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A B S T R A C T

Targeted therapeutic interventions utilizing low-intensity ultrasound (LIUS) exhibit substantial
potential for hindering the proliferation of cancer stem cells. This investigation introduces a
multiscale model and computational framework to comprehensively explore the therapeutic
LIUS on poroelastic tumor dynamics, thereby unraveling the intricacies of mechanotransduction
mechanisms at play. Our model includes both macroscopic timescales encompassing days and
rapid timescales spanning from microseconds to seconds, facilitating an in-depth comprehension
of tumor behavior. We unveil the discerning suppression or reorientation of cancer cell prolif-
eration and migration, enhancing a notable redistribution of cellular phases and stresses within
the tumor microenvironment. Our findings defy existing paradigms by elucidating the impact
of LIUS on cancer stem cell behavior. This endeavor advances our fundamental understanding
of mechanotransduction phenomena in the context of LIUS therapy, thus underscoring its
promising as a targeted therapeutic modality for cancer treatment. Furthermore, our results
make a substantial contribution to the broader scientific community by shedding light on
the intricate interplay between mechanical forces, cellular responses, and the spatiotemporal
evolution of tumors. These insights hold the promising to promote a new perspective for the
future development of pioneering and highly efficacious therapeutic strategies for combating
cancer in a personalized manner.

1. Introduction

Mechanotherapy represents an emerging frontier in cancer treatment, harnessing the power of mechanical forces per se, or
through their interaction with cell biochemical connections, to selectively target and eradicate or reverse the growth trend of cancer
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cells. The underlying principle behind this strategy lies in the observation that cancer cells exhibit increased sensitivity to mechanical
stimuli, and by manipulating these forces, their properties can be affected, ultimately leading to cell death or dysfunction.

In the past few years, extensive endeavors have been dedicated to develop a wide range of techniques aimed at modulating cell
ehavior by altering the microenvironment. These techniques encompass a spectrum of perspectives, from pharmacological agents
hat modify the elasticity of the remodeled microenvironment and cell stiffness [1–5], to the application of mechanical waves.
hese principles not only serve as fundamental research tools for investigating the basic interactions of cell mechanics, but an
xtraordinary translational potential could also emerge for clinical applications, since mechanical waves can be delivered to patients
sing transducers or patches. In addition, there is growing recognition that the combination of these therapies can synergistically
nhance treatment effectiveness and greatly improve the overall prognosis of the disease.

Recent studies have provided compelling evidence of the therapeutic effectiveness of low-intensity ultrasound. Low-intensity
ltrasound (LIUS) and its pulsed version (LIPUS), have been proposed to impact cancer cells by two main mechanisms: (i) selectively
esonating the right diameter cells under the name of oncotripsy, which lies on destroying the cytoskeleton via cavitation [6–11],

and (ii) triggered response produced via mechanotransduction signaling pathways [9,10,12–21].
Although these studies have repeatedly evidenced considerable promising effects, the lack of understanding of the mechanism,

and the even opposing responses triggered by diverse frequencies, energies, and configurations, make the concept of little use at its
current state.

The deepening in the configuration and effects of the application of mechanical waves have garnered considerable attention
in the scientific community, driven by the potential of LIUS to influence cancer cell dynamics. However, our understanding of
the underlying mechanisms behind LIUS-induced effects in cancer cells has been hampered by the complexity of accounting for
the combined effects of the large number of agents involved in this process, and the enormous costs associated with performing
extensive biological experiments.

To unravel the intricate mechanisms of LIUS and improve its therapeutic prospective, mathematical oncology emerges as
a valuable tool [22]. By simulating the complex interactions between ultrasound waves and the tumor microenvironment, in
conjunction with other treatment modalities, these models offer a great avenue to try to understand LIUS at a deeper level. Such
ultrasound-tumor interactions provide crucial insights into the underlying mechanisms of LIUS and can facilitate the development
of more efficient treatment strategies.

Within this framework, we present a multiscale model to unveil the influence of LIUS on tumor evolution through mechan-
otransduction. Our approach encompasses the application of LIUS at high frequencies coupled with lower acoustic pressures to
target cancer precursor cells known as cancer stem cells (CSCs) [23,24], which are widely considered to have an important impact
on cancer metastasis and are frequently associated with relapse due to their self-renewal, differentiation capabilities and resistance
to conventional therapies [24].

The structure of the article is organized as follows: Section 2 outlines a multiscale mathematical model that conceptualizes tumors
as poroelastic materials, comprising an interstitial fluid phase and distinct solid phases that are influenced by the elastic properties of
tumor cells, healthy cells, and the extracellular matrix (ECM). We have expanded upon an existing framework [25,26], incorporating
the impact of ultrasound on this system and introducing a novel mechanotransduction function that is sensitive to hydrostatic stress.
Subsequently, we explore the results, which are methodically divided into two sections. In the initial results Section 3.1, we apply
the mathematical model in a simplified context—focusing solely on the presence of tumor cells—and present both experimental
and numerical outcomes from our investigations with CSCs. By varying frequencies, viscosities, and acoustic pressures, we illustrate
how LIUS influences CSCs compared to unsonicated CSCs over a period of three days. In the subsequent Section 3.2, armed with
the previously refined mechanical and mechanotransduction parameters, we employ the complete mathematical model to predict
the effects of ultrasound in scenarios where various cellular types coexist. Here, we identify the selective patterns of LIUS and
we reproduce and elucidate the selective behavior of LIUS when targeting cancerous cells. Finally, in Section 4, we discuss the
significant findings of this research, highlighting how our interdisciplinary approach offers a promising avenue for exploring the
therapeutic effects of LIUS on cancer stem cells.

2. Materials and methods

2.1. Mathematical model

The multiscale model is proposed on two different scales: (i) slow time scale, 𝑡, in which the tumor grows and migrates, and
(ii) fast time scale, 𝑡𝑢, in which ultrasound propagates through the tumor. Both scales are coupled by mechanotransduction, which
occurs at an ultrasonic time interval and triggers a tumor dynamics response at a slow scale. Thus, we can encapsulate the enduring
effects of growth and reorganization, which may not be discernible on the ultrasonic scale but acquire significance on a broader
and slower scale [27].

We describe tumors as poroelastic materials composed of a fluid phase (𝜙𝐹 ) of interstitial fluid and different solid phases (𝜙𝑖)
that provide elastic stiffness. The solid phases included here are tumor cells (𝜙𝑇 ), healthy cells (𝜙𝐻 ), and the extracellular matrix
(𝜙𝑀 ). This study simplifies the representation of the tumor environment by treating these cell types and the ECM phase generically,
despite the significant inherent differences between them. For instance, the ECM is considered as a uniform composite of fibrous
tissue, proteins and other components, although it actually comprises various types with distinct roles. Similarly, the model does not
distinguish between the nuanced behaviors of endothelial versus immune and normal epithelial cells, especially concerning their
88
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competitive interactions within the tumor microenvironment. This approach allows for a more general analysis but overlooks the
complex heterogeneity typical of such biological systems.

