]). This could
provide important information in the study of cell-to-cell communication and cellular inner
activity [66].

Moreover, as a response to the meditation practice, music listening, mantra activity,
and exposition to the “ti amo” signal, the light emission intensity by phalloidin (F-actin),
beta-actin, and alpha-actinin-1 (that builds bridges between F-actin filaments) increased,
while after the “ti odio” signal, a sharp decrease of the emissions by the same markers was
observed. This could reflect a change in molecular polymerization [67] that may indirectly
reveal the modification in cellular contractility [68] shown in picture 3 and video from [65].

Our observation appears to be in agreement with recently reported results indicating
that human stem cells seem to respond to complex sound frequencies (melodic music,
rhythm patterns, and human voice) with different electromagnetic emissions measured
with a Multi Spectral Imaging system [69].

Cellular patterns respond differently depending on specific sound stimuli; moreover,
some biomechanical acoustic stimulations enhance contractility (and increase the vesicular
traffic within HL-1 cells—please see videos from [65]), while others hinder it. We speculate
that this could be related to a transcriptional stimulation effect, based on the observation of
Wang et al. [59].

The observations reported in the present work and the videos in the Supplementary
Material show how HL-1 cells respond in a highly sensitive fashion to vocal sounds and
music or noise with opposite results based on the type of the acoustic stimulus itself. The
vibrations that we use in our clinical research seem to have an organizing-stimulating
biological impact and possess a monofractal or a simple multifractal structure (narrow ƒ(α)
vs. α curve, and low L).

The sounds used in this work are composed of a spectrum of peculiar acoustic frequen-
cies (see spectral FFT graphs) that propagate in a liquid medium (such as the used culture
medium) by drawing different geometric shapes (video from [65]), as already demonstrated
by Chang et al. [70].

The effect of the sounds we used could be encoded in their specific geometric form,
and the wave trains characteristic of each acoustic vibration can: (1) directly modulate the
cytoskeleton morphology [58,71] by signals of mechanical stress or relaxation penetrating
up to the nucleus, thus interfering favourably or not with the trafficking of organelles (such
as mitochondria [72]), of cellular micro-vesicles [73] and influencing protein oscillatory
motions normally present in the cytoplasm [74]; and (2) arrange the traffic and the electro-
magnetic interaction [75,76] between the molecules dissolved in the cytoplasm, regulating
processes crucial to cell survival [77,78] according to the mechanisms exemplified in the
video from [65].

It is, on the other hand, reasonable that a relationship between trains of acoustic waves
and proteins [77] may exist, given that protein chains may support wave excitations accord-
ing to different dynamical regimes [79], including nonlinear solitary waves [80–82], and
may interact with each other through an exchange of quantum modes, such as dipole quan-
tum waves, mediated by the water bath in which they are embedded [80–83]. In this respect,
it is remarkable that acoustic stimulations deform [66,84] and are conveyed [58,85–88] by
the cytoskeleton to the nucleus [59] and on the other hand, the tubulin monomers exhibit
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different oscillatory and assembly modes [89] depending on the stimulating frequen-
cies [38].

As mentioned in the introduction, the phenomenological analysis of the sound wave
interaction with the cell, its cytoskeleton, and other components may be enriched by
considering that the vibrational modes of the electric dipoles characterizing the molecules
involved in the inter- and intra-cellular systems are actually quantum variables, thus
requiring quantum theory for their proper and complete description. The analysis of
such a quantum dynamical level starts from considering that the molecular electric dipole
vibrations, e.g., on a protein macromolecule chain, produce deformations on the chain,
which are properly described by phonons, the quanta associated to the deformation wave,
namely the elastic wave. This reveals the real deep reasons of the relevance of the above-
described interaction of sound waves with cells and their environment in biological systems.
The dynamical formation of fractal and multifractal self-similarity is also shown to be
related to the coherent state structure at microscopic molecular level.

In the following section, it is illustrated the theoretical quantum model underlying the
experimental observations and phenomenological discussion presented above.

3.1. Theoretical Modelling
Modelling the Dynamical Origin of Positive and Negative Effects Due to Sounds

Sounds, pressure waves, and mechanical vibrations (denoted as “sounds”) can be de-
scribed in terms of their associated excitation modes, called phonons [90,91] (see Appendix A).
These are particles (boson quanta) describing displacement waves in condensed matter physics
and carry a definite amount of vibrational/mechanical energy determined by the specific
sound frequency. The interactions of cells, cytoskeleton, and other cellular components, in
particular of their associated electric charge distributions and dipole vibrational modes, with
sounds is thus described in terms of their interactions with phonons [80–82,90–93].

