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Abstract: Medical imaging has relied on ultrasounds (US) as an exploratory method for decades 11 

now. Nonetheless, in cell biology, the numerous US applications remain mainly in the research and 12 

development phase. In this review, we report the main effects on human or mammal cells of US 13 

induced by bulk or surface acoustic waves (SAW). At low frequencies, bulk US can lead to cell death. 14 

Under specific intensities and exposure times however, the cell proliferation and migration can be 15 

enhanced through cytoskeleton fluidization (a reorganization of the actin filaments and microtu- 16 

bules). Cavitation phenomena, frequencies of resonance close to those of the biological compounds, 17 

and mechanical transfers of energy from the acoustic pressure could explain those biological out- 18 

comes. At higher frequencies, no cavitation is observed. However, US of high frequency stimulate 19 

ionic channels and increase the cell permeability and the transfection potency. Surface acoustic 20 

waves are more and more exploited in microfluidics especially for precise cell manipulations and 21 

cell sorting. With applications in diagnosis, infection, cancer treatment, or wound healing, the US 22 

have remarkable potential. More mechanotransduction studies would beneficiate the field though, 23 

to grasp the distinct roles of temperature rise, acoustic streaming, mechanical and electrical stimuli. 24 

Keywords: ultrasounds; surface acoustic waves; mammal cells ; cytotoxicity; proliferation ; migra- 25 

tion ; cell permeability; cell sorting ; wound healing 26 

 27 

1. Introduction 28 

Ultrasounds (US) are widely used in the medical field, and increasingly in the wider 29 

area of biotechnologies. The most famous application is medical imaging, using frequen- 30 

cies from 1 to 10 MHz, and an intensity lower than 720 mW.cm-2 [1]. In this context, the 31 

US show remarkably no or negligible toxicity towards the biological tissues. Low intensity 32 

pulsed ultrasounds have been shown to enhance enhanced tissue repair or bone regener- 33 

ation [2,3]. Other medical applications of US were researched. At low frequency, a phe- 34 

nomenon called cavitation, can create transient pores in the cell membranes and locally 35 

increase the delivery of therapeutic drugs through translocation [4]. At higher frequen- 36 

cies, transfection can be achieved without cavitation, allowing gene or protein delivery 37 

with great applications potential in oncology [5,6]. US can be triggered by the resonance 38 

of a whole bulk material (as shown in Erreur ! Source du renvoi introuvable. A and B), or 39 

the resonance of the extreme surface of an elastic material (Erreur ! Source du renvoi in- 40 

trouvable. C). These surface acoustic waves (SAW) are due to a piezo-electric system stim- 41 

ulated by an interdigital transducer (IDT). They allow microfluidic manipulations of very 42 

small volumes to single Erreur ! Signet non défini.cells, and could enhance wound healing 43 

[7,8]. Studies of US physical and molecular mechanisms of action are a rising field across 44 

physical and biological sciences.  45 

Citation: Figarol, A.; Olive, L.; 

Joubert, O.; Ferrari, L.; Rihn, B.H.; 

Sarry, F.; Beyssen, D. Biological ef-

fects and applications of bulk and 

surface acoustic waves on in vitro 

cultured mammal cells: new in-

sights. Biomedicines 2022, 10, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor(s):  

Received: date 

Accepted: date 

Published: date 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2022 by the authors. 

Submitted for possible open access 

publication under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Biomedicines 2022, 10, x FOR PEER REVIEW 2 of 20 
 

 46 

Figure 1. Schematic view of cell-stimulation systems of low or high intensity ultrasound stimulation. 47 
A: Cells stimulated mainly by the shear flow induced by an US transducer immersed in the culture 48 
well. B: Cells stimulated mainly by the mechanical vibrations of the culture well US stimulated by 49 
the US transducer under it. C: Piezo-electric system with an interdigital transducer (IDT) inducing 50 
surface acoustic waves (SAW). 51 

In this article, we review all studies on the action of US with frequencies over 1 MHz 52 

on human or mammal cells. Studies are split as a function of the US frequency: first from 53 

1 to 10 MHz ; and over 10 MHz. The latter coincides with more recent works. This review 54 

is then centered on SAW, excluding standing SAW for concision and to avoid redundan- 55 

cies with the latest articles on the subject [9–11]. Biological outcomes are questioned, as 56 

well as the physical phenomena that trigger them: cavitation, mechanical stimulation, or 57 

acoustic streaming. 58 

Before starting to review the literature on this field, let us define some terms linked 59 

to US stimulation characterization. On the Erreur ! Source du renvoi introuvable., the 60 

main parameters are drawn. The wave frequency (in Hz) is reciprocal to the period (in s). 61 

Stimulations often are in pulse mode, with a duty cycle defined as the ratio stimulation 62 

time (ON time) on total time (ON time + OFF time). The duty cycle is equivalent to the 63 

pulse period, thus reciprocal to the pulse repetition frequency. The dose, expressed in 64 

J.cm-2 or W.s.cm-2, is defined as the product of the intensity, expressed in W.cm-2, and the 65 

exposure time, expressed in s. 66 

 67 

Figure 2. Graphical representation of the parameters defining ultrasonic stimulations. 68 
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2. Systematic review method 69 

2.1. Research design 70 

Objective: To review the scientific literature on the impacts of ultrasounds generated 71 

by acoustic waves on mammal cells, on in vitro models. 72 

Inclusion criteria: peer reviewed articles or book chapters, referenced in scientific da- 73 

tabases, in English, containing at least 2 of the keywords, no criteria of publication date 74 

Exclusion criteria: study focusing on standing surface acoustic waves, pour scientific 75 

quality, or a study that does not provide enough parameters for the comprehension and 76 

comparisons of its results. 77 

2.2. Selection and extraction of the studies 78 

Keywords: surface acoustic waves, acoustic waves, ultrasounds, cells*, bio*, (effects 79 

OR impacts).  80 

Data sources: We identified suitable studies by searching electronic databases and 81 

scanning reference lists of articles. We searched Web of Science, Google scholar. 82 

Selection of the studies in two times: A first selection was carried out by two peoples 83 

(LO, DB), independently, for a primary view of the problematics and a focus on low fre- 84 

quency ultrasounds (< 10 MHz). Two authors (AF, DB) independently assessed the eligi- 85 

bility of studies for second validation, more focused on high frequency ultrasounds (10 to 86 

1000 MHz) and ultrasounds induced by surface acoustics waves, as well as the inclusion 87 

of newer studies on the three topics. Any disagreements were settled by consensus. Other 88 

authors could suggest a particular study, if not selected yet, the study was checked for 89 

compliance with inclusion or exclusion criteria and selected accordingly.  90 

2.3. Analysis of the studies 91 

Literature reviews were read and included as part of the discussion. Three summary 92 

tables were built reporting the main parameters and results of the studies: one for the low 93 

frequency ultrasounds, one for the high frequency ultrasounds, and the latter for the ul- 94 

trasounds induced by surface acoustic waves. For the last part, the electrical power to the 95 