The proposed system is built upon Biot’s poroelasticity and growth theory, widely studied in the field of thermodynamics. For
comprehensive grasp of the equations, particularly those pertaining to poroelastic cell competition and mechanotransduction,
e suggest consulting Refs. [20,25,26,28]. We consider infinitesimal strain theory and linear elasticity assuming that there is no

arge deformation during ultrasound insonation [6] and growth does not develop great deformation. Furthermore, we use the 𝑢𝑢𝑢− 𝑝
poroelastic notation, neglecting the relative fluid-solid displacement.

The momentum balance that describes the dynamic mechanical equilibrium is:

∇ ⋅ 𝜎𝜎𝜎 = 𝜌 𝜕
2𝐮
𝜕𝑡2

, (1)

where 𝜌 is the medium density and 𝐮 are the displacements. The multiscale Cauchy stress tensor in a sonicated growing tumor is
described by:

𝜎𝜎𝜎(𝑥𝑥𝑥, 𝑡) = 𝜎𝜎𝜎𝑠(𝑥𝑥𝑥, 𝑡) + 𝜎𝜎𝜎𝑢(𝑥𝑥𝑥, 𝑡𝑢), (2)

where the slow-scale stress 𝜎𝜎𝜎𝑠(𝑥𝑥𝑥, 𝑡) accounts for the growth and the poroelastic rearrangements while the fast-scale stress 𝜎𝜎𝜎𝑢(𝑥𝑥𝑥, 𝑡𝑢) is
the ultrasonic stress. To isolate the governing equations at each temporal scale and save computational cost, we follow the principles
of multiscale developed in [29] and adapted to the ultrasound formulation in [27]. Then, we define the average of the multiscale
stress over an ultrasonic spatial and temporal cycle, specifically, the reference ultrasonic wavelength 𝜆 and period 𝑇 :

⟨𝜎𝜎𝜎⟩ = 1
𝜆𝑇 ∫

𝑇

0 ∫

𝜆

0
𝜎𝜎𝜎 𝑑𝑥𝑥𝑥 𝑑𝑡𝑢. (3)

Considering the definition of multiscale stress, the above reads:

⟨𝜎𝜎𝜎⟩ = 1
𝜆𝑇 ∫

𝑇

0 ∫

𝜆

0
𝜎𝜎𝜎𝑠 𝑑𝑥𝑥𝑥 𝑑𝑡𝑢 +

1
𝜆𝑇 ∫

𝑇

0 ∫

𝜆

0
𝜎𝜎𝜎𝑢 𝑑𝑥𝑥𝑥 𝑑𝑡𝑢, (4)

where the slow stress independent of the ultrasonic scale is ⟨𝜎𝜎𝜎𝑠⟩ = 𝜎𝜎𝜎𝑠. Ultrasonic stress is a sinus function on 𝜆 and 𝑇 , so ⟨𝜎𝜎𝜎𝑢⟩ = 0.
Then, the average of the multiscale stress is the slow-scale stress, ⟨𝜎𝜎𝜎⟩ = 𝜎𝜎𝜎𝑠, and subsequently the average of the slow-scale stress is
the total multiscale stress, ⟨𝜎𝜎𝜎𝑠⟩ = 𝜎𝜎𝜎. Finally, with respect to Eq. (2) and the independence of the slow-scale stress from the ultrasonic
scale, the ultrasonic stress is 𝜎𝜎𝜎𝑢 = 𝜎𝜎𝜎 − ⟨𝜎𝜎𝜎⟩.

Once the multiscale approach is formalized, we define the slow-scale stress as an additive decomposition:

𝜎𝜎𝜎𝑠 = 𝜎𝜎𝜎𝑒 + 𝜎𝜎𝜎𝑝 + 𝜎𝜎𝜎𝑔 , (5)

where 𝝈e is the so-called effective solid stress tensor, 𝝈p the fluid pressure contribution, and 𝝈g the stress generated during growth.
Hence, the equation of equilibrium (1) applied to slow-scale stress can be considered as a quasistatic process since characteristic
velocities are small and inertia terms can be neglected [30]. For an elastic isotropic material, the constitutive equation for the
effective solid stress that accounts for the elastic rearrangements yields:

𝜎𝜎𝜎𝑒 = 2𝜇𝑑
(

𝜀𝜀𝜀 − 1
3
tr(𝜀𝜀𝜀)𝐈

)

+𝐾𝑑 tr(𝜀𝜀𝜀)𝐈, (6)

where the small strain is 𝜺 = 1
2
(∇𝐮+∇𝐮T), with 𝐮 the displacements, 𝐈 the second-order identity tensor, and 𝐾𝑑 and 𝜇𝑑 the drained

bulk and shear modulus. We can neglect the viscous solid contribution in the slow-scale governing equation since the relaxation
terms of rearrangements are on a smaller time scale than growth. The stress produced by the fluid is:

𝜎𝜎𝜎𝑝 = −𝛼
(

𝑝 − 𝑝0
)

𝐈, (7)

with 𝛼 the Biot coefficient, 𝑝 the fluid pore pressure, and 𝑝0 the initial fluid pore pressure. The evolution of the fluid pressure 𝑝 is
regulated by the storage equation:

𝜕𝜁
𝜕𝑡

= 1
𝑀

𝜕𝑝
𝜕𝑡

+ 𝛼
𝜕𝑡𝑟(𝜀𝜀𝜀)
𝜕𝑡

= ∇ ⋅
(

𝑘∇𝑝
)

+ ΓF, (8)

where 𝜁 is the dimensionless variation of fluid content defined by the difference between the actual and initial fluid phase
𝜁 = 𝜙F−𝜙F0. The parameter 𝑀 represents the Biot modulus, and 𝑘 denotes the hydraulic conductivity, given by 𝑘 = 𝜅𝜈𝑓−1, where 𝜅
stands for the permeability of the medium, and the dynamic fluid viscosity is described by 𝜈𝑓 . The source term 𝛤𝐹 accounts for the
luid interchange between vessels and capillaries. Considering the theory of Starling [25,26,31–33], the fluid flow source yields:

𝛤𝐹 = 𝑘𝑣
[

(𝑝𝑣 − 𝑝) − 𝜔(𝜋𝑣 − 𝜋𝑙)
]

− 𝑘𝑙(𝑝 − 𝑝𝑙), (9)

where 𝑝𝑣 is associated with the vessel pressure, 𝜔 represents the reflection coefficient, weighing the interstitial osmotic pressure
(𝜋𝑣 − 𝜋𝑙), and 𝑝𝑙 denotes the lymphatic pressure drainage operating counter to the vessel pressure system. The constants 𝑘𝑣 and
𝑘𝑙 correspond to the conductivity coefficients of the vessel and lymphatic system, respectively. Following recent literature, we
formulate the conductivity of the lymphatic system as a function of tumor cells, encompassing the diminishing drainage of the
lymphatic system induced by tumor growth.