In the following, we show how we may thus account for the results presented in
Sections 2.1–2.4 on the fractal and multifractal response, contractility changes, and fluores-
cence response to sound signals, respectively.

In the Appendices A and B, we present the general theoretical frame underlying our
discussion in the present section. Here, we only mention that the common characterization
of molecules, cellular structures, and the water bath molecules in which they are embedded
is given by their specific electric dipoles. The molecular dynamics is such that the system
state of least energy (the system ground state) presents coherent long-range dipole correla-
tions, described as customary in quantum theory, by their associated dipole wave quanta
(dwq) (Appendix A). Such a coherent microscopic dynamics promotes and facilitates the
occurrence of short-range interactions (Van der Waals interactions, H-bonding, etc.) by
reducing the randomness of the molecular kinematics so to enhance the observed high
efficiency of metabolic reactions.

Our first step is the derivation, within our modelling, of the relevant scale R of the
observed processes. In fact, in the Appendix A, we obtain that, in the approximation that
the dwq behave as free particles, R = 25 micron at temperature T = 300 K, which agrees
with the order of magnitude of the observed structures. In the figures in the text, the scale
bar is indeed 10 µm (e.g., the caption of Figures 1, 3 and 4).

We then consider the result on the contractility changes reported in Section 2.2. The
system aims to preserve its functional activity against an external supply of energy by the
impinging phonons producing thermal changes. From the dependence of R on T (cf. the
Appendix A for the derivation), we see that to keep T constant, the system reacts to an
increase of T due to the energy released by the phonon, by increasing the size R of the
correlated domain, i.e., shifting toward correlations of longer wave lengths. Analogously,
the system lowers the linear size R of the correlated domain so to oppose to a decrease
of T [65,81]. This explains the observed contractility behaviour under sound stimulus
that passes through the system, increasing in the case of meditative music, mantra, and
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the signal “ti amo” and decreasing in the case of commercial music, noise, and “ti odio”
signals.

We turn now to the other results reported in Sections 2.1, 2.3 and 2.4. They have
their common root in the coherence of the states generated by the underlying molecu-
lar dynamics.

It is convenient to summarize first the results in Sections 2.1, 2.3 and 2.4. The result
concerning the observed fractal and multifractal self-similarity structure (cf. Section 2.1)
shows that the fractal dimension or size D increases and the lacunarity L decreases in the
case of meditative music, mantra, or “ti amo” signals, which we will denote as “positive”
signals. The opposite variations in D and L are observed in the case of “negative” signals,
i.e., commercial music, noise, and the “ti odio” signal. No variations in D and L were
observed in the control cells. For the meaning of multifractal and lacunarity L, see below
and the Appendix B.

The results on immunofluorescence images of cytoskeletal markers (cf. Section 2.3)
show that while the mantra has a monofractal dimension, meditative music and the “ti
amo” signal are homogeneously multifractal with low L. The “ti odio” signal is multifractal
and is accompanied by very inhomogeneous D parameters, different from both controls
and the previous ones, with a larger L. The signals of noises and commercial music did not
show any significant differences from the controls, showing a multifractal arrangement
with inhomogeneity of the parameter D and L.

In the case of mean fluorescence intensity (cf. Section 2.4), emitted after laser light
stimulation, only the mantra signal shows monofractal emission in the explored regions,
which does not happen in the other cases, although the emission intensity of cells stimulated
with meditative music, mantra, and the “ti amo” signal has comparable emissions (see
Table 2). No difference between control cells, noise, or commercial music is observed.

We recall now that fractal self-similarity manifests itself in the linear relation between
logarithms of conjugate variables (e.g., power spectral density P and frequency f ) depicted
by a straight line in log-log plots, log P = α log f, with α the slope of the straight line, also
called fractal dimension (the above-mentioned fractal size D) (e.g., Figures 1 and 3).