IDT had sometimes to be extrapolated from the voltage (root mean square peak, or peak 96 

to peak) across the electrode, making the hypothesis that the electrode impedance is at 50 97 

Ω. There is no information about the electrical impedance of IDTs, but given the expertise 98 

in the field, the error made on the electrical power with this assumption should be small 99 

enough to consider the order of magnitude. Indeed, classically, some SAW devices have 100 

an electrical impedance matching circuit in order to increase the energy transfer between 101 

the energy source and the SAW device. If there is no impedance matching, the standing 102 

wave ratio (SWR) of the IDT never exceeds 1.5, which means that 80% of the incident 103 

electrical energy is transmitted to the IDT and therefore 20% is reflected. A SWR of 1.2 to 104 

1.3 is closer to reality for standard bi-directional electrodes, which translates into nearly 105 

90% of the incident energy being available at the IDT. The error made by making this 106 

assumption (50 Ω) will therefore be, at most, only 10 to 20%, which is acceptable and al- 107 

lows us to have a good order of magnitude to compare the works between them. 108 

3. Ultrasounds at low frequencies (< 10 MHz) 109 

Biological effects of US at low frequencies have been extensively studied as they are 110 

extensively used for medical investigations [2,12–15]. The following sections are devoted 111 

to the study of their potential impacts on human and mammal cells as a function of the 112 

US frequencies and exposure time. The Erreur ! Source du renvoi introuvable. recapitu- 113 

lates those findings and was elaborated to ease the reading of this review.  114 

Table 1. Summary table of the impacts on mammal cells of US stimulation at frequencies under 10 115 
MHz. (↗: increase in, ↘: decrease in, N.A.: not available). 116 
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Refer-

ence 

Frequency 

(MHz) 

Intensity or 

pressure 

Duty cy-

cle (%) 

Pulse 

time 

(min) 

Dose 

(J.cm-2) 
Cells 

Temperature 

control 

Biological ef-

fects 
Hypothesis 

[16] 0.045, 1 
10-400 

mW.cm-2 
25 5 7.5-75 

Primary fibro-

blasts 

Primary osteo-

blasts  

Primary mono-

cytes 

Rise ≤ 1.8°C  

↗ proliferation 

↗ collagen syn-

thesis 

N.A. 

[17] 1 
100-400 

mW.cm-2 
10 1 0.6-2.4 

Human mono-

cytes (U-937) 

T lymphoblasts 

(Molt-4) 

Lymphocytes 

(Jurkat) 

Leukemia cell line 

(HL 60) 

Rise ≤ 1°C 

↗ DNA double 

strand breaks if 

I > 200 mW.cm-2  

Free radicals for-

mation, due to 

cavitation. 

[18] 1 300 mW.cm-2 50 0,5 - 15  4.5-135 

Human adeno-

carcinma epithe-

lial cells (HeLa) 

None 

↗ membrane 

permeabiliza-

tion 

↗ intracellular 

transport 

N.A. 

[19] 1.8 7 mW.mL-1 65 0,33 
91 J.mL-1 

 

Human leukemia 

bone marrow cells 

(K562, KG1a) 

HL-60, human B 

cell precursor leu-

kemia cells (Nalm-

6) 

None 

↗ apoptosis 

Mild necrosis 

Virulent leuke-

mic cells more 

sensitive 

Oxygen singlet 

formation, due 

to cavitation.  

[20] 1.48 0.045 MPa 15-70 5-30  N.A. 

Rat pheochromo-

cytoma adrenal 

medulla cells (PC-

12) 

None ↗ proliferation  N.A. 

[21] 1 250 mW.cm-2 20 30  90 
Mouse osteoblasts 

(MC3T3-E1) 

Pre-heated wa-

ter tank 

↗ proliferation  

↗ migration 
N.A. 

[22] 1 
1000-2000 

mW.cm-2 
20 0,5 6-12 

Human aortic 

smooth muscle 

cells (HASM) 

Rise ≤ 1°C 

Reversible fluid-

ization for I = 

1000 mW.cm-2 

Damages to the 

actin filaments 

for I = 2 W.cm-2 

Fluidization due 

to the compres-

sion wave caus-

ing a local cell 

deformation  

[23] 1 
800-1000 

mW.cm-2 
50 0,25 6-7.5 

Human oral squa-

mous carcinoma 

cells (HSC-2) 

U-937 

None 

↘ HSC-2 viabil-

ity with mi-

crobubbles.  

No effect on U-

937.  

No effect with-

out microbub-

ble. 

N.A. 

[24] 0.5, 1, 3.5, 5 
1600-2000 

mW.cm-2 
10-100 30 288-3600 Endothelial cells 

Measured tem-

perature “ex-

cluded the pos-

sibility 

that thermal ef-

fects may cause 

↗ proliferation 

↗ cytoskeleton 

disorganization  

↗ tissue repair.  

direct mechani-

cal action 
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changes in the 

cultured 

cells” 

[25] 0.5, 1, 3, 5 
250-1000 

mW.cm-2 
20 5 15-60 

Mouse myoblasts 

(C2C12) 

Room tempera-

ture (28°C) wa-

ter tank 

↗ proliferation 

↗ differentia-

tion 

Mechanical con-

straints 

[26] 0.8, 1.5 150, 250 kPa 100 0,17-0,5 N.A. C2C12 Rise ≤ 1°C 

Induce cytoskel-

eton fluidization 

↗ cell mortality  

Cell deformation 

with acoustic 

pressure 

[27] 
0.51, 0.994, 

4.36 
N.A. N.A. N.A. 3, 25, 50 

Human cardiac 

microvascular en-

dothelial cells 

(hcMEC) 

Madin-Dabry Ca-

nine Kidney cells 

(MDCK) 

Mouse neuroblas-

toma cells 

(Neuro2A) 

Human colon can-

cer cells (HT29) 

Perfused water 

tank at 37°C 

↗ proliferation 

at low I 

Not anymore at 

high intensity 

N.A. 

[28] 0.51, 4.36 N.A. N.A. N.A. 3, 25 Neural stem cells 
Perfused water 

tank at 37°C 

↗ proliferation 

no increase in 

neurogenesis or 

gliogenesis  

N.A. 

[29] 1 
70-300 

mW.cm-2 
100 30 126-540 

HeLa 

Human fetal lung 

fibroblasts (MCR-

5) 

Human breast 

cancer cells (MCF-

7) 

Rise ≤ 1°C 

↗ mitotic ab-

normalities as a 

function of I 

disassembly of 

focal adhesions 

and microtu-

bules. 