𝑘 =
[

1 − (𝜙 − 𝜙 )
]

𝑘 , (10)
89
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where 𝑘𝑙𝑛 is the conductivity of the lymphatic system under normal conditions [26,31]. Finally, the stress produced by growth reads:

𝜎𝜎𝜎𝑔 = −𝐾𝑔𝛾𝛾𝛾, (11)

where 𝑔 is the growth strain function and 𝛾𝛾𝛾 is the tensor that distributes the growth in different directions. In this study, we have
assumed isotropic growth, so 𝛾𝛾𝛾 = 1

3 𝐈. The growth function is considered homogeneous and, therefore, can be written as:

𝑔 = 𝜙𝑇 + 𝜙𝐻 + 𝜙𝑀 − 𝜙𝑇 0 − 𝜙𝐻0 − 𝜙𝑀0, (12)

with the zero subindexes denoting the initial volume fractions. The volumetric fractions evolve and interact with the mechanical
environment and are governed by:

𝜕𝜙𝑇
𝜕𝑡

= ∇ ⋅
(

𝑇𝐷𝑇𝜙𝑇∇𝜙𝑇
)

+ 𝜙FT𝜙T𝛤TTT,

𝜕𝜙𝐻
𝜕𝑡

= 𝜙𝐹𝐻𝜙𝐻𝛤𝐻𝑇𝐻 ,

𝜕𝜙𝑀
𝜕𝑡

= 𝛽𝑇𝜙𝑇 + 𝛽𝐻𝜙𝐻 − 𝛿𝑀𝜙𝑀𝛤𝑀 ,

(13)

where the first equation describes the tumor cell dynamics. In particular, the first term on the right hand side accounts for tumor non-
linear cell flux, described here by a finite speed tumor propagation front limited by the diffusion coefficient 𝐷𝑇 , although a controlled
velocity of propagation could be also taken into account [20,34–37]. The second term considers the competitive interaction among
other species – ΓT –, and both terms account for the mechanotransduction function – T –. It should be highlighted that the role
of mechanotransduction is conceptually unified for both the migration and proliferative terms, echoing conclusions drawn in prior
research [30]. Nonetheless, a more sophisticated model could differentiate between these phases by delineating specific signaling
pathway and associated proteins [20], thereby assigning unique pathways and precise functions to each phase distinctly.

Mechanotransduction and competition are also described for healthy cells by H and ΓH. The proliferation rates are defined
by TT and TH for tumor and healthy cells respectively. The ECM evolution depends on the species interaction ΓM and on the ECM
synthesis promoted by the cells by the production rates 𝛽𝑇 and 𝛽𝐻 , and the ECM degradation processes enabled by the loss rate
𝛿𝑀 [26]. The competition terms 𝛤𝑇 , 𝛤𝐻 and 𝛤𝑀 are defined by the following Volterra-Lotka dynamics, see [26]:

𝛤𝑇 =
(

1 − 𝛼𝑇𝑇𝜙𝑇 − 𝛼𝑇𝐻𝜙𝐻 − 𝛼𝑇𝑀𝜙𝑀

)

,

𝛤𝐻 =
(

1 − 𝛼𝐻𝑇𝜙𝑇 − 𝛼𝐻𝐻𝜙𝐻 − 𝛼𝐻𝑀𝜙𝑀

)

,

𝛤𝑀 = 𝛼𝑀𝑇𝜙𝑇 + 𝛼𝑀𝐻𝜙𝐻 ,

(14)

where the coefficients 𝛼𝑖𝑗 , with 𝑖, 𝑗 = {𝑇 ,𝐻,𝑀}, represent the interaction among the cell species. To complete the system of
equations, we define the mechanotransduction function based on previously validated expressions [20]. Thus, the function of
mechanotransduction is defined in an ultrasonic time period in which cell mechanosensors could receive signaling linked to the
cytoskeleton network extremely quickly [17,38], and then respond triggering changes in proliferation and migration, as proposed
in [18,38]. Then, we propose that cells perceive the average of the sigmoid function 𝐵𝑖

at an ultrasonic time interval, in
which cells could sense perturbations and activate mechanotransduction pathways that alter proliferation above a certain stress
threshold [19,21] – see Fig. 1 –. Then, mechanotransduction can be expressed as:

𝑖 =
1
𝑇 ∫

𝑇

0
𝐵𝑖

𝑑𝑡𝑢, (15)

where the subscript 𝑖 refers to tumor or healthy cells, and 𝐵𝑖
is based on [26]:

𝐵𝑖
=
[

𝑞𝑖 + (1 − 𝑞𝑖)𝑒
𝑏𝑖(|𝜎|−𝛽𝑢𝜎𝐿𝑖 )

]

(

1 + 𝑒𝑏𝑖(|𝜎|−𝛽𝑢𝜎𝐿𝑖 )
)−1

.
(16)

Indeed, the initial proliferation or migration of cells decreases to the maximum of the viability of the cells, achieving the factor
of 𝑞𝑖 when the stress perceived by the cells 𝜎 in the environment exceeds a threshold 𝜎𝐿𝑖

. In the literature, this threshold is
obtained for static stress and values between [1–10] kPa [25,26,32,39–41]. However, to also account for dynamic stress, we adopt
a linear parameter 𝛽𝑢, which reduces the sensitivity limit of cells. This hypothesis is rooted in the understanding that static stress
necessitates higher intensity to elicit a response due to stress dissipation, while dynamic pressure operates within a compressed
time frame, precluding dissipation. Key factors influencing dissipation include the cytoskeleton, which imparts structural integrity
to cells and facilitates the redistribution of mechanical loads within them, as well as the viscosity of solid phases and the dissipation
of stresses through interstitial fluid perfusion via pores. The parameter 𝑏𝑖 refers to the smoothness of the transition zone of the
sigmoid function and determines how fast or slow cells adapt their proliferation to stress.

Then, cells detect both static hydrostatic growth-induced stress and dynamic ultrasonic-induced stress through mechanotrans-
duction pathways and the total stress perceived yields:

𝜎 = 𝜎ℎ + 𝜎ℎ, (17)
90
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Fig. 1. Mechanotransduction function in an ultrasonic interval. Cells perceive the average of the sigmoid function 𝐵 . The slow ultrasound stress is constant at
an ultrasonic time interval, while ultrasound stress exhibits dynamic behavior, oscillating between rarefaction and compression – for this case, we have plotted
the absolute stress of a wave with an amplitude of 1 kPa –. To account for the dynamic nature of ultrasound stress, the static stress limit 𝜎𝐿 is decreased by a
coefficient 𝛽𝑢. However, if the limit is exceeded – this limit could be named 𝛽𝑐 instead of 𝛽𝑢 – it may result in cell disruption and cessation of proliferation or
migration, indicated by 𝐵 = 0.

where the superscript ℎ denotes the hydrostatic stress defined by 𝜎ℎ = 1
3 tr(𝜎𝜎𝜎) for each time-scale stress. Shear stress contribution is

disregarded in our analysis due to the plane ultrasound wave and isotropic growth, as its magnitude is three orders of magnitude
smaller than that of the normal components.

We obtain 𝜎𝜎𝜎𝑢 over a period of time from the propagation of a P-wave emitted by a transducer through the medium. We formulate
the displacement of the wave as a boundary condition, for instance, in a lateral face. Then, displacements generated by a transducer
in the 𝑦-axis direction are described in the simplified form:

𝐮𝑢 =
(

0, 𝐴 sin (2𝜋𝑓𝑡𝑢)
)

, (18)

where 𝐴 is the wave amplitude in terms of displacements and 𝑓 is the central frequency. Before natural attenuation, the wave travels
at speed 𝑐𝑝 =

√

𝐾+4∕3𝜇
𝜌 , where 𝐾 and 𝜇 are the undrained bulk and shear modulus, and 𝜌 stands for medium density.

