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Abstract: Convincing evidence has documented that mechanical vibrations profoundly affect the 24 
behaviour of different cell types and even the functions of different organs. Pressure waves such as 25 
those of sound could affect cytoskeletal molecules with coherent changes in their spatial 26 
organization and are conveyed to cellular nucleus via mechanotransduction. HL1 cells were grown 27 
and exposed to different sounds. Subsequently, cells were stained for phalloidin, beta-actin, 28 
alpha-tubulin, alpha-actinin-1 and MitoTracker® mitochondrial probe. The cells were analyzed with 29 
time-lapse and immunofluorescence/confocal microscopy. In this paper, we describe that different 30 
sound stimuli seem to influence the growth or death of HL1 cells, resulting in a different 31 
mitochondrial localization and expression of cytoskeletal proteins. Since the cellular behaviour 32 
seems to correlate with the meaning of the sound used, we speculate that it can be "understood" by 33 
the cells by virtue of the different sound waves geometric properties that we have photographed and 34 
filmed. A theoretical physical model is proposed to explain our preliminary results. 35 

 36 

Keywords: mechanotrasduction, cardiomyocytes, cytoskeletal proteins, sound waves, phonons, 37 
Time-lapse microscopy.  38 
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1. Introduction 43 

There has been vast evidence that shows how cells are able to communicate with each other 44 
through light emissions[1,2], electromagnetic signals[3,4],[5] and mechanical / acoustic vibrations[6,7],[8],[9]. 45 

In particular, it appears that mechanical vibrations profoundly affect the behavior of different 46 
cell types and even the functions of different organs[10,11],[12],[13]. Pressure waves such as those of sound 47 
could affect certain cells or their structures determining microvibrations, or even causing 48 
resonances, i.e. the synchronization of the biomolecular oscillatory patterns within cells[14].  49 

For example, it has been shown that bacterial cells are able to respond to specific single acoustic 50 
frequencies and are able to emit sounds[15]. 51 

Moreover, it has been demonstrated that acoustic vibrations in the form of single frequencies[16], 52 
noise or music, alter proliferation, viability[17] and hormone binding [18] in human cells cultures and 53 
in animal models[19,20],[21].  54 

Ventura et al. have recently reported that human stem cells seem to respond to complex sound 55 
frequencies (melodic music, rhythm patterns and human voice) with different electromagnetic 56 
emissions measured with a Multi Spectral Imaging system[22]. 57 

Furthermore, acoustic stimuli seem to be of paramount importance in guiding the spatial 58 
interaction between cells, thus influencing their individual and collective behavior[23],[24]. 59 

It is very probable that all this evidence transmits, at a macroscopic level, the phenomena of 60 
cellular mechanotransduction, a discipline that focuses on how extracellular physical forces are 61 
converted into chemical signals at the cell surface. However, mechanical forces that are exerted on 62 
surface-adhesion receptors, such as integrins and cadherins, are also channeled very rapidly along 63 
cytoskeletal filaments and concentrated at distant sites in the cytoplasm and nucleus[9,25,26], altering 64 
cellular genome activities[27]. 65 

All the research conducted so far has mostly explored the possible biological effects of 66 
ultrasound or audible acoustic vibrations only in terms of cellular behavior, often using single or 67 
very simple frequencies; but what happens inside a living cell exposed to sounds? What could be the 68 
molecular effect of music, noise or of the words we hear or pronounce in our everyday life?  69 

Since words and music are a compound of several sound frequencies, and are indeed 70 
mechanical vibrations, which can cause mechanical stress, it seems not odd to expect a direct 71 
molecular effect in our cells. The present work was thus designed to better understand the direct 72 
effects of acoustic vibrations in the form of music, noise and words in cardiac muscle cells in vitro 73 
culture in their contractility and their tendency to form cytoskeletal cellular networks in space.  74 

Microtubules represent one component of the cytoskeleton and are composed of dimers of 75 
alpha e betta tubulin. Microtubules interacts with the other cytoskeletal proteins and it is responsible 76 
of the structure, shape of cell and in its movements. Microtubules interacts with other cytoplasmic 77 
organelles such as mitochondria and regulates their functions (metabolic energy)[28]. Microtubules 78 
system undergo in a rapid polymerization and depolymerization turnover by exchange their 79 
subunits (in the order of msec). In cardiac cells the interaction of microtubules system and 80 
mitochondrial play an important role in providing the bioenergy needs for the contraction of cardiac 81 
cells[29]. As microtubules, actin is involved in a dynamic process of 82 
polimerizzation-depolimerizzation. Thus, we focused our attention on these dynamic systems. 83 

We exposed cultures of murine atrial cardiomyocytes (HL1) to 20-minute sound sequences. In 84 
particular, as an example of sounds with opposite characteristics, we used some meditative music, 85 
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utterance, music with high frequencies, high rhythm and saturated sounds, a collection of urban 86 
traffic noises and human screams. A 20 minute repetition of single words: a sound that is repeated 87 
during meditation practices, and the sounds “Ti amo”, (I love you) and “Ti odio” (I hate you) were 88 
also used. These last sounds, as an example of words commonly used, with opposite meanings. We 89 
followed the cellular behaviour (contraction, vesicular trafficking, indirect cytoskeletal movements) 90 
directly in response to each different acoustic stimuli, acquiring a time lapse video with frames taken 91 
every 100 msec. Then, we analyzed any changes of the cytoskeleton by immunofluorescence 92 
technique. Finally, in order to explain the results, we also photographed and filmed the geometric 93 
characteristics of the waveforms of the sounds used. 94 