The multifractal structure can be thought as being made by fractal sub-structures.
The multifractal feature of a sound or a music sequence is characterized by its spec-
trum ƒ(α), which generally has the shape of a parabola that is concave downward (e.g.,
Figures 1 and 3). The opening (α(−∞) − α(+∞)) of the parabola reflects the degree of irreg-
ularity in the distribution of the point set. A wide opening parabola indicates that points are
not uniformly distributed along the line; rather, the tendency is to form clusters of different
sizes and densities. The “lacunarity” (L) provides a measure of these non-homogeneities or
gaps (see also the Appendix B).

These notions of fractal self-similarity immediately lead us to realize that the men-
tioned results in Sections 2.1–2.4 find their understanding in the proposed modelling. In
fact, the fractal strait line in the log-log plots, log P = α log f, is easily written as (f−α P)n = 1,
with n a real number and α the scaling exponent (the fractal dimension or size). This can
be similarly done also in the multifractal case for each of its fractal sub-structures.

The key observation is now that the form (f−α P)n, apart from the normalization
factor square-root of factorial n,

√
n!, denotes in the complex plane the entire analytical

functions, which are the building blocks in the construction of coherent states, namely in
the present case, coherent states of dwq (the molecular dipole vibrational fields) entering
our modelling (see the Appendix B). It has been shown indeed that an isomorphism
exists between deformed coherent states and self-similarity fractal properties [65,93–114].
The deformation parameter is determined by the fractal dimension α, so that different
“deformations” of the coherent structure correspond to different fractal sizes or dimensions.
A state made of coherent domains with different coherent densities is then isomorph to a
multifractal structure.

We thus see that observed different fractal behaviours (responses) of the cells and of
their components under the action of different sound waves are again described in terms of
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coherent dynamics at the microscopic level. In fact, in the different cases above summarized,
the observation that positive sounds support the formation and/or persistence of fractal
and homogeneous multifractals in cells and their components means that they promote
the formation of coherent structures at the dynamical molecular level, and they carry
frequencies resonating with those of the biological matter they interact with. The opposite
case is the one of the negative sounds. Their frequencies have negatively interfering effects
on those specific of the biological matter.

We close by observing that nonlinearity in the basic intra- and inter-cellular dynamics,
and free energy minimization play a role, within our modelling, in the understanding of
the observed results (Sections 2.1–2.4).

4. Materials and Methods

The laboratory set up for the experiment is shown in Figure 5.
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direct effect of sound that could help to explain the results that we are obtaining in vivo 
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Figure 5. Our laboratory set up for the experiment. A laptop computer with the audio tracks (A) is connected to an amplifier
(B) positioned nearby the microscope (C) and its incubator (E). With a phonimeter we calibrated the volume of the amplifier
so that the intensity of the sound in the point where the cells are positioned (E) is about 60 dB, which corresponds to a
normal vocal conversation. (D1) CO2 controller, (D2) heating unit, temperature control unit (D3). We remark that also
“control cells” were exposed to the speaker plugged to energy without any sound produced in order to exclude that our
findings could be the result of any small vibration produced by the speaker itself instead of the sound. Finally, the vocal
sounds used were pronounced by 3 different people, giving the same results.

Cell culture. The murine atrial cardiomyocyte cell line HL1 was obtained from the
laboratory of William C. Claycomb (New Orleans, LA, USA). The cells were grown in
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Claycomb medium supplemented with 10% foetal bovine serum (FBS, cat # F2442), 0.1 mM
norepinephrine, 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine
(all reagents purchased from Sigma-Aldrich, Milano, Italy) at 37 ◦C in a humidified 5% CO2
incubator. The cells were seeded (2 × 105 cells/mL) in 24-well culture plates containing a
glass coverslip in each well coated with 25 µg/mL fibronectin/0.02% w/v gelatine solution
(Sigma-Aldrich, Milano, Italy). The culture medium was changed every 3 days with fresh
medium.

At 80% of confluence, HL1 cells were exposed to 20 min of sound sequences. We used
this specific time period because we wanted to begin to study in vitro any possible direct
effect of sound that could help to explain the results that we are obtaining in vivo in our
research protocols [12–19].

We choose atrial cardiomyocytes for their characteristic of forming networks in space
and for their contractility, in order to try directly to visualize with the time-lapse technique
(Videos from [65]) possible changes of contraction in response to the mechanical stress
related to the sound waves used.

Before each experiment, we detached 1 well per plate and counted the cells that
were found to be comparable (we used a Coulter counter [115], obtaining a mean of
25 × 105 ± 3 × 105 cells).