The dynamic balance equation accounts for the inertial terms produced during sonication can be written as:

∇ ⋅ 𝜎𝜎𝜎𝑢 = 𝜌
𝜕2𝐮𝑢
𝜕𝑡𝑢2

, (19)

where 𝝈u is the stress produced by mechanical wave propagation. To accurately represent the complex attenuation that occurs on
a fast time scale, we utilize the Kelvin-Voigt governing equation as presented below:

𝜎𝜎𝜎𝑢 = 2𝜇
(

𝜀𝜀𝜀𝑢 −
1
3
tr(𝜀𝜀𝜀𝑢)𝐈

)

+𝐾tr(𝜀𝜀𝜀𝑢)𝐈 + 𝜂𝐾
𝜕tr(𝜀𝜀𝜀𝑢)
𝜕𝑡𝑢

𝐈, (20)

where the small strain is 𝜀𝜀𝜀𝑢 =
1
2
(∇𝐮𝑢+∇𝐮𝑢T). Attenuation is described by the volumetric viscosity 𝜂𝐾 , neglecting the contribution of

the shear viscosity due to the low order of magnitude of the shear component of the compression waves. As described in previous
works [42,43], we define 𝜂𝐾 = 𝛼𝜂2𝜌𝑐𝑝3

(2𝜋𝑓 )2 , considering the attenuation coefficient 𝛼𝜂 of an ultrasonic wave at a given frequency [44].

2.2. Numerical methods

Regarding the initial conditions, the initial fluid phase is defined by the equation 𝜙F0 = 1 − 𝜙T0 − 𝜙H0 − 𝜙M0. The initial fluid
pressure guarantees the equilibrium of the storage equation, so 𝑝0 causes the source term to be null at the initial time instant t = 0
h. Furthermore, the initial components of the tumor and healthy cells are distributed in space according to a smoothing function 𝑆:
91
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Fig. 2. Flowchart of the multiscale system. The system is initialized on a slow scale, where displacements, fluid pressure and solid phases are obtained. The solid
phases are added to the fast-scale model of wave propagation to consider the viscosity of the tumor cell phase dependence, and it evolves until the stationary
wave is achieved, where the ultrasonic hydrostatic stress is computed. Together with the slow hydrostatic stress, the ultrasonic stress is considered to compute
the evolution of the system accounting for mechanotransduction. The results are again included at the slow and fast scale to complete the time loop until the
final time of the simulations is achieved.

𝜙𝑇 0 = 𝜙𝑇 0𝑆,

𝜙𝐻0 = 𝜙𝐻0

(

1 − 𝑆
)

,

𝑆 =
[

1 + 𝑒𝑏𝑆
(𝑟−𝑙𝑡 )

𝑙
]−1

,

(21)

where the parameter 𝜙𝑖0 is the initial concentration rate, 𝑙𝑡 represents the tumor size, 𝑟 the radial coordinate, and 𝑙 the total length
of the medium, while 𝑏𝑆 is the smoothing coefficient, according to Ref. [26].

Regarding boundary conditions (BC), we adopt Winkler-inspired boundary conditions to consider tumor spheroid confinement
at slow scales, 𝝈𝒏 = −𝑘𝑤𝐮, where 𝐧 is the outer normal vector and 𝑘𝑤 is a constant [30]. For fast-scale ultrasound propagation, we
use the Lysmer–Kuhlemyer boundary condition to account for non-reflecting boundaries [45]. The normal stress reads 𝝈𝒏 = 𝑘𝑎𝜌𝑐𝑝

𝜕𝐮
𝜕𝑡 ,

where 𝑘𝑎 is a constant in the range [0–100].
The numerical model is self-coded in FEAP 8.6 [46] considering two dimensions and plane strain. The problem is defined

in Cartesian coordinates. The MATErial set command is used to specify the parameters for each material as well as to specify
the element type associated with the material set parameters. First, we define an own-coded material, in which we defined the
equations of the problem and set parameters. We then blend a square mesh with surface elements defined by quadrilateral (bilateral)
shapes consisting of four nodes. The number of used elements depends on the dimensions and characteristics of the problem,
ranging between 104 and 40 ⋅ 104. For the boundary conditions, line elements (2-node element) are defined using the standard
FEAP element library. These are assigned with the FEAP materials: LABC for absorbing boundary conditions in wave propagation
and WINKler for Winkler boundary conditions in the slow-scale model. The Newmark-𝛽 method with standard parameters is used
as the numerical integration technique to solve the system of second-order differential equations while implicit Backward Euler
integration is considered for first-order differential equations. The spatial discretization is performed with standard isoparametric
shape functions of Lagrange type. We also employed Matlab (MathWorks Inc., Natick, MA, USA) to define the initial wave sent, and
we visualized the results using Paraview [47]. The flowchart of the numerical simulations is reported in Fig. 2.

Furthermore, we propose modeling ultrasound propagation independently of its duty cycle, regardless of whether it is continuous
or pulsed. By applying the mechanical wave throughout the cell growth process, we ensure a comprehensive analysis. This decision
is motivated by the fact that the duty cycle operates on a millisecond timescale and is based on persistence. Consequently, once
a mechanotransduction stimulus is applied, the corresponding cellular response persists for several seconds. Thus, even during the
silent period of the duty cycle, signaling remains activated, enabling us to consider the stress field throughout the ultrasonic period.
In addition, we compute the ultrasound wave until it reaches a stationary state, where stress levels remain constant regardless of
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Table 1
Model parameters used in the simulations.

Description Symbol Data Units Reference

Young modulus E 8 kPa [26,40,48]
Undrained Poisson ratio 𝜈𝑢 0.49999 [–] [40,48]
Drained Poisson ratio 𝜈 0.4 [–] [30,40,48]
Mass density 𝜌 1000 kg m−3 Water
Hydraulic conductivity 𝑘ℎ 3.1 ⋅ 10−14 m2 Pa−1 s−1 [33,40,48–50]
Biot coefficient 𝛼 9.91 ⋅ 10−1 [–] [26,51]
Biot modulus 𝑀 1.79 MPa [26,51]
Vessel conductivity 𝑘𝑣 2.70 ⋅ 10−8 Pa−1 s−1 [31,33,49]
Vessel pressure 𝑝𝑣 3.33 ⋅ 103 Pa [33]
Reflection coefficient 𝜔 9.00 ⋅ 10−1 [–] [31,49]
Interstitial osmotic pressure 𝜋𝑣 − 𝜋𝑒 1.33 ⋅ 103 Pa [31,49]
Lymphatic conductivity 𝑘𝑙𝑜 9.98 ⋅ 10−8 Pa−1 s−1 [33]
Lymphatic vessel pressure 𝑝𝑙 1.33 ⋅ 102 Pa [25]
Exchange coefficient 𝛼𝑇𝑇 1.30 [–] [26]
Exchange coefficient 𝛼𝑇𝐻 1.00 [–] [26]
Exchange coefficient 𝛼𝑇𝑀 1.00 [–] [26]
Exchange coefficient 𝛼𝐻𝐻 3.00 [–] [26]
Exchange coefficient 𝛼𝐻𝑇 2.00 [–] [26]
Exchange coefficient 𝛼𝐻𝑀 1.00 [–] [26]
ECM production from 𝜙𝑇 𝛽𝑇 5.79 ⋅ 10−7 s−1 [26]
ECM production from 𝜙𝐻 𝛽𝐻 1.16 ⋅ 10−6 s−1 [26]
ECM degradation from 𝜙𝑇 𝛿𝑀𝛼𝑀𝑇 2.89 ⋅ 10−6 s−1 [26]
ECM degradation from 𝜙𝐻 𝛿𝑀𝛼𝑀𝐻 2.89 ⋅ 10−6 s−1 [26]
Initial condition 𝜙𝑇 𝜙𝑇 0 1.50 ⋅ 10−1 [–] [26]
Initial condition 𝜙𝐻 𝜙𝐻0 1.50 ⋅ 10−1 [–] [26]
Initial condition 𝜙𝑀 𝜙𝑀0 4 ⋅ 10−1 [–] [26]
Proliferation rate 𝜙𝑇 𝑇𝑇 1.26 ⋅ 10−5 s−1 [26]
Proliferation rate 𝜙𝐻 𝑇𝐻 1.26 ⋅ 10−5 s−1 [26]
Common lower rate 𝑞 0.05 [–] [26]
Mechanotransduction smoothness 𝜒𝜎 −0.05 Pa−1 [26]
Dynamic stress coefficient 𝛽𝑢 0.2 [–] Fitted
Tumoral threshold stress 𝜎𝐿 1.2 ⋅ 103 Pa [26,39–41]