2. Results 95 

The HL1 cells were treated with different sounds for 20 min. The experiment was repeated for 6 96 
times with the same outcome. The results were divided into two groups according to the stimulating 97 
or inhibiting effect of the sound (Supplements-Figure S2). Below we present the results for the 98 
vibration "Ti amo" and "Ti odio" as representative of the two categories (panels B and C of all the 99 
figures) compared to those of the control with spontaneous cell’s growth without any sound (panels 100 
A of all the figures). As depicted in the Figure S1, the other sounds we used produced similar effects. 101 
In all the figures, the sounds travel from right to left.  102 

 Control cells without any sound treatment portray casual organization of cells and normal 103 
expression of the different markers (panel A of all the figures). 104 

 HL1 cells were stained for alpha α-tubulin and MitoTracker® (MTr). Following the “Ti amo” 105 
sound exposition, the expression of α-tubulin increased drastically and the mitochondrial marker 106 
decreased considerably (Fig. 1-B) while after the “Ti odio” sound the cells decreased sharply the 107 
expression of the same markers (Fig.1-C). Furthemore, tubulin distribution in Fig. 1-B seems to be 108 
organized as a net of filaments perpendicular and parallel to sound waves. In Fig. 1-B we can notice 109 
how tubulin forms “bridges” between cardiomyocytes, an important aspect of cell to cell 110 
communication and contractility[49]. After the “Ti odio” sound exposition (Fig.1-C), cells show spatial 111 
disorganization and their number decreased probably due to its “explosion” (Supplements-movie S1 112 
series). 113 

 In Fig 2. HL1 cells were stained with phalloidin (F-actin) and β-actin. The expression of both 114 
F-actin and β-actin increased after the “Ti amo” sound, (Fig. 2-B) while the cells decreased the 115 
expression of the same markers after the “Ti odio” sound (Fig. 2-C), as confirmed in Table I that 116 
describes their mean intensity fluorescence in three different ROI. The augmented expression of 117 
these markers in Fig. 2-B may indirectly reveal an increased cell activity and motility27 as shown in 118 
movie S2 series-supplements.  119 

 In Fig 3. cells were stained with F-actin and alpha-actinin-1. In controls (Fig.3-A), 120 
alpha-actinin-1 localization seems to be more perinuclear. After the “positive” sound exposition, its 121 
distribution is more diffused (Fig.3-B) while after the “negative” sound its expression is strongly 122 
decreased. We want to highlight the alpha-actinin-1 builds bridges between F-actin filaments27, 123 
which is another aspect that could further explain the increase in cell contractility shown in movie S2 124 
series-Supplements.  125 

Table I quantitatively describes the molecular expression changes according to the sounds used.  126 

 127 

 128 
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Table I. Mean fluorescence intensity of 3 different Regions Of Interest (ROI) taken in 3 different images of 129 
the same marker. 130 

 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<0.05 131 

* Mann-Whitney for independent samples A vs C p<0.05 132 

• Mann-Whitney for independent samples B vs C p<0.05 133 

A= control; B= “Ti amo” sound; C= “Ti odio” sound 134 

2.2. Figures  135 

 136 

  
 

Figure 1. Alpha tubulin (α-tubulin) and MitoTracker (MTr) stained after treatment with different 137 
sounds for 20 min (representative images). The cells received the sound from right to left. HL1 cells 138 
were stained with α-tubulin (green fluorescence) column I, MTr (red fluorescence) column II and the 139 
nuclei were stained with Hoechst 33258 (blue fluorescence) column III. Merge of the three 140 
fluorescence, column IV. Representative merge fluorescence images at 100x/1.4 oil objective, column 141 
V. Panel A, control cells without any sound treatment showing casual organization of cells and 142 
normal expression of the different markers. Panel B, the expression of α-tubulin increased and the 143 
mitochondrial marker decreased. Cells with more orderly spatial organization with perpendicular 144 
tubulin distribution and parallel to sound waves. The nuclei appear with more regular size.  145 
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Analysis with a greater objective (column V, panel B) highlights the filamentous and granular 146 
cytoplasmic expression of tubulin. In the image tubulin forms “bridges” between two 147 
cardiomyocytes which is important in the cell to cell communication (asterisk). Panel C, the HL1 cells 148 
show a spatial disorganization and the number of cells decreased. Moreover, the different markers 149 
expressions markedly decreased. The low number could be due to the “explosion” of cells with 150 
cytoskeletal fragmentations (asterisks). Scale bar 10µm. 151 

 152 

Figure 2. HL1 cells were stained with phalloidin 488 conjugated (green fluorescence) column I, 153 
β-actin (red fluorescence) column II and DNA with Hoechst 33258 (blue fluorescence) column III. 154 
Overlay of the three fluorescence images, column IV. Representative merged images of F-actin 155 
and β-actin with confocal microscope (100x/1.4 oil objective), column V. Panel A, control cells 156 
without any sound stimulus and normal expression of the different markers. Panel B, increased of 157 
both expressions of the two markers. Peripheral and filamentous expression of phalloidin and with a 158 
spatial organization as descripted in Fig. 1. Panel C, decreased number of cells with markedly 159 
fragmentation of cells (asterisks). Evident reduction of the expression of the different markers. Scale 160 
bar 10µm. 161 
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 162 

Figure 3. Cells stained with phalloidin and alpha-actinin-1(green and red fluorescence, column I 163 
and II, respectively) and DNA stained with Hoechst 33258 (blue fluorescence). Panel A, 164 
perinuclear alpha-actinin distributions. Panel B, major cellular organization and diffuse alpha-actinin 165 
distribution. Panel C, evident cellular fragmentation with loss of the normal morphology of the cell 166 
with nucleus towards the peripheral part (white asterisks). Decrease or absence of markers 167 
expression with following loss of cytoskeletal organizations (asterisk orange). Scale bar 10µm. 168 