Furthermore, we photographed in the bright field 10 positions for each culture, before
each of the 7 experimental conditions that were repeated for 6 times, and we analysed the
starting spatial arrangement of the cells without any differences (see results).

Time-lapse images. Cells at 80% confluence were analysed in live imaging using a
Leica DMI6000CS microscope (Leica Microsystems, Wetzlar, Germany) equipped with an
incubator, with a temperature-controller set at 37 ◦C and in a humified 5% CO2 atmosphere.
The cells were acquired every 100 or 160 msec for 20 min using a phase contrast (Ph) or
a differential interference contrast (DIC) at 20×/0.4 or 40×/0.6 objectives respectively.
Images were acquired using a DFC365FX camera and using the Leica Application Suite
(LAS-AF) 3.1.1. software (Leica Microsystems, Wetzlar, Germany).

Immunofluorescence and confocal microscopy. Immediately after the treatment of the cells
with the different sounds, the cells were washed twice with phosphate-buffered saline
(PBS, 137 mmol/L NaCl, 2.6 mmol/L KCl, 8 mmol/L Na2HPO4, 1.4 mmol/L KH2PO4,
pH 7.4) and fixed in 2% paraformaldehyde for 20 min, permeabilized with 0.5% Triton
X-100 in PBS for 15 min, and treated with 0.05 mol/L NH4Cl for 15 min. All steps were
performed at room temperature. Subsequently, cells were stained with the following
antibodies: mouse anti-alpha-tubulin (α-tubulin) (EXBIO Praha, Vestec, Czech Republic)
diluted 1:500, Alexa Fluor 488-Phalloidin diluted 1:150 to visualize F-actin, and rabbit
anti-alpha-actinin-1 (Thermo Fisher Scientific, Waltham, MA, USA) diluted 1:25; all the
antibodies were incubated for 1h at 37 ◦C. Rabbit anti-beta actin (β-actin) (Thermo Fisher
Scientific, Waltham, MA, USA) diluted 1:200 was incubated over night at 4 ◦C. The cells,
after incubation with the primary antibodies, were stained with the following specific
secondary antibodies: 1:100-diluted fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse IgG (Chemicon International, Billerica, MA, USA), and 1:200-diluted Alexa Fluor
594-labelled goat anti-rabbit IgG (Life Technologies, Carlsbad, CA, USA). The primary
and secondary antibodies were diluted in PBS containing 0.5% bovine serum albumin
(BSA). Secondary antibodies were also used in the absence of primary antibodies in order
to assess non-specific binding. For the immunofluorescence analysis, the cell nuclei were
labelled with 1.5 µg/mL Hoechst 33,258 (Sigma-Aldrich, Milano, Italy) for 20 min at room
temperature. Finally, the slides were mounted with Mowiol anti-fade solution (Sigma-
Aldrich, Milano, Italy).

A Leica DMI6000CS fluorescence microscope (Leica Microsystems, Wetzlar, Germany)
was used and samples were analysed with differential interference contrast (DIC) and
fluorescence objectives. Images were acquired at 40×/0.60 dry objective magnification.
Images were acquired using a DFC365FX camera and using the Leica Application Suite
(LAS-AF) 3.1.1. software. (Leica Microsystems, Wetzlar, Germany).
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The same samples were analysed by a confocal microscope TCS SP8 (Leica Microsys-
tem, Wetzlar, Germany) with a z-interval of 1.5 µm using a 100×/1.4 oil immersion
objective (image size 1024 × 1024 pixel). Images were acquired with the above-described
camera and software.

Finally, we measured the mean gray scale values (mean fluorescence intensity) of the
markers phalloidin, beta-actin, and alpha-actinin-1. Two independent observers marked
three different regions of interest (ROIs) taken in five different confocal images—5 different
positions per slide—of the same molecule (for the 6 times the experiment was repeated a
total of 90 ROI per marker) using the specific statistic function of the LAS-AF 3.1.1. software
(Leica Microsystems, Wetzlar, Germany) capturing the signal emitted from a thickness of 3
microns. Mean fluorescence intensity data were compared using the Mann–Whitney test
for independent samples.