N.A. 

3.1. Adverse effects on cells 117 

US can trigger apoptosis and low level of necrosis, as shown on leukemic cells ex- 118 

posed at low frequencies of US generated by a ceramic disk (1.8 MHz frequency, 7 119 

mW.mL-1 intensity, exposure from 1 to 18 h) [19]. The hypothesis, proposed by Lagneaux 120 

et al., is that the apoptosis is triggered by the presence of the 1O2 oxygen singlet, the insta- 121 

ble and highly reactive state of dioxygen, due to the sonoluminescence caused by a cavi- 122 

tation phenomenon [19]. 123 

Genotoxicity appears to be another effect of this inertial cavitation phenomenon, ei- 124 

ther linked to oxidative stress or to the mechanical constraints of the cavitation alone. 125 

DNA double strand breaks caused by these forces were evidenced in leukemic cells ex- 126 

posed to US at 1 MHz frequency, with a 10% duty cycle, namely a 100 Hz pulsed wave, 127 

an intensity higher than 200 mW.cm-2, and an acoustic pressure higher than 0.105 MPa 128 

[17]. Udroiu et al., showed nevertheless that US can affect the genome integrity even at 129 

intensities below the cavitation threshold [29]. Transient mitotic anomalies were observed 130 

after a 30 min US stimulation at 1 MHz, and an intensity of either 70, 140, or 300 mW.cm - 131 
2 defined by the authors as respectively below, around, or over the cavitation threshold. 132 

This genotoxic effect was retrieved in different cell types: HeLa human cervical cancer 133 

cells, MCR-5 human pulmonary fibroblasts, and MCF-7 human breast cancer cells. 134 

Adverse outcomes from US exposure may however depend on the cell type. La- 135 

gneaux et al. exposed that cancerous cells seemed to be more sensitive to US induced ne- 136 

crosis than non-cancerous cells [19]. Other researchers have studied how to induce selec- 137 

tive cell death. Narihira et al. have studied the effects of US in the presence or absence of 138 
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Cetuximab (an anticancer drug) coated albumin microbubbles on oral squamous carci- 139 

noma cells (HSC-2 cells) and tumor monocytes (U-937) [23]. The cells were exposed to US 140 

of 1 MHz, with a 10 Hz repetition pulse frequency, and a duty cycle of 50%. Intensities of 141 

0.8, 0.9, and 1 W.cm-2 were delivered for 15 s, which corresponds of 150, 160, and 170 kPa 142 

pressures. Whatever the intensity, the viability decreased in a dose-dependent manner in 143 

HSC-2 cells only. 144 

3.2. Proliferation, cytoskeleton rearrangement and transfection 145 

When the parameters are properly calibrated, US can enhance cell proliferation and 146 

migration. Studies bore interest on wound healing, or bone regeneration. Using acoustic 147 

intensities from 30 to 1000 W.cm-2 and frequencies between 1 to 3 MHz, US could posi- 148 

tively affect the differentiation and protein synthesis of osteoblasts, osteoclasts, chondro- 149 

cytes and mesenchymal stem cells [2]. At 1 MHz, 250 W.cm-2 with a duty cycle of 20%, the 150 

proliferation rate of murine osteoblasts increased by 20% [21]. The speed of the scratch- 151 

wound healing increased with US stimulation even when the proliferation was blocked 152 

with mitomycin C, hence a conclusion on an increase migration as well as the proliferation 153 

by US. The parameters for a maximal proliferation seem, once again, to depend on the cell 154 

types. On murine myoblasts (C2C12), the most efficient parameters to increase prolifera- 155 

tion were 3 MHz and 1W.cm-2 (20% duty cycle, negligible medium heating), but 1 MHz, 156 

500 mW.cm-2 for differentiation [25]. On rat pheochromocytoma cells (PC-12) however, if 157 

a 138 to 186% increase in proliferation was seen, no significant difference between the 158 

stimulation parameters was observed. The used frequency was 1.48 MHz, the maximal 159 

pressure 45 kPa, 15, 30, 50, 70% duty cycle, 5, 10, 20, 30 min stimulation 3 times a day for 160 

3 days [20]. In another study, at 1 MHz, 0.1 to 1 W.cm-2, a significant rise in primary oste- 161 

oblasts and fibroblasts proliferation was also observed (47% or 37% at 0.7 or 1 W.cm-2 for 162 

osteoblasts, and 34% or 52% for fibroblasts) [16]. Interestingly, the collagen synthesis rose 163 

as well at 0.1 to 0.7 W.cm-2 or 0.1 to 0.4 W.cm-2 for fibroblasts and osteoblasts respectively.  164 

The US impacts on cytoskeleton and proliferation were questioned in several recent 165 

studies. Raz et al. hypothesized that cell sonication induces transient alterations leading 166 

to cytoskeleton reorganization, cell proliferation and migration (Erreur ! Source du renvoi 167 

introuvable., top) [24]. Those effects were linked to mechanical energy transfer to the cells, 168 

increasing as a function of the US frequency until reaching a plateau. A 60% increase of 169 

cells proliferation was evidenced in bovine endothelial cells following 15 to 30 min 1.2 170 

W.cm-2 US stimulation with a frequency of either 0.5, 1, 3.5, or 5 MHz, and a duty cycle of 171 

50 and 100%. At 15 min a difference in cell proliferation was seen between the duty cycle 172 

of 50 and 100%, but this disappeared at 30 min. The study moreover underlined morpho- 173 

logical changes in actin fibers, disassembly of their focal-adhesions and microtubules 174 

(Erreur ! Source du renvoi introuvable., bottom). Initial states were recovered after 24 h, 175 

supporting thus the authors’ hypothesis. Focal-adhesion are constituted mainly by integ- 176 

rin, which has been shown to be activated by low-intensity pulsed ultrasounds [3]. These 177 

effects on the cytoskeleton organization and cell proliferation appear to be a function of 178 

the cell types. Schuster et al. have indeed demonstrated that for an equivalent US dose, no 179 

impact on actin and focal-adhesions but an increase in proliferation was observed for a 180 

human cardiac microvascular endothelial cell line (hcMEC) [27]. Moreover, the prolifera- 181 

tion rate of a Madin–Darby Canine kidney epithelial cell line (MDCK) increased with the 182 

US energy until 25 W.s.cm-2 then started to decrease. For a mouse neuroblastoma line 183 