3. Discussion 169 

Qualification is not quantification. We are describing a proof of concept study and we need to 170 
make an important clarification to understand our results: our aim was to document any qualitative 171 
difference in cell behavior and cytoskeletal characteristics without focusing on quantitative 172 
assessments that will be the subject of further studies. Every biological phenomenon has qualitative 173 
and quantitative aspects of equal and complementary importance. Indeed, a quantitative expression 174 
variation of a subcellular component does not inform us about any possible conformational change 175 
or of a different spatial localization that could, even with the same quantity, justify a modification of 176 
cellular behavior. Any quantitative difference does not constitute a condition neither sufficient nor 177 
necessary to explain a biophysical phenomenon or, in our case, the interaction between sound 178 
vibrations and in vitro cells. We consider more appropriate to integrate quantitative studies with 179 
qualitative observations, from which we decided to start replicating them for 6 times. 180 

Our results seem to highlight a different cell growth pattern depending on specific sound 181 
stimuli, with a different expression/organizzation of cytoskeleton proteins and mitochondrial 182 
activity[28]. The cellular behaviour of HL-1 cells also appears to change as a function of the sound 183 
stimulus that impacts on their surface: some biomechanical acoustic stimulations enhance 184 
contractility and increase the vesicular traffic within them, while others hinder it, reaching cell lysis. 185 
We speculate that this could be related to a transcriptional stimulation effect, based on the 186 
observation of Wang et al[27].  187 
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The present observations and the videos in the supplementary material show how HL-1 cells 188 
respond in a highly sensitive fashion to vocal sounds and music or noise with opposite and, in 189 
hindsight, "predictable" results based on the type or the meaning of the acoustic stimulus itself. 190 

The sounds used in this work are obviously composed of a spectrum of peculiar acoustic 191 
frequencies that propagate in a liquid medium (such as the culture medium used) by drawing 192 
different geometric shapes (movie S3-supplements) as already demonstrated by Chang et al[30]. 193 

We assume that the meaning of the sounds we used could be encoded in their specific 194 
geometric form, and that the wave trains characteristic of each acoustic vibration can: 1) directly 195 
modulate the cytoskeleton morphology[26,31] by penetrating signals of mechanical stress or relaxation 196 
up to the nucleus, thus interfering favourably or not with the trafficking of organelles (such as 197 
mitochondria[32]), of cellular micro-vesicles[33] and influencing protein oscillatory motions normally 198 
present in the cytoplasm[34]; 2) arrange the traffic and the electromagnetic interaction[35],[36] between 199 
the molecules dissolved in the cytoplasm, regulating processes crucial to cell survival[37,38] according 200 
to the mechanisms exemplified in the supplementary animations (movie S4-supplements). It is not 201 
surprising that there may be an intimate relationship between trains of acoustic waves and 202 
proteins[37], given that the proteins in the human body vibrate in different patterns like the strings on 203 
a violin or the pipes of an organ[39] and may interact with each other even through quantum 204 
interference[40]. 205 

On one hand, it is known that acoustic stimulations deform[41,42] and are conveyed[26,43–46] by the 206 
cytoskeleton to the nucleus[27] and on the other, the tubulin monomers exhibit different oscillatory 207 
and assembly modes[47] depending on the frequencies that go through them[3]. Furthermore, 208 
microtubules seem to be able to capture phonons, i.e. "quanta of sounds" or vibrational / mechanical 209 
energy packages, within them, energy that would then be used in different cellular processes, 210 
including cell division and movement[48]. In addition, it seems that phonons play an important role in 211 
regulating the structure and stability of a crystalline system[49]: further studies will be needed to 212 
extend this consideration to a complex system like a living cell, whose membranes, DNA, proteins 213 
and cytoskeleton seem to present analogies with a crystal lattice. 214 

We remember that this is only a qualitative pilot study and we specify that the sounds and 215 
words used in this work are only an example of possible vibrations that we emit or to which we are 216 
exposed every day and of which we wanted to see a possible cellular biomechanical effects. Then, 217 
further studies will be needed to evaluate the complex phonological features of different sounds, 218 
music and words, pronounced by different people in different languages and cultures. Moreover, 219 
our results refer to “Ti amo” and “Ti odio” just as vibrations. Further studies will be needed to 220 
establish if the meaning that we assign to a specific sound is only a convention or related to its 221 
physical/geometrical mechanical properties. 222 

In Appendix-1 we hypothesize a theoretical physical model at the basis of our results which 223 
could be very important for future research. 224 

It is really intriguing to note that, as well as a scream or sound conveying in a geometric 225 
waveforms vibration (“Ti odio”) seem to induce cellular stress, as revealed by James Gimzewski 226 
with an atomic force microscope[50] that produces a sound of a scream. 227 

4. Materials and Methods  228 

In Supplements-Figure S1 it’s possible to see the laboratory set up for the experiment. 229 

Cell culture. The murine atrial cardiomyocyte cell line HL1 was obtained from the laboratory of 230 
William C. Claycomb (New Orleans, USA). The cells were grown in Claycomb medium 231 
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supplemented with 10% fetal bovine serum  (FBS, cat # F2442), 0.1 mM norepinephrine, 100 U/ml 232 
penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine (all reagents purchased from 233 
Sigma-Aldrich, Italy) at 37°C in a humidified 5% CO2 incubator. The cells were seeded (2x105 cells 234 
/ml) in 24-well culture plates containing a glass coverslip in each well coated with 25 µg/ml 235 
fibronectin/0.02 % w/v gelatine solution (Sigma-Aldrich). The culture medium was changed every 3 236 
days with fresh medium.  237 