The images and videos were analysed with Image-J open-source software [26] with
FracLac [27] for multifractal analysis (see results, discussion, Section 2.3) and Musclemo-
tion [28] plugin to asses contractility. Multifractal analysis was performed on 5 images per
slide, repeating the experiment 6 times (30 images). Representative images selected from
this set are presented in the paper.

The analysis of the sounds was performed using Audacity, MatLab, and Origin
software with which it was possible to obtain the relative Plots using a mathematical
algorithm known as Fast Fourier Transform (FFT) and to calculate each absolute or average
fractal dimension.

5. Conclusions

In this work, also by resorting to results reported in [10,13,19,20,65], we discussed the
effects on cells and their components that are induced by different sounds, pressure waves,
and mechanical vibrations, also generically referred to as sounds.

We reported observations of the effects induced by mechanical vibrations on different
cell types, also affecting the functions of different organs. Pressure and acoustic waves,
and in general sounds, could affect cytoskeletal molecules, causing changes in their spatial
organization and mechano-transduction signalling. We analysed the sounds’ spectra and
their fractal features. Cardiac muscle HL1 cells were exposed to different sounds and
studied with multifractal analysis (using FracLac for ImageJ). The contractility and spatial
organization of HL1 cells were observed to be influenced by sound stimuli producing
different localization and fluorescence emission of cytoskeletal proteins. The fractal and
multifractal structure of the used sound and of the cell response suggest that the coherence
of the basic molecular dynamics plays a relevant role.

A theoretical physical model was proposed to explain the observed results, based
indeed on the coherent molecular dynamics. The model seems to account for the ob-
served effects that are produced by the diverse sounds on the biological matter. Sounds
may perturb the biological functional activity by enhancing or inhibiting the coherent
dipole dynamics, the formation and propagation of solitons and electrosolitons and the
associated non-dissipative transport on protein chains of energy and charges trapped
by them [100–102], the self-focusing propagation of the electromagnetic field, and the
formation and depletion of microtubules and of links in the inter-cellular network [82].

The emerging view is that the understanding of the functional activity of biological
systems open to their embedding environment requires a systemic molecular dynamical
theory, including but not limited to kinematic molecular motion. Examples of coherent
dynamics in biology have been observed [99], e.g., in photosynthesis processes [97,98]
and quantum coherent behaviour of biological macromolecules. Long-range molecular
correlations dynamically generated by QFT mechanisms, widely and successfully verified
in condensed matter and the standard model of elementary particle physics, turn out to be
useful also in the description of biological systems, the living phase of the matter.

Supplementary Materials: All the Supplementary Materials are available at https://www.biorxiv.
org/content/10.1101/2020.03.19.993618v1.
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RR Relaxation Response
D Fractal Dimension
L Lacunarity

Appendix A. Phonons and Spontaneous Breakdown of Symmetry in Quantum Field Theory
In this appendix, we summarize the theoretical modelling used in the text (Section 3.1) to

account for the observed results on the interaction of sound stimuli with cells and their components.
We do not report all the mathematical details, which can be found in the cited references.

Let us call G the group of transformations, which leave invariant the basic dynamical equations
of the system elementary constituents. It may happen that the least energy state of the system, called
the ground state or vacuum state, is not invariant under the same group G of symmetry transforma-
tions. In the quantum field theory (QFT) jargon, one then says that spontaneous breakdown of the
symmetry (SBS) occurs [90,91].

SBS may be triggered by an external agent. For example, for a system whose elementary
quantum component have an intrinsic magnetic dipole arbitrarily oriented, thus with a spherical
rotational symmetry (group G of rotational transformations), a weak external magnetic field may
trigger the spontaneous breakdown of the spherical symmetry by inducing the alignment, in the
average, of the dipoles along a preferred direction. The word spontaneous denotes the fact that, as an
effect of the SBS, the system sits in the state most energetically favourable under given boundary
conditions (e.g., at the environment temperature). This is usually a state of least energy, also called
the ground state of the system. Such a state is thus not symmetric under the basic spherical dipole
symmetry G of the collection of molecular dipoles.

The Goldstone theorem in QFT [90,91,93], widely confirmed in experimental observations,
states that the SBS mechanism produces the dynamical formation of long-range correlation waves
among the system quantum components.

The de Broglie relation, p = h/λ, with h the Planck constant, associates a quantum of momentum
p to a wave of wavelength λ. The quanta associated to the correlation waves are called the Nambu–
Goldstone (NG) boson quanta. They have zero mass (in the infinite volume limit) and carry energy
hν, with ν the frequency of the wave.