the duration of the sonication. Through this methodology, we can effectively explore the implications of ultrasonic stress on the
tumor microenvironment, unlocking its immense prospective as a promising avenue for cancer therapy.

The parameter values used in slow-scale simulations are summarized in Table 1 and the specific parameters for fast-scale
ltrasound propagation include a range of frequencies between [1–20] MHz, acoustic pressures between [0.1–5] kPa, and viscosities
etween [0–10] Pa s. These frequencies and intensities ranges are well below those established by the FDA, which considerably
inimizes the possibility of collateral damage (spatial-peak temporal-average intensity ISPTA < 100 mW cm−2, and mechanical

index MI < 1.9). In addition, we simplify the degrees of freedom of the system and adapt parameters in our experiment prediction.
We first reduce the degrees of freedom of the mathematical approach to fit the experimental data and reconstruct the

mechanotransduction parameters. For simplicity, we have assumed the absence of the extracellular matrix and healthy phases,
and we only consider the coexistence of proliferating tumor cells and fluid within the tumor spheroid, which means that 𝐷𝑇 =
𝛼𝑇𝐻 = 𝛼𝑇𝑀 = 𝛤𝐹 = 𝛤𝐻 = 𝛤𝑀 = 𝛽𝑇 = 𝛽𝐻 = 0. We have chosen specific mechanical parameters from the experiment, including a
frequency of 𝑓 = 5 MHz and an acoustic pressure of 𝐴 = 1.5 kPa, while tumor and culture medium viscosity 𝜂𝑇 = 2 Pa s, and 𝜂𝑐 =
0.05 Pa s respectively, are assumed from the literature ranges [52].

To estimate the total number of cells, despite the lack of experimental cell count localization, we integrate the tumor phase
over space at a given time, represented as ∫𝐴 𝜙𝑇 (𝑥, 𝑦, 𝑡)𝑑𝐴. We calibrate the simulation parameters using data from the control
experiment, which takes into account the observed deceleration of cell proliferation on the first day, attributed to the rearrangement
and development of spheroid clusters. Therefore, the absence of significant differences between the control and sonication groups
on the first day may be attributed to cellular reorganization. From the first day to the third day, a consistent and higher proliferation
rate is maintained. Once the growth parameters are calibrated, we further adjust the mechanotransduction parameters to align with
the experimental results.

In the numerical simulations detailed in Section 3.2, our methodology was grounded on established parameters, as listed in
Table 1, to ensure the integrity and robustness of our findings. We specifically selected parameters related to mechanotransduction
from experimental data, as these were not extensively covered in existing literature. To validate our model against a pre-
existing system, we used previously established parameters as a starting point. This dual approach allowed us to incorporate
novel experimental insights while ensuring our alignment of the model with validated scientific frameworks. While the cellular
proliferation ratio was held constant, it is critical to acknowledge the inherently faster proliferation rate of tumor cells compared to
healthy cells, which introduces complex dynamics regarding cellular competition. Modifications to the parameters TT and TH were
ystematically evaluated; however, these adjustments had negligible effects on the overall results. The proliferation rates remained
ithin a narrowly defined range, indicating that the variations in these parameters did not significantly alter the qualitative or
uantitative outcomes of the simulations.
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Fig. 3. Setup of the measurements. The Arduino is connected to the computer and the software is loaded, allowing the switch of mechanical signals. The Arduino
also serves as a trigger to restart the signal and prevent any delay. The wave is generated using Matlab software and then loaded into the wave generator. Before
connecting the wave generator to the amplifier, the signal is first verified using an oscilloscope to ensure that the frequencies and connections are correct. Once
the signals have been tested, the transducer is connected and placed on the support, and the coupling gel is extended on the transducers and bioreactor faces
as a coupling material to avoid air bubbles. The relays are then connected. As the final step, cells are transferred to their designated chambers in the bioreactor
and placed in the incubator until subsequent analysis.

Fig. 4. Sonication scheme. The transducer emits an ultrasonic wave through the first medium of water, which prevents the temperature from increasing. The
wave then travels through the culture containing cells and attenuating media, causing the acoustic pressure to decrease as it encounters different materials and
viscosities. As a result, the same bioreactor can be used for a given frequency and various acoustic pressures.

2.3. Experimental setup

The experimental procedure involved a total of three replicates for each condition, namely the control group and the sonicated
group. For each replication, three independent experiments are conducted.

The bioreactor in which the CSCs are located is subjected to a 70% alcohol spray and subsequently placed in a chamber designed
for ultraviolet (UV) sterilization. This process lasts 30 min and ensures disinfection of the bioreactor by effectively eliminating
possible contaminants with the use of UV light. The water and attenuating material chambers are filled with caution to prevent
overflow and avoid any form of contamination or interference. In addition, the chambers are covered with insulating tape. The
complete setup is shown in Fig. 3. To conduct the examination of cell proliferation, the bioreactor is removed from the incubator
and moved to a UV sterilization chamber with laminar flow to avoid contamination.

The bioreactor used for cell culture consists of five sequentially arranged Petri dishes containing A-375 human melanoma cells
embedded in a culture medium and an attenuating medium (oil), as depicted in Fig. 4. This experimental setup is designed to
enable the generation of various wave amplitudes using a single transducer, as the emitted wave loses energy while propagating
through different media. To prevent heating effects, a water-filled region is included at the beginning of the bioreactor. Acoustic
pressure values are measured in each culture using a hydrophone probe, which is submerged in a replica of the bioreactor to
capture acoustic pressure values without affecting tumor response. Through this method, we have determined that the first culture
experiences 15.5 kPa, the second 7.5 kPa, and the third 1.35 kPa.