At 70-80% of confluence HL1 cells were exposed to 20-minutes of sound sequences. We used 238 
this specific time period because we wanted to begin to study in vitro any possible direct effect of 239 
sound that could help to explain the results that we are obtaining in vivo in other researches[51]. 240 

We choose atrial cardiomyocytes for their contractility, in order to try directly to visualize with 241 
the Time-lapse technique (movies S-1 and S-2 ) possible changes of contraction in response to the 242 
mechanical stress related to the sound waves used. After seeing a differential behavior with specific 243 
sounds, we proceeded with the qualitative molecular analyzes, repeating the experiment 6 times, 244 
always with the same results. 245 

Time-lapse images. Cells at 80% confluence were analysed in live imaging using a Leica 246 
DMI6000CS microscope (Leica Microsystems, Wetzlar, Germany) equipped with an incubator, with 247 
a temperature-controller set at 37 °C and in a humified 5% CO2 atmosphere. The cells were acquired 248 
every 100 or 160 msec for 20 min using a phase contrast (Ph) or a differential interference contrast 249 
(DIC) at 20x/0.4 or 40x/0.6 objectives respectively. Images were acquired using a DFC365FX camera 250 
and using the Leica Application Suite (LAS-AF) 3.1.1. software (Leica Microsystems). Some 251 
time-lapse experiments were performed in the presence of 250 nM MitoTracker® Red (Thermo Fisher 252 
Scientific, USA) probe for 20 min, a specific mitochondrial marker. 253 

Immunofluorescence and confocal microscopy. Immediately after the treatment of the cells with the 254 
different sounds, the cells were washed twice with phosphate buffered saline (PBS, 137 mmol/l 255 
NaCl, 2.6 mmol/l KCl, 8 mmol/l Na2HPO4, 1.4 mmol/l KH2PO4, pH 7.4) and fixed in 2% 256 
paraformaldehyde for 20 min, permeabilized with 0.5% Triton X-100 in PBS for 15 min and treated 257 
with 0.05 mol/l NH4Cl for 15 min. All steps were performed at room temperature. Subsequently, 258 
cells were stained with the following antibodies; mouse anti-alpha-tubulin (α-tubulin) (EXBIO 259 
Praha, Czech Republic) diluted 1:500, Alexa Fluor 488-Phalloidin diluted 1:150 to visualize F-actin 260 
and rabbit anti-alpha-actinin-1 (Thermo Fisher Scientific, USA) diluted 1:25, all the antibodies were 261 
incubated for 1h at 37°C. Rabbit anti-beta actin (β-actin) (Thermo Fisher Scientific, USA) diluted 262 
1:200 was incubated over night at 4°C. The cells, after incubation with the primary antibodies, were 263 
stained with the following specific secondary antibodies; 1:100-diluted fluorescein isothiocyanate 264 
(FITC)-conjugated goat anti-mouse IgG (Chemicon International, Billerica, MA,USA), 1:200-diluted 265 
Alexa Fluor 594-labelled goat anti-rabbit IgG (Life Technologies). The primary and secondary 266 
antibodies were diluted in PBS containing 0.5% bovine serum albumin (BSA). Secondary antibodies 267 
were also used in the absence of primary antibodies in order to assess non-specific binding. For the 268 
immunofluorescence analysis, the cell nuclei were labelled with 1.5 µg/ml Hoechst 33258 269 
(Sigma-Aldrich) for 20 min at room temperature. Finally, the slides were mounted with Mowiol 270 
anti-fade solution (Sigma-Aldrich). 271 

Leica DMI6000CS fluorescence microscope (Leica Microsystems) was used and samples were 272 
analysed with differential interference contrast (DIC) and fluorescence objectives. Images were 273 
acquired at 40x/0.60 dry objective magnification. Images were acquired using a DFC365FX camera 274 
and using the Leica Application Suite (LAS-AF) 3.1.1. software. 275 

The same samples were analysed by a confocal microscope TCS SP8 (Leica Microsystem) with a 276 
z-interval of 1.5 µm using a 100x/1.4 oil immersion objective (image size 1024x1024 pixel). Images 277 
were acquired with the above described camera and software.   278 
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Finally we measured the mean gray scale values (mean fluorescence intensity) of the markers 279 
phalloidin, beta-actin and alpha-actinin-1 using three different Regions Of Interest (ROI) taken in 280 
three different confocal images of the same marker, using the specific statistic function of the 281 
LAS-AF 3.1.1. software (Leica Microsystems). Mean fluorescence intensity data were compared 282 
using Mann-Whitney test for independent samples. 283 

284 
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Supplementary Materials 285 

 286 

Figure S1. Our laboratory set up for the experiment. A laptop computer with the audio tracks (A) is connected 287 
to an amplifier (B) positioned nearby the microscope (C) and its incubator (E). With a phonimeter we calibrated 288 
the volume of the amplifier so that the intensity of the sound in the point where the cells are positioned (E) is 289 
about 60 dB. which the intensity corresponds to a normal vocal conversation. (D1) CO2 controller, (D2) heating 290 
unit, temperature control unit (D3). We want to specify that also “control cells” were exposed to the speaker 291 
plugged to energy without any sound produced in order to exclude that our findings could be the result of any 292 
small vibration produced by the speaker itself instead of the sound. Finally, the sounds “Ti amo”, “Ti odio” and 293 
the sound used in meditation were pronounced by 3 different people, giving the same results. 294 