The In the case of the magnetic dipoles the correlation waves are the spin waves, and the
associated NG quantum is called the magnon.

The spontaneous breakdown of the symmetry under space translation transformations (space
displacements) generates, according to the Goldstone theorem, elastic (displacement or sound)
correlation waves and the associated NG quantum is the phonon. The phonon is thus the quantum
associated to sound waves. It plays a central role in solid state physics, e.g., in the description
of crystals.

In the presence of SBS, the ground state of the system is thus spanned by these correlation
waves, which are typically non-interfering, i.e., coherent. This is expressed by saying that the NG
quanta are condensed in the system ground state, which is then called the coherent state. Physically,
this means that, e.g., in the magnetic example, the dipoles enter a configuration in which they are
in an ordered pattern, dynamically generated and sustained by the long-range correlation (spin)
waves. The dipole ordering results in their in-phase or coherent oscillations and the dipole average
alignment along the preferred direction determines a non-zero magnetization density M. This is thus
a measure of the ordering and is called the order parameter [90,91,93].

https://www.biorxiv.org/content/10.1101/2020.03.19.993618v1
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The stability of ordered patterns generated through the QFT mechanism of SBS is in general
dependent on several parameters and on temperature. Coherent ordering may be lost as the system
temperature becomes higher than a critical temperature TC, at which the transition (phase transition)
to the disordered regime is obtained (with the order parameter going to zero). The range of critical
temperatures is quite wide; for example, for diamond crystals, the melting point (loss of crystal
ordering) is at TC = 3550 ◦C at atmospheric pressure, and about 4027 ◦C in the absence of oxygen.
The iron magnetization loss is at 770 ◦C, cobalt magnetization at 1075 ◦C, and kitchen salt (sodium
chloride crystal) melts at 804 ◦C. The phase transition is observed at a very low temperature in
superconductors; in those containing compounds of niobium, TC is lower than −252 ◦C; for copper
and bismuth superconductor compounds, TC is about −153 ◦C. When the proper framework of QFT
is used, coherence is thus a quite stable property of matter, including living matter, as it has been
observed, e.g., in photosynthesis studies [97–99,116]. The phenomenon of decoherence observed in
quantum mechanics (QM) is therefore not dangerous in the presence of collective dynamical regimes,
such as the ones generated by SBS in QFT.

One further example of SBS is provided indeed in biological systems. Well known in biochem-
istry, the constituents of macromolecules carry specific molecular electric dipole moments. Moreover,
biomolecules are embedded in the water bath, and water molecules, which constitute the large
majority of present molecules, also carry their specific electric dipole. The quantum variables of such
a global molecular system thus include the vibrational modes of these electric dipoles.

Dipole moments can in principle be oriented in any direction and their oscillations need not
be in-phase oscillations. This means that the characterizing symmetry of the system is the dipole
rotational spherical symmetry. An action from the external, such as the one of the sound waves, may
perturb such a basic symmetry; the incoming phonons may indeed couple with the dipole vibrational
modes, thus inducing the state of the system to sit in a dipole configuration not anymore symmetric
under spherical rotations. We have then the spontaneous breakdown of symmetry (SBS), as described
above. The ground state of the system is then a coherent state spanned by coherent (electric) dipole
correlation waves. The associated NG modes, condensed in the ground state, are now called dipole
wave quanta (dwq). Their ordering (the electret) consists of their in-phase or coherent oscillations.
A non-zero polarization density P(x,t) is thus generated (the order parameter) [80–82,90,91,93]. It
describes the coherent collective behaviour of the components, and characterizes the macroscopic-
scale behaviour of the system.

In conclusion, long-range correlations allow the collective coherent behaviour of the system
components, which manifests itself in the macroscopic-scale behaviour of the observed cellular
structures and cell network. As already mentioned, the dipole ordering is of course temperature
dependent. It may be lost at a temperature higher than a critical temperature TC, where phase
transition to the disordered regime is obtained. In the approximation that the dwq condensed in
the ground state behave as free particles, by denoting with p the momentum and kB the Boltzmann
constant, their effective mass meff is related to the finite linear size R of the coherent domain by
R = h/2πcmeff, with h the Planck constant. meff is zero for the infinite size domain, with R going to
infinity. We have [81] p2/2meff = (3/2) kBT. In the stationary condition R = n λ/2, with n an integer,
the de Broglie relation, p = h/λ, gives R = n2 (πhc/6kB T). As observed in the text (Section 3.1) for
T = 300 K and n = 1, we obtain R = 25 micron, which agrees with the order of magnitude of the
observed structures.