(Neuro2A cells) or a human colon adenocarcinoma cell line (HT29), the proliferation rate 184 

increased only at high energy (600 W.s.cm-2) and dropped at low energy. In addition to 185 

the proliferation rate, electronic microscopy showed an increased number of cells present- 186 

ing plasma membrane blebs, which might be a sign of apoptosis (Erreur ! Source du renvoi 187 

introuvable. top). Using a similar protocol, a second study showed an increase in neural 188 

stem cell proliferation, but no impact on neurogenesis and gliogenesis [28].  189 
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Other studies sought to better understand this phenomenon of cytoskeleton disor- 190 

ganization, and showed its “fluidization” under US stimulation. The fluidization is a phe- 191 

nomenon where soft materials go from solid to a fluid-like state when submitted to a shear 192 

stress [30]. In cell biology, the so-called cytoskeleton fluidization indicates a reorganiza- 193 

tion of the actin fibers and microtubules, leading to deformations of the plasma mem- 194 

brane. In Mizrahi et al. study, the cytoskeleton of human Airway Smooth Muscle cells 195 

(HASM) showed such fluidization under US stimulation at 1 MHz. Following an exposure 196 

of US at 1W.cm-2, 20% duty cycle (to minimize the temperature rise to under 1°C), the 197 

effects were transient, and a repolymerization of the actin filaments was observed in 200 198 

s. At 2 W.cm-2 however, the effects were irreversible and US lead to the cell death. The 199 

fluidization could be due to the compression waves that generate a local deformation of 200 

the cell [22]. Samandari et al. developed a simulation model, and compared it to their 201 

experimental outcomes. Their standard linear solid viscoelastic model showed that the 202 

cell deformation increases with the pressure. These deformations might depolymerize the 203 

actin filaments and activate signaling pathways sensitive to mechanotransduction. The 204 

deformations are more important when the cell is spread out and close to the substrate. In 205 

their experiment, C2C12 cells were stimulated with US at a 0.8 or 1.7 MHz frequency, 206 

generating a pressure of 150 or 250 kPa, for 10 to 30 s. The temperature rise stayed below 207 

1°C. No cavitation was observed. Cell death increased with pressure and frequency, even 208 

though it remained below 15%. Microscopic observations showed, as expected, a rear- 209 

rangement of the actin cytoskeleton and blebs formation [26]. No studies have yet under- 210 

lined the effects of US on the cytoskeleton intermediate filaments: vimentin, keratin, 211 

lamin, desmin, etc.  212 

 213 

Figure 3. Cytoskeleton and main impacts from US exposure. Top: Schematic outcomes of US on 214 
cellular cytoskeleton, proliferation and migration. Bottom: Schematic visualization of the cytoskel- 215 
eton components. Focal-adhesions are integrin-containing multi-proteins structures binding actin 216 
filaments to the extracellular substrate. 217 

As a consequence of the effects on the cell cytoskeleton, US can temporarily disrupt 218 

the cell membrane. This property was used for transfection: the controlled introduction of 219 
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exogenous genetic material such as gene or proteins into a cell (Erreur ! Source du renvoi 220 

introuvable.) [4]. As a proof of concept, plasmid DNA was transfected to HeLa cells ex- 221 

posed to US at 1 MHz, 300 mW.cm-2, 50% duty cycle, and 5 Hz pulsation frequency [18].  222 

 223 

Figure 4. Schematic description of gene or protein transfection. The elements to transfer are in the 224 
extracellular medium (1). The cell membrane is disrupted by US (2). The cell membrane closes again 225 
after integration of the transfected elements. 226 

3.3. Towards an understanding of the physical mechanisms of action 227 

Several teams tried to formulate hypotheses and propose models to explain the phys- 228 

ical phenomena at play in the biological effects of US. The resonance and shear stress 229 

forces could provoke the disjunction between molecular complexes or conformation 230 

changes of biomacromolecules. The hypothesis presented by Johns suggests indeed that 231 

the absorption of US energy by the enzymes could lead to their activation. The link be- 232 

tween an enzyme and its inhibitor may be broken, or the enzyme may adopt an active 233 

conformation on its own. In both cases, the biochemical reactions that the enzyme catalyze 234 

will be boosted [31]. Other biomacromolecules could be affected, such as the lipids form- 235 

ing the cell membrane. A study, published in 2011, suggested that the US mechanical en- 236 

ergy impacts the hydrogen bonds between the two phospholipid layers of the plasma 237 

membrane and transforms it by contracting and expanding the intramembrane space [32]. 238 

These constraints could explain the cytoskeleton reorganization, and eventual potential 239 

membrane disruption, with irreversible impacts at high frequencies. The cavitation and 240 

ensued microbubbles might act as amplifiers of the phospholipids’ reorganization.  241 

Cumulative effects of the stress impacted by the resonance on the organelles could 242 

also lead to a fatigue phenomenon, which explains the observed cellular damages. Or and 243 

Kimmel [33] developed a model to understand the impacts of US on cell membranes , 244 

without thermal and cavitation effects. Frequencies varying from 0.001 to 100 MHz were 245 

applied onto objects of 100 nm, 1 µm and 5 µm radius. Four rheological models were 246 

tested: viscous fluid, elastic solid, and Voigt and Maxwell viscoelastic constructs. It was 247 

shown that the resonance frequency, the frequency for an intracellular vibration of maxi- 248 

mal amplitude, was radius dependent. 100 nm radius objects, of similar size as cell orga- 249 

nelles, resonated at 1 MHz, a current frequency for medical applications. Miller et al. con- 250 

firmed such findings for chondrocytes (12 µm radius) with a maximal deformation what- 251 

ever the pressure of US considering a resonance frequency of 5.2 MHz. At other frequen- 252 

cies, the deformation increased with the pressure but to a lesser extent [34].  253 

The impacts of US depend on physical parameters such as resonance frequency and 254 

acoustic pressure, but also on biological parameters such as the cell size, adherence, and 255 

type. The frequency, pressure or dose units are not sufficient to comprehend the US effects 256 

on cells. A review from 2007 [35] stated that mW.cm-2 the most used intensity unit, even 257 

if simple and easy to apprehend, does not explain the acoustic field characterization at the 258 
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studied area. The acoustic shear was rarely taken into consideration in the reviewed stud- 259 

ies. Nevertheless, these studies opened up paths to better understand the physical phe- 260 

nomena at play for low frequencies, or as seen in the next paragraph, for frequencies 261 

higher than 10 MHz. 262 

4. Ultrasounds at high frequencies (10-1000 MHz) 263 

At high frequencies, the cavitation phenomenon is not observed; moreover, the 264 

beamwidth becomes narrower allowing a more precise cell stimulation. Technologies us- 265 

ing US at frequencies higher than 10 MHz were recently developed, such as single cell 266 

imaging [36,37]. We will focus here in direct impact on cell behavior with applications in 267 

the cellular or medical sciences as summarized in Erreur ! Source du renvoi introuvable.. 268 

Table 2. Summary table of the impacts on mammal cells of bulk US stimulation at frequencies from 269 
10 to 1000 MHz. (↗ : increase in, ↘: decrease in, N.A.: not available, *: extrapolation based on the 270 
hypothesis that the electrode impedance is at 50 Ω). 271 

Refer-

ence 

Frequency 

(MHz) 

Voltage, in-

tensity or 

electrical 

power 

Duty cycle 

(%) 

Pulse 

time (s) 

Dose (J.cm-

2) 
Cells (adherent) 

Tempera-

ture con-

trol 

Biological effects Hypothesis 

[38] 
15  

+ LED 

47.9, 82.15, 

128.11 

mW.cm-2 

100 
1800 

(daily) 

126 000 – 

230 600 

Human cervix 

carcinoma cells 

(HeLa) 

None ↘ proliferation N.A. 