 295 
 296 
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 297 

Figure S2. Alpha tubulin (α-tubulin) stained after treatment with different sounds for 20 min. The cells 298 
received the sound from right to left. HL1 cells were stained with α-tubulin (green fluorescence) and the nuclei 299 
were stained with Hoechst 33258 (blue fluorescence). The images show the merge of the two fluorescence at 300 
63x/1.4 oil objective. In the first line, control cells without any sound treatment showing casual organization of 301 
cells and normal expression of the different markers. The middle line shows the stimulating/organizing effects 302 
of meditative and classic music, of a sound used in meditation and “Ti amo” sound. It is possible to observe the 303 
increased expression of α-tubulin. The third line depicts the inhibiting effects of high speed and high frequency 304 
music, noise (a collection of traffic noises and screams) and “Ti odio” sound. It is possible to observe the 305 
decreased expression of α-tubulin and the reduced number of cells. Scale bar 10µm. 306 

Movie S1. Time-lapse video (images taken for 20 minutes every 160 msec) of HL-1 cardiomyocytes. A) controls, 307 
no sounds. B) “Ti amo” sound exposition. Please notice the increase in cell’s motility and in the inner vesicular 308 
trafficking, compared with the control. C) Please notice cellular explosion during the “Ti odio” sound 309 
exposition. In some frames, the images may seem a bit fuzzy: it is a normal consequence of shooting in 2D, a 3D 310 
structure while moving. 311 

Movie S2. Time-lapse video (images taken for 20 minutes every 100 msec) acquired on the same field. This 312 
video shows the behavior of the same HL-1 cardiomyocytes during 20 minutes of spontaneous growth/activity 313 
without any sounds (A) followed by the “Ti amo” (B) and the “Ti odio” (C) sound exposition. Please notice the 314 
increase in cell’s contractility and the increased number of cells that start to beat in B. Finally, observe the 315 
decreased and asynchronous cell’s contractility in C and the cessation of the beating of some cells. In some 316 
frames, the images may seem a bit fuzzy: it is a normal consequence of shooting in 2D, a 3D structure while 317 
moving. 318 

Movie S3. The video shows the different geometric shapes of the wave trains linked to the words "Ti amo" and 319 
"Ti odio" while traveling in water. A drop of water was placed in a Petri dish placed above a vibro-acoustic 320 
plate (VIBBRO srl-Italy) connected to a computer. The audio files are emitted by the PC and the plate vibrates 321 
according to the specific frequencies of the sound, describing different geometric patterns both on the surface 322 
and on the thickness of the aqueous medium. This could mimic what occurs inside a cell and how all the 323 
molecules inside it oscillate. We did not use this platform during the experiment (please see fig.S1). This 324 
platform served only to show how a vibration can spread in a watery environment, similar to the cytoplasm. 325 
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Movie S4. Acoustics and vibration animations (courtesy of Dr. Daniel Russel, Pennsylvania State University): 326 
the video shows how a particle placed in an aqueous environment (such as the cytoplasm) can move and 327 
oscillate (in compression and rarefaction cycles) as a function of the longitudinal and transversal component of 328 
the mechanical wave (sound) that passes it. We speculate that this movement could influence and regulate the 329 
interactions between the intracytoplasmic molecules and cell to cell communication. The different frequencies 330 
that make up a sound can travel compact in the case of a non-dissipative medium or separate into wave trains 331 
with different speeds in the case of a dissipative medium (such as the cytoplasm). The proteins polymers can 332 
undergo specific torsional deformations that could be influenced by mechanical waves such as sound waves. 333 

334 
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Appendix 1 - In vitro effects on cellular shaping, contratility, cytoskeletal organization and 482 
mitochondrial activity in HL1 cells after different sounds stimulation. A qualitative 483 
pilot study and a theoretical physical model. 484 

The theoretical physical model 485 

In this Appendix we discuss the effects on cells and their components that are induced by different sounds, 486 
pressure waves and mechanical vibrations, which we will refer to generically as ‘sounds’. We will resort to 487 
results reported in Refs.[1,2,3]. We call ‘positive’ sounds those producing ordering, formation of protein 488 
‘bridges’, cell-to-cell correlations, strengthening of the links in the cytoskeleton network, etc., resulting in an 489 
augmented biological activity. The ‘negative’ sounds induce instead negative response, i.e. the inhibition of the 490 
ordering among biological components, sometimes presenting even the cell destruction (cell ‘explosion’)) (see 491 
Figs. 1-3, S2, Movies S1 and S2. See Figs. A1, A2, A3 for the representations of three sound signals).  492 