2.4. Cell culture

Melanoma cancer cell lines (A375) and fibroblasts were acquired from the American Type Culture Collection (ATCC) and were
cultured according to the procedures recommended by the ATCC. Cell lines were passaged for a period of fewer than 6 months
and were regularly tested for mycoplasma contamination. Cells were maintained in advanced DMEM (Sigma-Aldrich) supplemented
with 10% FBS (Gibco) and 5% penicillin/streptomycin (Sigma-Aldrich).

To obtain tertiary spheres, cells were cultured in suspension using low-attachment plates containing DMEM-F12, 1%
streptomycin-penicillin, 1 mg/mL hydrocortisone (Sigma-Aldrich), 4 ng/mL heparin (Sigma-Aldrich), 1X ITS (Gibco), 1X B27
(Gibco), 10 ng/mL EGF (Sigma-Aldrich), 10 ng/mL FGF (Sigma-Aldrich), 10 ng/mL HGF and 10 ng/mL IL6 (Miltenyi Biotec) as
previously described [53]. Cells were cultured for 6 days and spheres are disaggregated every 72 h until tertiary spheres were
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Fig. 5. Hydrostatic stresses during growth. (a) Slow hydrostatic stress of sonicated CSC at t = 1 day and (b) slow hydrostatic stress of sonicated CSC at t =
3 days. Slow hydrostatic compression increases at the center of the spheroid as it grows. (c) Fast ultrasound stress before reaching tumor spheroid and d) fast
ultrasound stress when stationary state is achieved, where a slight decrease in stress is perceived after reaching the tumor spheroid. The main parameters for
sonication are: frequency 𝑓 = 5 MHz, 𝐴 = 1.5 kPa, tumor viscosity 𝜂𝑇 = 2 Pa s and culture medium viscosity 𝜂𝑐 = 0.05 Pa s.

obtained. To achieve this, the spheres were collected by centrifugation at 1500 rpm for 5 min, incubated with trypsin-EDTA (Sigma-
Aldrich) at 37 ◦C for 5 min, and then inactivated with FBS. The cells were then washed with PBS and reseeded under the same
culture conditions. After that, melanospheres CSC and fibroblasts phenotype was confirmed as previously described [53].

2.5. Cell proliferation assay

Alamar Blue Assay (Biorad) was the measurement method. Cell growth was monitored on days 0, 1, and 3. To ensure reliable
results, two parallel experiments were conducted. In the first experiment, a bioreactor loaded with melanoma CSCs was exposed to
24 h of ultrasound and measurements were taken. In the second experiment, a bioreactor was used in which cells were treated for
72 h without interruption. This approach was implemented to avoid any possible interference or damage during the manipulation
of the spheroids.

The experimental protocol consisted of adding 10 μl of Alamar Blue solution per 100 μl of media to the cells and incubating
them for 2 h. Following the incubation period, the fluorescence intensity was measured using the Synergy HT instrument (BIO-
TEK) at an excitation wavelength of 530 nm and emissions of 590 nm. For the data analysis, a non-parametric methodology was
developed under the assumption of non-normality in the growth rate variables and the small size of the samples. The Kruskal–Wallis
with Wilcox proves were performed for pairwise comparisons between group levels with corrections for multiple testing. RStudio
software Version 1.4.1717 has been used to analyze the statistical differences. Although no apoptosis assays were performed in this
study, we strongly encourage future research to include them to gain a more complete understanding of the underlying cellular
processes.

3. Results

3.1. LIUS hinders CSC growth in-vitro

Melanoma CSCs are insonified at a frequency of 5 MHz, enabling partial tumor penetration and enhanced mechanotransduction
without cytoskeleton damage. Our experimental results yielded safe acoustic pressure values of 1.35 kPa, 7.5 kPa, and 15.5 kPa,
inducing mechanotransduction effectively without the tissue disruption associated with higher pressures.

In our experiments, we observed a significant decrease in the net proliferation of CSCs when subjected to 5 MHz sonication,
as compared to the control spheroids, over a three-day period (p = 0.018, Wilcoxon-Mann–Whitney test). However, no significant
differences were found among the different acoustic pressures. These results suggest that the sensitivity limit of cells may have been
reached before reaching 1.5 kPa, supporting the hypothesis that cells have a lower sensitivity limit for dynamic stress compared to
static stress [25,26,32,39].

The mathematical model used to explain experiments is described in Methods in the framework of the infinitesimal growth,
poroelasticity theory [25,26,28,40] and a multiscale approach [27,29].

From a computational standpoint, the hydrostatic stresses characterizing the stress state of the tumor manifest themselves at two
distinct scales: the slow and ultrasonic stress, as depicted in Fig. 5. With regard to slow-scale stress, compression is predominantly
concentrated in the core of the tumor and consistent with previous research [54–56]. Additionally, this study also points out that
the compression state increases over time and growth and operates at the order of Pascals, whereas ultrasound stress, which is
defined by rarefaction and compression, is three orders of magnitude bigger. Such a substantial difference in stress scales implies
that ultrasound stress is expected to exert a more prominent impact on mechanotransduction than the slow-scale stress.

Furthermore, numerical simulations suggest that ultrasound diffraction through the tumor can result in slight shadow areas
with lower displacements and stresses. For this particular case study, the slight diffraction presented is attributed to the difference
in viscosity between the culture medium and the tumor spheroid at the applied frequency, resulting in a heterogeneous stress
distribution within the bioreactor.

The propagation patterns of mechanical waves impact mechanotransduction processes. Computational analysis (Fig. 6) reveals
that the mechanotransduction function  – a mathematical relationship that describes how stress affects tumor growth – remains
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Fig. 6. Mechanotransduction and growth. (a) Control culture exhibits constant mechanotransduction values in space. (b) Dynamic LIUS hydrostatic stress causes
shadow areas that are translated into patterns in the mechanotransduction function. (c) The control culture demonstrates a pronounced tumoral phase (𝜙𝑇 ),
representing a substantial fraction of tumor cells within the media composition. d) In comparison to the control cells, the sonicated cells exhibit attenuated
proliferation, indicating a decrease in their growth rate. The main parameters used for these simulations are 𝛼𝑇𝑇 = 2.9, 𝛽 = 0.2, 𝑡 = 3 days. The US parameters
are 𝐴 = 1.5 kPa, 𝑓 = 5 MHz, 𝜂𝑇 = 2 Pa s and 𝜂𝑐 = 0.05 Pa s.