[39] 200 

16, 32, 47 V  

110, 230, 330 

mW* 

2.5 10 N.A. 

Human breast 

cells (MCF-12F) 

Human breast 

cancer cells 

(MDA-MB-435) 

Thermally 

controlled 

chamber 

↗ cell permeabil-

ity  

higher in non-can-

cerous cells 

N.A. 

[40] 200-1000 

4, 8, 16, 32 V 

30, 60, 110, 

230 mW* 

0.0025-1 0.3-150 N.A.  

Highly invasive 

human breast 

cancer cells 

(MDA-MB-231) 

Weakly invasive 

human breast 

cancer cells 

(MCF-7, SKBR3, 

and BT-474) 

None 

↗ Ca2+ influx as a 

function of inva-

siveness  

N.A. 

[41] 193 1.8-3.6 MPa 
0.1, 0.25, 

0.5, 0.75, 1 
0.5 N.A.  

Endothelial cells 

(HUVEC) 

Thermally 

controlled 

chamber 

↗ Ca2+ influx N.A. 

[42] 43 

50,000, 90,000 

mW.cm-2 

3.2, 5.7 mW 

focused on 1 

cell 

100 0.7 35, 63 

Chinese hamster 

ovary cells 

(CHO) express-

ing rat Nav1.2 or 

mouse piezo 1 

channels 

Human embry-

onic kidney cells 

(HEK) express-

ing mouse piezo 

1 channels 

Estimated 

rise of 

0,8°C 

Stimulation of the 

Nav1.2 and piezo 

channels 

US through 

acoustic radia-

tion and shear 

stimulate the 

piezo channel 

Thermal heat-

ing stimulates 

the Nav1.2 

channel 

[5] 50 0.43-1.97 MPa 33 3.3 N.A.  

Human breast 

cells (MCF-10A) 

MDA-MB-231 

MCF-7 

Rise ≤ 0.5°C 

↗ Ca2+ influx, 

as a function of in-

vasiveness 

US stimulate 

the piezo chan-

nel 
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[6] 150, 215 
22-43 V 

160-300 mW* 
100 

0.016, 

0.023 
N.A. HeLa None 

Size and amount 

of transfected ele-

ments depend on 

the voltage, dura-

tion, frequency 

and number of US 

pulsation.  

No impact on via-

bility 

N.A. 

[43] 150, 215 
22 V 

160 mW* 
0.0036 0.5-1.5 N.A. HeLa None 

Genomic transfec-

tion facilitated by 

US 

N.A. 

4.1. Activation of ion channels, applications in oncology and neurostimulation. 272 

At first, studies have shown that the permeability enhancement by US at high fre- 273 

quencies, or high frequency microbeam stimulation (HFUMS), seemed to depend on the 274 

invasive nature of the cells. Hwang et al. showed that US at 200 MHz increased cell per- 275 

meability more significantly for human breast non-cancerous cells compared to cancer 276 

cells, as evidenced by Rhodamine B reflux [39]. Higher voltage induced higher impact on 277 

permeability. Following studies concluded that HFUMS can enhance the cell permeability 278 

through the activation of specific ion channels [40,41]. Ion channels are membrane pro- 279 

teins allowing the transport of a specific ion or a family of ions down the electrochemical 280 

gradient (see Figure 5). They are ubiquitous, crucial for the physiology of excitable cells, 281 

especially neurons, and their activity is modified in cancerous cells. A significant differ- 282 

ence in Ca2+ influx was indeed observed following exposure to US of 193 MHz on human 283 

breast cancer or non-cancerous cells, and US of 200 MHz on endothelial cells (HUVEC) 284 

[40,41]. Likewise, another study found no impact of US at 50 MHz on human breast non- 285 

cancerous cells, but an increase in Ca2+ influx, as a function of the invasiveness of the hu- 286 

man breast cancer cells [5]. Another class of cationic channel, the transient receptor poten- 287 

tial (TRP) channel, could also play a part, but no significant activation by US was ob- 288 

served. All those studies relied on fluorescence index as a sensor of Ca2+ concentration 289 

changes. Transcriptomic analysis of the genes involved in the piezo channel or the TRP 290 

channel would be welcomed. The detection of the difference in cell response towards 291 

HFUMS could allow the specific distinction between non-cancerous and highly invasive 292 

cancer cells. Moreover, this kind of stimulation by US showed no impact on cell viability, 293 

displaying optimal parameters for potential applications of HFUMS as biosensors [5]. In 294 

addition to being a tool for diagnosis, HFUMS could help tumor treatment. Daily expo- 295 

sure to a 30 min period of HFUMS in combination with light-emitting diodes (LED) in- 296 

duced significant decrease in the proliferation of human cervix carcinoma cells (HeLa) 297 

[38,44]. This effect was shown for a frequency of 15 and 100 MHz, and a range of intensity 298 

higher than 100 W.cm-2. Similar proliferation drops were found at 100 MHz with US only 299 

(no LED) [45]. The authors supposed this could open a new path for cancer treatment.  300 
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 301 

Figure 5. Schematic description of cellular ionic channels: Nav1.2 and piezo channels were shown 302 
to be activated by SAW, while no significant impact on TRP (transient receptor potential) channel 303 
was observed. 304 

Prieto et al. [42] conducted further work on the activation of ionic channels by 305 

HFUMS in hope of developing applications in neurostimulation, and treatments against 306 

mental and neurological disorders (Prieto et al., 2018). The study used Chinese hamster 307 

ovary cells (CHO) modified to express mouse piezo 1 channel, or rat Nav1.2 channel: a 308 

type of sodium channel, or as well as human embryonic kidney cells (HEK) modified to 309 

express mouse piezo 1 channels. The cells were exposed for 0.7 s to US at a frequency of 310 

43 MHz, and an intensity of 50 or 90 W.cm-2. This work confirmed the activation of the 311 

piezo channel by the US, more specifically by the acoustic radiation pressure and stream- 312 

ing. The Nav1.2 channel was also activated by the stimulation, albeit only due to thermal 313 

heating. Heating can indeed activate or speed the kinetic of ion channels. It has to be noted 314 

that the temperature rise at play here was only of 0.8°C. Thus even a small difference in 315 

environmental temperature due to US could impact the cell response. 316 

4.2. Increase in permeability and transfection 317 

Using the US effects on the membrane permeability through channel activation, the 318 