     A characteristic feature of quantum field theory (QFT) is the distinction between the symmetry properties 493 
of the states of the system and those of the dynamical equations. When the symmetry properties of the system 494 
ground state are not the same ones of the dynamical equations, we have the phenomenon of spontaneous 495 
breakdown of symmetry (SBS) which manifests itself in the generation of ordering (‘spontaneous’ means that 496 
the system dynamics selects self-consistently the system ordering). The formation of ordered patterns is due to 497 
long range correlations among the system constituents. The quanta associated to such long range waves, called 498 
the Nambu-Goldstone (NG) boson quanta, condense in the system ground state [4,5,6].  499 
 500 
     In biological matter, macromolecules are characterized by the specific electric dipole moment of their 501 
constituent units.  Macromolecules and cells are embedded in the water bath. Water molecules, which 502 
constitute the large majority in number of the present molecules are also characterized by their specific electric 503 
dipole moment. Since dipoles may be oriented in any direction, the basic symmetry is the rotational spherical 504 
symmetry. The action of some external input, e.g. sounds, may trigger the breakdown of the dipole rotational 505 
symmetry by producing dipole ordering, namely their alignment along a preferred direction, or their in phase 506 
oscillations. The state of the system will be then characterized by the non-vanishing polarization density P(x,t) 507 
which provides a measure of the ordering (the electret) and it is therefore called “order parameter”.  The NG 508 
quanta of the long range correlations responsible of the ordering are called dipole wave quanta (dwq) [1,2].  The 509 
generation of the dipole long range correlations facilitates the occurrence of short range interactions, such as 510 
Van der Waals interactions, H-bonding, etc. by reducing the randomness of the molecular kinematics so to 511 
enhance the observed high efficiency of metabolic reactions. Long range correlations allow the collective, 512 
coherent behavior of the system components which manifests itself in the macroscopic scale behavior of the 513 
observed cellular structures and cell network. 514 
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 515 
     Beside the sound induced SBS in the cell environment and in the water bath where the cells are embedded, 516 
there is another remarkable effect produced by sounds on quasi-unidimensional structures, such as protein 517 
chains. The energy supplied by the sounds hitting the extremity of a protein molecular chain may produce 518 
indeed a deformation in the chain turning into oscillations of the electric dipoles of the chain units. The 519 
conformational change, coupled to the chain molecular dipoles, traveling over the chain as a localized 520 
deformation is ruled by the nonlinear Schrödinger equation. It is known as the Davydov soliton, or Davydov 521 
solitary wave, so called since it remains stable under collision with other similar waves [7,8,9].  522 
 523 
     The energy necessary to excite the Davydov soliton is of the order of 0.25 eV, which is the energy released 524 
by ATP hydrolysis at the origin of a protein chain [1,2,3,7]. In addition to the possibility that the sound directly 525 
couples to the chain, we may also suppose that the energy supplied by the sound triggers the ATP reaction and 526 
this one in turn triggers the soliton formation on the protein. It is not relevant to our analysis which one of these 527 
possibilities is actually realized. In both possible cases, the response of the protein chain to the sound is the 528 
propagation in the form of the Davydov solitary wave of the coherent localized deformation, i.e. of in phase 529 
dipole vibrational modes. In many-body physics the ‘coherent dynamics’ is indeed the one ruling the “in phase 530 
motion” of a collection of elementary components [1,2,3,4,5,6]. 531 
  532 
     We list few of the properties of the dynamical scenario implied by the soliton:  533 
i) The solitary wave has a ‘nondissipative’ propagation. This means that contrarily to the usual (non-solitary) 534 
wave motion, the soliton does not lose (or loses very little amount of) its energy during its traveling on the 535 
protein chain and can propagate over large distances. Since the discreteness of the chain may produce periodic 536 
potentials, the soliton velocity may be a function of time [8].  The energy supplied by the sound to the system 537 
may remain thus ‘trapped’ in the solitary wave and it is then transferred along the protein chain (almost) without 538 
dissipation. In the absence of such a dynamical mechanism an excess of sound energy supplied to the cell, with 539 
a frequency spectrum unable to resonate with the molecular oscillatory motion of the cell constituents, might 540 
lead to the excessive warming up of the cell, possibly leading to its explosion, as observed in the case of 541 
‘negative’ sounds.  542 
ii) The oscillations of the chain molecular dipoles propagating with the soliton produce an electromagnetic 543 
(e.m.) radiation. Such a radiation constitute an endogenous source of e.m. field and will then break the rotational 544 
symmetry of the surrounding water molecular dipoles with their consequent coherent oscillation and 545 
orientation. Spectroscopic observations under ambient conditions have indeed shown [10] that hydration water 546 
forms a superstructure of the macromolecule (DNA, in the experiment of Ref. [10]) with a strict interdependence 547 
between deformations of the macromolecule chain and its water environment.  548 
 549 
iii) A soliton is able to trap an electric charge in its motion (electrosoliton) [7,8,9]. This may then result in a 550 
nondissipative electric current flowing (with the soliton) over the protein chain. The radiation emitted according 551 
to the Maxwell equations, together with the one emitted by the chain dipole oscillations (point ii)), synchronizes 552 
with the radiation emitted by solitons on the other proteins; they might then travel with the same velocity and 553 
emit radiation at the same  frequency [9].  554 
 555 
iv) The soliton traveling over an infinitely long chain is stable (infinite life-time). Protein chains have, however, 556 
finite length. The Davydov soliton has then a finite life-time. It decays once in its propagation has reached the 557 
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end of the chain and will then release its trapped energy in the surrounding water bath. Such an energy will not 558 
produce an increase of the bath temperature since the energy will propagate in it not in a diffusive way, but in 559 
wave form because the bath has been brought in the electret (ordered) state by the same soliton (point ii)) before 560 
its decay. 561 
 562 
     The supply of energy to the cell by the sound can be regarded as a “feeding” process of the cell. As 563 
described above, such a feeding process triggers the spontaneous breakdown of the rotational symmetry of 564 
surrounding water dipoles with the generation of the water electret state. The short life-time of the water electret 565 
state suggests to us the cyclic process picture, by which, in order that the functional biological activity related to 566 
the ordered cell state may continue, the cell needs to be fed again by an external resonating agent when the 567 
electret state vanishes, and so on, in a cycle, indeed.  568 
     Summing up, the emerging picture seems to fit with the experimental observations reported in text for the 569 
cases of ‘positive’ and ‘negative’ sounds. The ‘negative’ effects on the biological matter may be attributed to 570 
the lack of the dynamic processes described above (cf. Figs. 1-3, S2, Movies S1 and S2).  571 
     The sound induced ordering processes considered above generate in turn another remarkable effect. It is 572 
known that the e.m. field propagates in a self-focusing fashion through an ordered medium and acquires a finite 573 
mass in its propagation (the Anderson-Higgs-Kibble (AHK) mechanism) [5,6]. This provides the understanding 574 
of many phenomena in condensed matter physics and elementary particle physics. In our case, the mass M 575 
acquired by the e.m. field turns out to be a function of the water polarization density P(x,t), M = M(P), M(P)= 0 576 
at P=0, and the propagation of the field occurs in a filamentary-like fashion, as through channels piercing the 577 
ordered medium (self-focusing) [11,12,13]. The Maxwell propagation in spherical waves is restored at P(x,t) = 0. 578 
The relation between the radius d of the channel and M is d = ℏ /cM, for M ≠ 0, P ≠ 0, where ℏ = ℎ/2𝜋; h is 579 
the Planck constant and c the speed of light. 580 
     The e.m. field propagation is thus confined within such channels in the polarized medium. Outside them its 581 
intensity is zero. The transverse field gradient on the channel boundary acts on the atoms or molecular 582 
aggregates in the region surrounding the channels as a selective force given by [2,14] 583 