We expect that the basic intra- and inter-cellular dynamics are of course highly nonlinear. Such
a nonlinearity provides another defence mechanism against thermal perturbations to biological
systems. Nonlinearity is expected since the number N of molecular components is very high, and it
turns out that their coupling to phonons and electromagnetic (e.m.) fields (see below) is enhanced by
a factor

√
N [94]. Accordingly, the collective interaction time gets shorter by a factor 1/

√
N, compared

to the time scale of the short-range interaction among the individual components. Therefore, thermal
fluctuations have no effects on the collective interaction, provided of course that the collective
interaction energy is (comparable or) larger than kB T. The collective dynamics thus manifests in
the behaviour of the system ‘as a whole’. In a purely kinematical (atomistic) approach, such a result
cannot be achieved.

In our theoretical modelling, the free energy F plays a crucial role. For a system of N condensed
dwq, the stationary state, at (almost constant) temperature T, is determined by the minimization
of the free energy: dF = dU − kB T dS = 0. Here, U is the internal energy and S the entropy. One
can then show that [95,96] dU is proportional to dN/dt and to kB T dS, with, as usual, heat defined
by dQ = kB T dS. A supply of energy, i.e., dU > 0, implies dS > 0. Thus, we see that, since dS > 0
expresses loss of ordering, a supply of energy implies an increase in the loss of correlations in the
ground state, i.e., a decrease of condensed dwq, and correspondingly an increase of the rate of change
of dN/dt. Consistent with the observations described in the sections above, when the effects of
sound stimuli have a ‘disordering effect’, namely the stimuli release energy to the system (dU > 0) in
a ‘non-resonant’ way (negative sounds), they possibly overcharge the cell with randomizing energy
till cell ordering destruction or even the cell explosion. Positively acting sounds, on the contrary, by
resonating with the correlations (the dwq) of the cell constituents, lower the entropy dS < 0, which
implies dU < 0 and dN/dt < 0, i.e., a reduction of the loss of correlations.

Appendix B. Non-Dissipative Energy Transfer on Molecular Chains, Microtubules, and
Fractal Structures

There are other mechanisms by which sound phonons may produce positive actions, enhancing
the cell organization, or negative ones acting against it. One of these mechanisms is favoured by



Int. J. Mol. Sci. 2021, 22, 156 16 of 20

the quasi uni-dimensionality of protein chains and other macromolecules (including, e.g., DNA
structures). As a response to the energy release by a photon at the end of the chain, the dipoles of
the chain molecular components oscillate and this produces chain deformation, eventually resulting
in the propagation of deformation waves over the chain. These can be described by the nonlinear
Schrödinger equation, which admits as solutions nonlinear waves, called Davydov solitons, or
solitary waves. These solutions describe coherent localized deformations whose propagation has the
property of being non-dissipative. They may also trap electrons in their propagation with consequent
generation of current propagation (electrosolitons) [100–102]. We do not insist on considering the
details of soliton propagation over the molecular chain. We only mention that the e.m. radiation
irradiated by the dipole vibrational modes due to the chain deformations and/or the e.m. radi-
ation emitted by electrosolitons may perturb the surrounding water bath, thus producing SBS of
the molecular water dipole. For details, see [80–82]. Consistent with this scenario, observations
have shown [105–108] that a hydration water coating forms around macromolecules at ambient
temperature (e.g., DNA, in [105]).

Going back to the e.m. radiation propagating within the water bath in the cell and in the
inter-cellular environment [109], we observe that a crucial role is played by the bath polarization
density P(x,t). The e.m. radiation may be prevented from propagating through the ordered medium
in the presence of too high and persistent polarization density. In the opposite case of too low and
short life-time P(x,t), even a low energy radiation may wash out the polarization pattern. In the
intermediate case, the e.m. field propagates in a self-focusing filamentary fashion through the ordered
medium, as through a channel, and acquires a finite mass M in its propagation, according to general
QFT results (the Anderson–Higgs–Kibble (AHK) mechanism) [80–82,106–108]. The relation between
the radius d of the channel and M is d = h/2πcM, for M 6= 0, P 6= 0, where h is the Planck constant
and c the speed of light. At P(x,t) = 0, the Maxwell propagation in spherical waves is recovered.