HFUMS can additionally be used to transfect small molecules, DNA plasmids and RNA 319 

messengers. At high frequencies, no microbubble is needed. HFUMS enables thus con- 320 

trolled and local intracellular delivery of chosen molecules. Such US-transfection system 321 

was developed by Yoon et al. at 150 and 215 MHz and tested on HeLa cells. Size and 322 

amount of transfected fluorescent dextran molecules depended on the frequency, the 323 

number of electric pulses, the peak-to-peak voltage (Vpp), and pulse duration (tp). The 324 

study optimized the parameters for a maximal transfection of 3 kDa dextran molecules, 325 

without any significant impact of cell viability at short (6 h) and long (40 h) term. The 326 

optimized parameters were: Vpp = 22 V and tp = 30 µs, or Vpp = 43 V and tp = 10 µs [6]. A 327 

year later, the same team used this method to successfully transfer CRISPR-Cas9 systems 328 

and succeed in reprogramming the genome of HeLa cells [43]. HFUMS-transfection was 329 

thus confirmed as an efficient technique for efficient genome editing.  330 

5. Ultrasounds induced by surface acoustic waves 331 

The previous sections focused on bulk acoustic waves, where the whole transducer 332 

resonates to produce ultrasounds in the environmental medium. Here, we will study the 333 

impacts of surface acoustic waves (SAW), where only the extreme surface of an elastic 334 

material resonates. The SAW are also called Rayleigh waves, in reference to the name of 335 

the first scientist to describe them in 1885. The generation of SAW requires the conversion 336 

of electrical to mechanical energy. A voltage is applied to a metallic interdigitated trans- 337 

ducer (IDT) on the surface of a piezoelectric substrate, generally a lithium niobate 338 

(LiNbO3) chip, on the surface of which acoustic waves propagate longitudinally (Erreur ! 339 
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Source du renvoi introuvable. bottom). These acoustic waves can propagate to other ad- 340 

jacent media as cell culture plate and culture medium, in which they create an acoustic 341 

streaming. Cells can thus be directly stimulated by mechanic waves or by shear flow. Due 342 

to the small size of these microsystems and relatively low cost, SAW have a wide range of 343 

cell manipulation applications, refining and completing those of bulk acoustic waves 344 

(Erreur ! Source du renvoi introuvable.) [46,47]. 345 

Table 3. Summary table of the impacts on mammal cells of SAW stimulation. (↗: increase in, ↘: 346 
decrease in, N.A.: not available, AFM: atomic force microscopy, IDT: interdigital transitor, PDMS: 347 
polydimethyl siloxane, *: extrapolation based on the hypothesis that the electrode impedance is at 50 Ω). 348 

Refer-

ence 

Frequency 

(MHz) 

Intensity or 

electrical 

power 

Duty cycle 

(%) 
Time Shear flow Device Cells 

Tempera-

ture con-

trol 

Biological ef-

fects 
Hypothesis 

[48] 10 65 - 250 mW N.A. N.A. N.A. 
Slanted IDT, 

LiNbO3 chip 

Human red 

blood cells 

(RBC)  

RBC infected 

by the malar-

ial parasite 

Plasmodium 

falciparum 

None 

Enrichment, 

separation of 

the cells de-

pending on 

their patho-

logical state 

Cell density 

impacts their 

displacement 

with the 

shear flow 

[7] 77-164 

80-1000 

mW.cm-2 

up to 13.6 

mW 

100 or 

0.00077 

5 min -

27 h 
N.A. 

LiNbO3 chip 

covered with 

a SiO2 layer 

(= substrate), 

PDMS well 

Madine–

Darby ca-

nine kidney 

(MDCK-II) 

Human oste-

osarcoma 

sarcoma os-

teogenic 

(SaOs-2) 

Human em-

bryonic kid-

ney (T-REx-

293) 

Estimated 

rise of 

2.4°C 

Wound heal-

ing 

 ↗ cell mi-

gration  

↗ cell prolif-

eration 

Direct me-

chanical stim-

ulation > flow 

field, or elec-

trical field 

[49] 101-204 380 mW 100 seconds N.A. 
4 IDT, 

LiNbO3 chip 

Human lym-

phocytes  

RBC infected 

by the malar-

ial parasite 

Plasmodium 

falciparum 

Thermally 

controlled 

chamber 

Patterning of 

spatially iso-

lated individ-

ual cells in an 

acoustic field 

defined in 2D 

N.A. 

[50] 48.8 467 mW 2.5 48 h 

Shear stress 

120-280 

mN.m-2 

Shear veloc-

ity 600 ± 250 

μm.s-1 

LiNbO3 chip, 

titanium sub-

strate, PDMS 

well 

Human 

monocytes 

(U-937) 

Rise ≤ 

0.5°C 

↗ cell prolif-

eration  

(+ 36%) 

Shear stress 

linked to 

SAW has a 

more positive 

impact than 

stirring 

[51] 14 

Up to18 V, 

59.3 mW.cm-

2 and 0.23 

µW for a 

single cell 

(400 µm2) 

order of mag-

nitude up to 

100 mW* 

100 4-8 h 

Velocity up 

to 56 μm.s-1, 

shear stress 

3.8 mPa 

LiNbO3 chip, 

glycerol as a 

coupling liq-

uid with the 

PDMS cell 

culture 

chamber 

Mouse em-

bryonic fi-

broblasts 

(NIH-3T3) 

Feedback 

loop to 

maintain 

the tem-

perature of 

the me-

dium flow 

Cell migra-

tion first en-

hanced, then 

suppressed 

as the inten-

sity rose 

No reduction 

in cell viabil-

ity 

Cell orienta-

tion align-

ment along 

the propagat-

ing wave, 

high traction 

forces acti-

vated the Rho 
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Thicker actin 

bundles 

signaling 

pathway 

[52] 160 631 mW 100 60 min 

Shear rate 

distribution 

1750-6900 s-1 

Gold IDT, 

LiNbO3 chip, 

a cylindrical 

PDMS cham-

ber on top 

filled with 

culture me-

dium, cells 

attached to a 

titanium im-

plant on top 

SaOs-2 

Tempera-

ture main-

tained at 

37°C, no 

precision 

Correlation 

between 

shear flow 

and cell de-

tachment 

from an im-

plant 

Cell density 

plays a key 

role 

[53] 19.35 
325 - 575 

mW 
100 10 s 

Velocity 0-9 

mm.s-1 

LiNbO3 chip, 

titanium 

layer, alumi-

num sub-

strate, 

none 
 

/ 

↗ penetra-

tion rate into 

a porous scaf-

fold 

N.A. 