𝐹 = 𝑐𝑜𝑛𝑠𝑡	∇𝐸!∑ !"#	
% &		!%

(!"#	
% &		!%)%	)		*#

%"  , 584 

where E is the electric field,  𝜈	 its frequency, Γ" the damping of the molecular oscillations of frequency 𝜈#".  585 
We see that the force is relevant for high field gradient and if the resonant condition 𝜈#" ≃	 𝜈 is met. Moreover, 586 
the force 𝐹 is repulsive or attractive depending on the ± sign of the difference 	(𝜈#"	! −		𝜈!) , respectively, 587 
which also shows that small changes in the frequencies near the resonant values, by producing switching 588 
between the ± signs, induce switching between repulsive and attractive forces, respectively. Furthermore, the 589 
field frequency within the channel may be perturbed by the presence of the molecule(s) previously attracted on 590 
the channel boundary, thus making the force to be attractive (or repulsive) with respect to a molecule with 591 
different 𝜈#"	.  The result is that different molecules are selectively collected on the channel boundary. If such 592 
molecules may form stable chemical bounds, a dynamical polymerization process is obtained and the polymeric 593 
structure coating the channel survives also in the case that the e.m. field vanishes. In the opposite case of low 594 
chemical affinity among the collected molecules, the molecular coating will disassemble with the vanishing of 595 
the e.m. field. The molecular coating of the field channels may thus represent the observed process of dynamical 596 
formation of network branches in the cell cytoskeleton and in cell to cell correlations, affecting their mobility 597 
and contractility (cf. the text and Figs. 1,3, column V; S2, Movies S1 and S2).  In the case of a fraction α of 598 
oriented water molecular dipoles, it can be shown [2,3] that M =13,60/√α eV and d = 146/√α Å, to be compared 599 
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with 125 Å, the observed average radius of the cytoplasm microtubules. This suggests that α ≃ 1,4, i.e. that 600 
almost all the dipoles are correlated. Note that E = 13,60 eV is the hydrogen ionization energy, which may be 601 
considered as a threshold energy. A photon of energy 	ℎ𝜈 > 13,60 eV may propagate with a destructive effect 602 
in the coherent dipole ordered region (with possible hydrogen ionization events), thus restoring the spherical 603 
symmetry with loss of the filamentary e.m. propagation. On the other hand, a photon of lower energy may be 604 
not able to penetrate the ordered patterns. Small amounts of supplied energy may contribute instead to the 605 
increase of the polarization, being thus ‘stored’ within the system till a convenient accumulated amount may be 606 
used for metabolic activity (e.g. the energy required for a specific chemical reaction to occur), or the threshold 607 
13,60 eV will be reached and then radiated in ionization processes or to open a channel through which 608 
propagate (delayed propagation and radiation) [2,3,15]. The possibility of ‘non-thermalizing’ energy storage is 609 
thus offered by coherence. In Fig. 1, the panel B-II shows that in the presence of the (positive) energy supply 610 
stored in the environment, mitochondrial activity (finalized to supply energy) is resting with respect to the 611 
activity shown in panel A-II (absence of sounds; control system).  612 
 613 
     The mass acquired by the e.m. field produces also a longitudinal component (beside the transvers one) [3]. 614 
This component acts as a force directed along the channel pushing the collected molecules, thus, depending on 615 
their chemical affinity, either promoting their chemical interaction, or, producing disruption of the microtubule 616 
(especially in its ending part, similarly to what observed in the microtubule treadmilling). On the other hand, it 617 
is observed that most of the metabolic reactions occurs on the microtubule structures, which also acts as a sort of 618 
transport rail system of the cell. We then may conclude that the transverse (attractive or repulsive) force may 619 
produce the sequential ordering of interlocked chemical reactions on the microtubule, while its longitudinal 620 
component contributes to the chemical transport cell system.  621 
 622 
     The processes described above crucially depend on the time dependent polarization density P(x,t) 623 
produced in the cell and in the inter-cellular bath under the action of the external stimuli. Too much high 624 
polarization density and its persistence for a too long time interval may prevent the e.m. field disturbance to 625 
penetrate through the ordered medium in the described filamentary fashion and the subsequent described 626 
processes will not occur. On the contrary, too much low P(x,t) and its too short life-time might allow to an even 627 
low energy stimulus to fully destroy any polarization pattern. We thus see that the cell functional activity may 628 
occur within a window limited by high and low values of the ordering produced by external stimuli.  629 
     Thermal effects are among the perturbing agents of the working conditions. Ordered patterns are described 630 
in many-body physics in terms of condensation in the ground state of the NG quanta of the long range 631 
correlation waves (the dwq in the present case), as mentioned above. In the approximation that the condensed 632 
quanta behave as free particles in such a ground state, we have [2]: 633 