Fig. 7. Reduction in cell viability for sonicated tumor spheroids at frequency 𝑓 = 5 MHz, 𝐴 = 1.5 kPa, tumor viscosity 𝜂𝑇 = 2 Pa s and culture medium viscosity
𝜂𝑐 = 0.05 Pa s (a) Visualization of melanospheres with optical microscopy, where comparative analysis of untreated control and 5 MHz treated melanospheres after
72 h is shown. Reduced-sized melanospheres are indicated by black arrows, while red arrows highlight individual cells. Images captured at 10x magnification.
(b) Computational model of LIUS mechanotherapy reproduces in vitro experiments. The dashed lines represent experiments, and the shaded bands their interval
of confidence, while the solid lines denote numerical simulations. A trend change is observed between the control and sonicated cells, where cell proliferation
decreases 48% on the third day after the application of LIUS. The proliferation parameters used are 𝑇𝑇 = 0.58 ⋅ 10−5 s−1 on the first day and 𝑇𝑇 = 0.77 ⋅ 10−5 s−1

from day one, while 𝛼𝑇𝑇 = 2.9. The mechanotransduction parameters are 𝑞𝑇 = 0.05, 𝑏𝑇 = 0.05, 𝛽𝑢 = 0.2, and 𝜎𝐿𝑇
= 1.2 kPa.

spatially constant in the control culture. This is attributed to the total stress generated during the 3-day growth period remaining
below the threshold stress of tumor cells for the duration of ultrasonic exposure, resulting in unaffected growth. On the other
hand, ultrasound diffraction introduces spatial heterogeneity in mechanotransduction. Our numerical observations suggest that the
resulting stress shadow is inadequate to elicit discernible growth or migration patterns in cells via pressure gradients towards regions
of lower stress.

Therefore, the numerical results support a homogeneous decrease in tumor cell proliferation following sonication at a frequency
of 𝑓 = 5 MHz relative to the control experiments, aligning with the proposed mechanotransduction mechanism.

Fig. 7a clearly demonstrates that subjecting melanospheres to a 5 MHz frequency for 72 h led to a significant decrease in both
the number and size of the spheroids. Additionally, ultrasound had an adverse impact on cell viability, resulting in the identification
of non-viable individual cells due to the induced disaggregation and toxic effects of LIUS.

The numerical simulations presented in this study closely replicate the initial experimental observations, as illustrated in Fig. 7b.
Despite the challenges of experimental cell count localization, our estimation method, based on integrating the tumor phase over
space, provides insights into the overall cell population. By comparing the estimated cell count with experimental findings, we
validate the accuracy of our simulation. Additionally, the calibration of simulation parameters using the control experiment data
ensures the reliability of our results. The adjusted mechanotransduction parameters further enhance the agreement between our
simulations and experimental outcomes.

In addition, we present a sensitivity analysis investigating the influence of frequencies, acoustic pressures, and viscosities on the
behavior of tumor dynamics under various mechanical wave conditions. The key findings of the sensitivity analysis, summarized
concisely in Table 2, provide valuable insights into the impact of different mechanical wave parameters on tumor proliferation
rates. Our numerical simulations demonstrate that acoustic pressures greater than 1.5 kPa can produce substantial reductions in
proliferation rates ranging from 46.6% to 48% for frequency values within the range of 1–5 MHz. Interestingly, these reductions
occur when the viscosity of the medium is 𝜂𝑐 = 0.05 Pa s, indicating that the perceived limitations of CSCs can be reached before
surpassing this acoustic pressure threshold. For higher frequency values, such as 20 MHz, an increase in acoustic pressure of 5 kPa
is required to achieve a 52.5% decrease in proliferation rates. Furthermore, the influence of medium viscosity is observed, as
higher viscosities result in increased wave attenuation, potentially limiting the reduction in proliferation rates and leading to values
comparable to those of the control group (0–39.6% reduction compared to non-sonicated cells).

These findings and bioeffects align with previous research, as succinctly summarized in Table 3, where mechanotransduction
studies typically involve frequencies ranging from 0.3 to 1.5 MHz. Notably, our study deviates with a higher frequency of 5
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Table 2
Numerical results of LIUS therapy and proliferation reduction of CSCs in comparison to the control group on the third day.
𝑓 [MHz] 𝐴 [kPa] 𝜂𝑐 [Pa s] 𝜂𝑇 [Pa s] Proliferation decrease [%]

1 1.5 0.05 2 48.4
5 1.5 0.05 2 48
20 1.5 0.05 2 27.3
20 5 0.05 2 52.5
5 0.1 0.05 2 0.0
5 0.5 0.05 2 38.1
5 3 0.05 2 50.7
5 1.5 0.05 5 47.5
5 1.5 0.05 10 46.6
5 1.5 2 0.05 39.6
5 1.5 5 0.05 14.8
5 1.5 10 0.05 0.21

Table 3
Main setups in LIUS cancer therapy in vitro. The relation between intensity and acoustic pressure has been established.

Cell line Frequency
[MHz]

Intensity [m
W/cm2]

Acoustic
pressure [MPa]

Setup and
Comments

Bioeffects N Source

CT-26, K562,
U937, T cell (in
suspension)

0.3–0.67 <9.7 ⋅ 104 <1.2 TUS = 2 min/day
for 2 days. PD =
2–40 ms. DC =
10%. Requires
standing waves and
reflection

Cytodisruption.
Selective growth
inhibition

3–9 [6]

T47D, MCF-12A
(monolayers)

1.5 10,30, 50,100 0.012, 0.021,
0.027, 0.039

TUS = 10 min/day
for 3 days. PD
= 200 μs. DC =
20%. Decreasing
proliferation with
increasing intensity,
PD, and DC.

Mechanotransduc-
tion. Selective
growth inhibition

1 [12]

HT29, Caco2 0.65–4.5 87.4–6.7 ⋅ 104 0.036–1 TUS = 10 min/day
for 1 day. PD = 30
s. DC = 25%

Mechanotransduc-
tion -
Cytodisruption.
Growth inhibition

2 [10]

MDA-MB-231,
Raw-264.7

1.5 30 0.021 TUS = 20 min/day
for 10 days. PD =
200 μ. DC = 20%

Mechanotransduc-
tion. Reduction of
osteoclastic
differentiation

3 [13]

A375, A549,
Hela, Hacat

0.67 254 0.061 TUS = 2 min for 2
days, PD = 30 ms,
DC = 10%.
Importance of stress
field distribution.

Mechanotransduc-
tion -
Cytodisruption.
Selective growth
inhibition

[–] [9]

MDA-MB-231,
A375P, HT180

0.33 7.7 0.011 TUS = 2 h/day for
3 days. PD = [–].
DC = 50%

Mechanotransduc-
tion: Piezo1
channel. Growth
inhibition

2–3 [16]

MDA-MB-231,
MCF10A
(monolayers in
matrigel)

0.33 7.7 0.011 TUS = 2 h/day for
3 days. PD = [–].
DC = 50%. Growth
inhibition

Mechanotransduc-
tion: Piezo1
channel. Growth
inhibition

4 [15]

PANC-1
(monolayers)

1 <100 0.038 TUS = 10-20-30
min. DC = 100%

Mechanotransduc-
tion. Migration
inhibition

4 [14]

MHz, accompanied by substantially lower intensities around 5 kPa while achieving similar bioeffects. Furthermore, our parameters
suggest that we are operating beyond the threshold of cytodisruption. Consequently, our results substantiate the hypothesis that
comparable reductions in proliferation rates can be attained by applying lower levels of dynamic stress and higher frequencies,
thereby reinforcing the effectiveness of these strategies for treating cancer stem cells. Additionally, we have reported a 50%
reduction in proliferation rates compared to stress-free growth under static stress conditions, corroborating findings from prior
studies [25,26,39–41,57].