[54] 161 - 171 31.6 mW N.A. 

> 330 µs 

per 

pulse 

N.A. 

Gold and ti-

tan LiNbO3 

chip, covered 

with glass, 

PDMS micro-

channel de-

vice 

 Mouse mel-

anoma cells 

(B16F10) 

None. 

Sorting rate 

of 3000 cells.s-

1 depending 

on their fluo-

rescence (Cal-

cein-AM) 

N.A. 

[55] 196.7 
1 mW 

10-20 kPa 
100 3-10 min N.A. 

Quartz (SiO2) 

chip, cells 

suspended in 

glycerin, SU-

8 microprobe 

Chondrosar-

coma (JJ012) 

Breast cancer 

cells (MDA-

MB-231, 

SKBR3, 

MCF7) 

None 

US velocity 

measurement 

for single cell 

analysis 

106 sensitivity 

in elasticity 

than AFM 

Cell elastic 

moduli is a 

possible bi-

omarker for 

aggressive-

ness or meta-

static poten-

tial 

[56] 132 55-500 mW 100 100 s 

Velocity 

0.42-1.80 

m.s-1 

Shear stress 

0.01-0.045 

Pa 

Concentric 

gold IDT, 

LiNbO3 chip 

Untreated, 

and non-in-

fected hu-

man RBC 

Glutaralde-

hyde- 

treated RBC 

RBC infected 

by the malar-

ial parasite 

None 

Cell detach-

ment behav-

ior was dif-

ferent accord-

ing to the 

RBC state of 

infection. 

Specific 

mecha-

notransduc-

tion might be 

a biomarker 

[57] 159 2-4 mW 100 48 h N.A. 

LiNbO3 chip, 

SiO2 sub-

strate, PDMS 

well 

SaOs-2 
Rise ≤ 

0.32°C 

↗ wound 

healing as a 

function of 

US intensity 

no significant 

necrosis  

no preferred 

direction for 

migra-

tion/prolifer-

ation 

Unclear if the 

effect is due 

to mechanical 

stimulation, 

electrical or a 

combination 

of both 
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[58] N.A. 
316 - 501 

mW 
100 0-60 min 

Shear flow 2 

Pa 

LiNbO3 chip, 

titanium sub-

strate 

SaOs-2 

Thermally 

controlled 

chamber 

No signifi-

cant impact 

on cell adhe-

sion, when T 

≤ 37°C 

Decrease in 

cell adhesion 

is due to in-

crease in tem-

perature or 

decrease in 

pH 

[8] 38.74 125.6 mW 80  2 h N.A. 

Two circular 

IDT (and two 

straight IDT 

for SSAW), 

LiNbO3 chip, 

covered with 

Al, and 

PDMS chan-

nels 

Human gli-

oma cell 

lines (U87) 

Rat RBC 

None 

Cell sorting 

depending on 

their viru-

lence 

Sorting of 

particles is 

dependent on 

their size 

5.1. Controlling cell detachment 349 

A time-dependent detachment of human cells from their growing substrate can be 350 

observed when exposed to SAW. Likewise Stamp et al. applied power of 300 to 500 mW 351 

applied to a LiNbO3 chip, inducing SAW and US (no information was given about their 352 

frequency and intensity) that detached adherent human osteosarcoma sarcoma osteogenic 353 

cells (SaOs-2) [58]. They hypothesized however this loss in cell adhesion was due to an 354 

increase in temperature or a decrease in pH, not the SAW and US. When the temperature 355 

was maintained under 37°C, no significant cell detachment was indeed observed. In order 356 

to control the temperature, the duty cycle can be decreased, and the number of exposure 357 

cycles increased to deliver an equivalent dose to the cells in pulse rather than in a one- 358 

time exposure. However, a recent study showed that changing the number of exposure 359 

cycles had no effect on the observed cell detachment for similar exposure time and applied 360 

voltage [59]. Part of the remaining adherent cells in this study was destroyed through 361 

excess shear. Jötten et al. showed previously that the shear flow also impacted the cell 362 

detachment rate [52]. Other parameters are at stake such as the cell density, but also the 363 

cell type, rigidity, invasiness (etc.). 364 

A study described different behaviors before detachment of red blood cells (RBC) 365 

depending on their pathological state [56]. For non-treated, non-infected RBC, the cell 366 

membrane translated, either rolling or flipping across the substrate before detachment. 367 

Glutaraldehyde-treated RBC showed a similar behavior but needed a longer period of 368 

time before detachment. Malaria-infected cells, on the other hand, adhered quite strongly 369 

for the duration of SAW exposure even if some cell translating, rolling and flipping were 370 

also observed. These findings pave the way for potential applications of SAW in diagnosis 371 

by use of biomarkers linked to mechanotransduction.  372 

5.2. From cell manipulation to cell sorting  373 

Single cell manipulation is a rising field at the intersection of biological sciences, mi- 374 

crofluidics, and acoustics. SAW can be used to facilitate the cell collision with nanoparti- 375 

cles and induce cell lysis in very small volumes in microfluidic systems [60]. SAW can also 376 

guide cell seeding into porous scaffolds further than non-exposed cells [53,61]. A two- 377 

dimensional cell seeding pattern may also be built with possible spatial single-cell isola- 378 

tion [49]. Once isolated, single cells can be analyzed. Collins et al. showed that the US 379 

velocity gave information on the elasticity of the cells with 106 more sensitivity than atomic 380 

force microscopy (AFM). SAW could thus be used for the differentiation of cancer and 381 

healthy cells, as the elastic modulus might be a possible biomarker for invasiveness or 382 

metastatic potential.  383 
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High rate of cell manipulation and sorting can be achieved. A study in 2014 reached 384 

a sorting rate as high as 3000 cells.s-1 [54]. Under the influence of SAW, cells were sorted 385 

depending on their fluorescence. The used fluorophore (calcein-AM) was sensitive to cell 386 

metabolic activity and membrane integrity. The same year, a study realized a sorting of 387 

red blood cells by acoustic streaming depending on their infection states by the malarial 388 

parasite Plasmodium falciparum [48]. The authors noted that the cell density impacted their 389 

displacement within the shear flow. Noteworthy, powers above 250 mW did not lead to 390 

significant differences in cell behavior, while powers as low as 65 mW allowed efficient 391 

cell sorting. More recently, an attempt was made to sort first fluorescent polymer beads 392 

depending on their size, then brain cancer cells depending on their size and virulence [8]. 393 

Separation increased with the SAW cycle number. SAW induced more stability and flexi- 394 

bility in the cell sorting than standing SAW. Importantly, at the used power (126 mW) and 395 

frequency (39 MHz) the authors detected no significant effect on cell viability, prolifera- 396 

tion and migration.  397 

5.3. Wound healing: cell migration or proliferation? 398 

In 2016, SAW were seen to enhance wound healing, with cells exposed to low powers 399 