%%

!&+,,
=	 '

!
	𝑘(𝑇 , 634 

where T is the temperature, p the momentum, 𝑘( the Boltzmann constant and 	𝑚)** the effective mass of the 635 
dwq due to the finite linear size R = ℏ /c𝑚)** of the coherent domain. Use of the de Broglie relation p = h/λ, in 636 
the stationary condition R = n λ/2, with n an integer, gives  637 

𝑅 =	 +,-
."-

	𝑛! /
0
 . 638 

At T= 300 K, for n = 1, R = 25 micron, which agrees with the order of magnitude of the observed structures (see 639 
the scale reported in the Figures in the text). The above relation shows that in order to keep T constant, the 640 
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system reacts (opposes) to, e.g., an increase of T, due for example to an external supply of energy, by increasing 641 
the linear size R of the coherent correlated region, i.e. shifting toward longer wave lengths correlations (for 642 
fixed n). Similarly, it opposes  to a decrease of T by lowering the linear size R of the correlated region. We have 643 
a dynamical reaction of the system aimed to preserve its functionality against thermal effects.  644 
 645 
     On the other hand, by considering the system in a given ordered state, i.e. with a given density N of 646 
condensed dwq at a stationary temperature ((almost) constant T), the minimization of the free energy F 647 
characterizes the system stationary state: dF = dU – 𝑘(T dS = 0, with U the internal energy and S the entropy. 648 
We then obtain [16,17]:  𝑑𝑈 ∝ 	𝑑𝑁/𝑑𝑡	 ∝ 𝑘(𝑇𝑑𝑆, where as usual we may define heat as dQ = 𝑘(T dS, and  649 
which shows that a supply of energy so to have dU > 0, implies dS > 0 and an increase of the rate of change of 650 
𝑑𝑁/𝑑𝑡, i.e. an increase in the loss of condensed dwq, i.e. of correlations in the ground state, since dS > 0 651 
implies loss of ordering. Thus we see the ‘disordering effect’ of the ‘negative’ sound releasing energy to the 652 
system (dU > 0) in a ‘non-resonant’ way, possibly leading to the cell explosion. On the contrary, ‘positive’ 653 
sounds producing ordering imply dS < 0, i.e. dU < 0 and dN/dt < 0, i.e. a reduction of the loss of correlations. 654 
We also see the positive effect of dissipating energy by the system (dU < 0), provided that a critical threshold is 655 
respected. 656 
 657 
     Another dynamical defense of the system against thermalization is due to the dynamical nonlinearity. The 658 
system is made by a large number N of components. Their coupling to phonon and to e.m. field gets enhanced 659 
by a factor √N [18]. In the limit of large N, the collective interaction time scale is then shorter by a factor 1/√N 660 
than the short range interaction time scale among the individual components. The collective interaction is thus 661 
protected against thermal fluctuations. These may interfere with the coherent dynamics only provided that 𝑘(𝑇 662 
is comparable or larger than the collective interaction energy. This guaranties the character of collective 663 
dynamics for the system as a whole, a result out of reach in a purely atomistic view and approach.  664 
 665 
     Finally, we mention that there is an isomorphism between coherent states and self-similarity fractal 666 
properties [19,20] so that we expect that a possible difference between ‘positive’ and ‘negative’ signals may 667 
consist in their self-similar fractal properties, either in their different fractal dimension,  or in having or not 668 
having fractal structure, the ‘positive’ and the ‘negative’ ones, respectively, so that they can induce or not, 669 
correspondingly, coherent state configurations with similar fractal properties in the biological matter. A 670 
suggestion in such a direction comes to us from the plot in Fig. A3, which represents the signal of the sound 671 
used in meditation (one of  the  “positive” sounds,  cf. its effects in Fig. S2). The linear fitting of the log of 672 
power (on the ordinate axis) vs the log of frequency (on the absciss axis) shows the self-similarity structure of 673 
the signal with fractal dimension  d = -2,14787E7 (the slope of the fitting straight line). It is in our future plan 674 
to analyze the fractal properties, if any, of the other used signals. 675 
  676 
     In conclusion, the QFT model seems to account for the observed effects that are produced by the diverse 677 
sounds on the biological matter. Sounds may perturb the biological functional activity by enhancing or 678 
inhibiting in the way described above the coherent dipole dynamics, the formation and propagation of solitons 679 
and electrosolitons and the associated nondissipative transport on protein chains of energy and charges trapped 680 
by them, the self-focusing propagation of the e.m. field, the formation and depletion of microtubules and of 681 
links in the inter-cellular network.  682 
 683 
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 724 
 725 
Fig. A1. Negative sound (“Ti odio”-I hate you) . Signal FFT (finite Fourier transform). 726 

 727 
Fig. A2.  Positive sound (“Ti amo”- I love you). Signal FFT (finite Fourier transform). 728 
 729 

 730 
Fig.A3. Positive sound (Sound used in meditation). Log-log plot (Power vs frequency, arbitrary units). 731 
Fractal dimension (straight line slope) d = -2,14787E7 (signal analyzed by use of Origin data analysis 732 
software).  733 
 734 
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