The transverse field gradient on the channel boundary acts as a selective force F, attractive
or repulsive on the surrounding atoms or molecular aggregates, depending on their characteristic
frequencies. Different molecules are thus selectively collected on the channel boundary and such a
dynamical polymerization process generates the coating of the channel. The dynamical formation
may thus be obtained of the microtubules in the cell cytoskeleton and in cell-to-cell correlations,
affecting their mobility and contractility.

Remarkably, the radius d of the microtubules thus obtained is found to be d = 146/
√
α Å, for

M = 13.60/
√
α eV and with 1/α a fraction of oriented water molecular dipoles [80,81]. Comparison

with the observed average radius, 125 Å of the cytoplasm microtubules, suggests that α ' 1,4, i.e.,
that about the 70% all the dipoles are correlated. See [80,81,111] for more details.

Note that E = 13.60 eV is the hydrogen ionization energy. It may be considered as a threshold
energy. A photon of energy hν > 13.60 eV may propagate with possible hydrogen ionization and
thus a destructive effect in the dipole ordered region, restoring the spherical symmetry and loss of
the filamentary e.m. propagation. A photon of energy less than 13.60 eV may not be able to penetrate
the ordered patterns. These small amounts of energy may contribute instead to the increase of the
polarization, being ‘stored’ within the system, as correlation energy, till an accumulated sufficient
amount may be used for metabolic activity (e.g., for a specific chemical reaction to occur). The
threshold 13.60 eV might also be reached and used in ionization processes, or else to open a channel
through which to propagate (delayed propagation and radiation) [80,81,111].

We thus see that coherence may offer the possibility of storage of ‘non-thermalizing’ energy.
At the very beginning of this research [65], we showed that in the presence of the energy supply

stored in the cell, mitochondrial activity (finalized to supply energy) is resting with respect to the
activity shown in the absence of sounds.

The non-zero mass M acquired by the e.m. field produces also a longitudinal field compo-
nent [81] pushing the collected molecules along the channel. Then, depending on the chemical
affinity of the molecules, the longitudinal force either promotes their chemical interaction, or causes
the disruption of the microtubule (e.g., in its ending part, similarly to the observed microtubule
treadmilling).

In conclusion, the transverse, attractive or repulsive, force produces the sequential ordering of
interlocked chemical reactions on the microtubule, while the longitudinal force contributes to the
chemical transport cell system. These model conclusions are consistent with the observations that
metabolic reactions occur mostly on the microtubules and these act as a sort of transport rail system
of the cell.

We have seen in our discussion that a relevant aspect of signals and responses of the analysed
cells is their fractal and multifractal self-similarity structure. The multifractal structure can be thought
as being made by fractal sub-structures.

In the multifractal case, one defines the generalized average fractal dimension (D), or else
the local or Hölder scaling exponent α of point distribution ƒ(α), referred to as the multifractal
spectrum [34]. ƒ(α) can be viewed as the fractal dimension of the set formed by sub-sets with a
local scaling exponent α. ƒ(α) and α are related to the generalized dimension D via a Legendre
transformation. For more details, see [27] and [34]. The parabola degenerates to a point in the case
of a (mono-)fractal. The physical significance of α is that α = 1 indicates a uniform distribution of
points, while α < 1 and α > 1 represent ‘dense inside and dispersive outside’ and ‘dispersive inside
and dense outside’ types of point distribution, respectively.

As said in the text, fractal self-similarity manifests itself through a straight line in log-log plots,
log P = α log f, namely through the form (qP)n = 1, with q = (1/f )α, α the scaling exponent, and n a
real number. We observe that the deformed coherent state |q α>, with q the deformation parameter
is constructed by use of the entire analytic functions (q α)n/

√
n! with q and α in the complex
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plane [112–114]. Thus, we realize that by a restriction to the real plane, an isomorphism is obtained
between q-deformed coherent states and fractal structures. For technical details, see [112–114].
Changes in the values of the deformation parameter lead to different coherent state structures and
correspondingly to a different fractal structure. Then, a collection of domains with different coherent
structures is isomorph to a multifractal structure.
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