(2 to 4 mW, at 159 MHz) for 48 h [57]. Osteoblasts (SaOs-2) were seeded as a monolayer 400 

with a zone of a few cm left empty: the “wound”. After stimulation, the cells were faster 401 

to recreate a monolayer to join both side of the wound, hence the so-called “healing” pro- 402 

cess. Increasing the US intensity seemed to increase the healing process. No significant 403 

necrosis of the cells was observed. It remained unclear if the effect was due to an increase 404 

in cell migration or proliferation, and to mechanical or electrical stimulation. No preferred 405 

direction of migration or proliferation was detected; thus, the shear stress was supposed 406 

to be responsible for the wound healing intensification.  407 

In 2020, Brugger et al. conducted a similar experiment, and confirmed the improve- 408 

ment in wound healing using SaOs-2 and canine and human kidney cells [7]. Here again, 409 

no morphological change and no oxidative stress were detected. This was observed how- 410 

ever only if the flow stream was at a reasonable level, if too strong, cell detachment was 411 

observed, which coincides with earlier findings described in the section 4.1. on this re- 412 

view. The experiment answered that both cell migration and proliferation were enhanced, 413 

with a predominance of cell migration. Direct mechanical stimulation seemed to have 414 

more effect than electrical stimulation, but further studies are needed to confirm this hy- 415 

pothesis. The rise in temperature need to be controlled with an observed increased de- 416 

pendent on the used power: ΔT/ΔP = 37 K/W. Lately, Imashiro et al. reinforce Brugger’s 417 

findings on cell migration, with a SAW system where the temperature was controlled to 418 

remain between 36 and 38°C, and the electrical stimulation was negligible as isolating 419 

layers of glycerol and PDMS separated the cells from the chip [62]. An increase by 28 and 420 

42% of the cell migration speed was observed at 2 and 4 V, but the migration was sup- 421 

pressed at 18 V which corresponds to a 59,3 mW/cm2 intensity. On the contrary to Stamp’s 422 

study, they found a significant preferential alignment in the cell nuclei. They supposed it 423 

to be linked to changes in the cytoskeleton: increase in actin stress fibers and bundle thick- 424 

ness. The shear stress, estimated to 3.7 mPa, was supposed to be too low to induce such 425 

biological impacts rather due to the propagating acoustic waves themselves [51].  426 

The question of whether cell proliferation could be enhanced by SAW is especially 427 

pertinent if we compared to the impacts of bulk US (paragraph 2.2.). SAW could increase 428 

human monocytes proliferation up to 36%, by using the following parameters: 49 MHz, 429 

467 mW, duty cycle of 2.5% and 48 h exposure [50]. The temperature rise played no role, 430 

as they minimized the heating under 0.5°C by using a pulse stimulation with a 2.5% duty 431 

cycle. In this study however, the authors supposed that the acoustic streaming rather than 432 

the mechanical stimulation was responsible for the cell proliferation. Lower shear stress, 433 

without any US, have indeed been seen to increase the production of F-actin in human 434 

monocytes, inducing structural changes of the cytoskeleton that could lead to an increase 435 
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in proliferation. Considering their wide and crucial potential applications, new studies on 436 

cell mechanotransduction activated by SAW are expected in the next few years. 437 

6. Towards experimental standardization  438 

The study of the acoustic wave’s effects on human and mammal cells is still a rising 439 

field. One major drawback is the lack of standardization between the published works. A 440 

main inconvenient is indeed the different expression of the US parameters: either the in- 441 

tensity, the power, or the voltage are given, especially in the most recent articles on 442 

HFUMS or SAW. Considering also the wide range of used cell types, comparing results 443 

from different studies is quite challenging. In Figure 6, an attempt was made to summa- 444 

rize the tendencies described throughout this review. Low frequency acoustic waves were 445 

seen to induced cell death due to cavitations, which, if used with optimized parameters, 446 

can perturb the cell membrane just enough to ease gene or protein translocation with the 447 

help of microbubbles. Low frequency US also mainly affect the cytoskeleton, with its flu- 448 

idization and the formation of blebs. It either can be irreversible and induce cell death, or 449 

reversible and enhance cell proliferation and regeneration with applications in tissue re- 450 

generation. This is supposed to be due to acoustic pressure and resonance frequencies 451 

close to those of the cell components. At high frequency, the cavitation phenomenon is 452 

not observed, but the membrane permeability can still be boosted with applications in 453 

oncology, neurostimulation, or transfection of genetic material. Several studies showed 454 

stimuli of piezo ionic channels. If the mechanical transfers of energy start to be under- 455 

stood, much work is needed to assess the role of the temperature rise or the acoustic shear. 456 

SAW are mostly used for their potency in cell detachment, cell sorting and wound healing 457 

by increases of cell proliferation and/or migration. The cellular answers to SAW-induced 458 

US depends on the cell density and on properties such as the size or the elastic modulus. 459 

This allows the detection and separation of infection red blood cells for example. Most of 460 

these microfluidic manipulations are linked to the acoustic shear flow, as they were un- 461 

dergone under stabilized temperature. However, we have seen that even a slight change 462 

in temperature could impact the ion channel activation, thus further study on this param- 463 

eter could be conducted. Moreover, the role of mechanic and electric stimuli in the biolog- 464 

ical response of the exposed cells are though still to be clarified.  465 

Numerous parameters influence these results however: cell type, concentration, 466 

pathological state, US frequency, intensity, pulse mode, exposure time, and more globally 467 

the dose of exposure, as well as the environmental temperature and shear flow. Large 468 

scale studies, focusing on only one parameter and setting all others would be a solution 469 

to gain in understanding of the biological and physical mechanisms of action. This kind 470 

of work would feed on experimental standardization across the laboratories, efficient 471 

workload sharing, and systematic results dissemination.  472 
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 473 

Figure 6. Sum up of the global tendencies of US effects on human and mammalian cells. Red: dele- 474 
terious effects, blue: effects on the cytoskeleton and cell membrane, green: favorable effects. 475 

7. Conclusion 476 

This review summarized biological outcomes of human or mammal cells exposure 477 

to US, and tried to provide leads on the physical phenomena at stake. Even if not as em- 478 

phasized with SAW, US can lead to cell death, damages, or decrease in proliferation if the 479 

parameters are not well adjusted. What is more of interest for cellular or medical sciences 480 

is the possibility to trigger an increase in cell proliferation, migration, and permeability 481 

either by inducing changes in the cytoskeleton or ion channel activity. Overall, standard- 482 

ized studies to assess the impact of each physical parameter shall be conducted to antici- 483 

pate a specific cell line response to US and to design efficient microsystems for medical 484 

applications of acoustic waves. 485 
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