Although not the primary focus, we also tested healthy primary dermal fibroblasts to evaluate their response to the insonification
97
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Fig. 8. Viability of cells after sonication. Viability of cells expressed as a ratio between the control cells and the sonicated cells. The blue bars indicate the
viability of fibroblasts insonified at 5 MHz, while the red data show the survival ratio of CSCs. The results are shown for the first and third day of experiments.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

did not exhibit significant inhibition when exposed to 5 MHz at any amplitude. Fig. 8 compares the effects of 5 MHz ultrasound
on fibroblasts and CSCs, showing significant differences in their dynamic behavior. Indeed, fibroblast activity increased by 32%
compared to the control on the third day, contrasting with a 54% reduction in CSCs, supporting our analysis and aligning with
previous findings on ultrasound for wound healing [58–61]

3.2. LIUS causes selective patterns

To broaden the scope of our study, explore a wider range of phenomena, and gain a deeper understanding of the underlying
mechanisms at play, we extend our research from the micro-scale to the macro-scale. Thus we propose to apply LIUS to a
previously validated mathematical model, see [26]. For these simulations, we use all the equations described in Methods and the
mechanotransduction parameters fitted to our experimental data. We investigate the potential of 1 MHz ultrasound as a selective
modification tool for cancer cells with viscosities of 5 Pa s.

Our simulations (Fig. 9) reveal that ultrasound does not directly affect the proliferation and production of healthy cells. Stress
experienced by healthy cells is considerably lower than that experienced by tumor cells, suggesting that ultrasound selectively
attacks cancer cells, as reported in [6,9,12]. We analyze the interplay of tumor and healthy cell growth, influenced by predator–prey
dynamics. Our results confirm a decrease in tumor cell growth that affects healthy cells without impacting their overall proliferation
due to a higher proliferation threshold (𝜎𝐿 ≥ 10 kPa and 𝛽𝑢 = 0.2).

Furthermore, the existence of areas characterized by varying stress levels can trigger instabilities within tumors. This process
disrupts their initial symmetry resulting in the concentration of cells in regions with low levels of stress and generating patterns as
experimentally studied in [9]. The patterns are transmitted to the ECM phase, breaking into its homogeneous growth and possibly
inducing its remodeling.

The computational results also suggest that LIUS decreases tumor migration compared to nonsonicated cells, which is in
agreement with the experimental results obtained in [14]. Additionally, the results indicate that healthy cells and the extracellular
matrix exhibit an adaptive growth response to cancer phase motility through predator–prey dynamics. Thus, the movement of
tumor cells induces or influences the movement of healthy cells and ECM [62–64], as it is shown in Supplementary Material Video
S1. Furthermore, migration dissipates and homogenizes differences in growth patterns while keeping a predetermined direction of
tumor cell concentration.

These observations provide a suitable explanation for the persistent proliferation of cells observed in certain experimental
studies. Tumor cells may have the ability to proliferate in areas known as shadow zones, where the stress threshold is reached
heterogeneously, resulting in a total cell count comparable to that of the control group. Considering motility, leader cancer cells
located in low stress areas have the capacity to enhance migration, probably through the use of their cytonemes that sense and
respond to the stress state of the surrounding environment [35,65], allowing them to retract from high stress areas.

In fact, if tumor viscosity increases (see Fig. 10), cells tend to concentrate in areas of lower stress, displacing the center of the
tumor phase in the direction of wave propagation. Furthermore, the presence of cell mobility leads to a decrease in overall cell
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Fig. 9. Patterns in growth and migration. Dashed lines refer to tumor dynamics without sonication while solid lines refer to a sonicated tumor phase. (a) When
migration is not allowed, LIUS selectively reduces tumor cell phase proliferation, causing patterns in low-stress areas that translate to ECM phase while healthy
phase remains unaltered. (b) Tumor phase migration is reduced by LIUS sonication while it dampens patterns of low-stress areas, keeping the direction of tumor
cell phase concentration. The used parameters are 𝑓 = 1 MHz, 𝐴 = 1.5 kPa, and 𝜂𝑇 = 5 Pa s. Results at time 𝑡 = 21 days. We refer to Supplementary Material
Video S2 for the animation.

Fig. 10. Tumor phase, interstial fluid pressure, and slow stress after LIUS sonication. Tumor phase, IFP and slow stress increase in the direction of wave
propagation, while migration homogenizes the response of the tumor dynamics. The main parameters used for these simulations are 𝜂𝑇 = 10 Pa s, 𝑓 = 1 MHz,
𝐴 = 1.5 kPa. Results are shown for 𝑡 = 21 days. We refer to Supplementary Material Video S3 for the animation.

Interstitial fluid pressure increases during tumor growth, resulting in an uneven distribution of pressure. This pressure gradient
could compress blood vessels, hindering the delivery of nutrients and drugs to tumor cells [20,33,66], while migration aids in
stress dissipation and mitigates the substantial elevation of interstitial pressure observed when migration is disregarded [35].
Likewise, the growth of a sonicated tumor generates a slow and gradual increase in stress, although it is relatively minor compared
to controlled growth conditions, while compression occurs predominantly in the direction of tumor expansion, aligning with the
preferred migration pathway.

4. Discussion

In this investigation, we unveil a theoretical framework to elucidate the potential mechanism through which LIUS selectively
targets cancer stem cells. Merging computer simulations rooted in a mechanically coupled mathematical model of tumor spheroids
with experimental validation, our results showcase that LIUS initiates a stress condition, strategically impeding and partially
inhibiting tumor growth.

Our numerical findings also demonstrate that ultrasound induces a significantly compressive hydrostatic stress state within the
spheroid, creating shadow areas due to viscosity differences between the medium and the tumor spheroid.

The proposed model considers the growth and migration of a poroelastic tumor, and the selection of strategic parameters
based on the feedback with our experimental results. This allows us to address the possible challenges related to the prediction,
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controllability, and guidance of new experiments, while effectively avoiding effects associated with cavitation, cytodisruption and
standing waves [6–11]. Regarding the complex interplay between LIUS and cancer dynamics, our study confirm that ultrasound
does not directly affect healthy cell proliferation and production. Instead, ultrasound selectively targets cancer cells, minimizing
adverse effects on surrounding healthy tissue. We show that reductions in proliferation rates can be achieved by applying lower
levels of dynamic stress, reinforcing the potential of these strategies for cancer stem cell treatment. Likewise, our data allow us
to conclude that LIUS decreases tumor migration, generating specific growth patterns. An increase in tumor viscosity or frequency
leads to greater wave attenuation, resulting in wave diffraction that creates shadow areas with minor displacements and stresses,
where the tumor cells are more prone to concentrating, growing, and migrating. These differences may help explain why, at times,
the total cell count does not decrease compared to non-sonicated cells.

Then, our interdisciplinary study provides a promising approach to exploring the effects of LIUS mechanotherapy on cancer
tem cells, showing agreement with the previously known experimental results, and with the experiments developed for this paper.
uture studies could explore creating spheroids comprising both tumor and healthy cells to investigate combined selectivity. Finally,
dditional validation using both longitudinal and shear waves [20,67,68] is necessary to confirm the selectivity of the attack. Once
alidated and refined, the model has the potential to bring about a significant transformation in the clinical approach to cancer
reatment. Then, our results open up new prospects for further development and experimentation, and this LIUS strategy could offer
less aggressive effects on surrounding healthy tissue, more effective, and cost-effective treatment option for cancer stem cells.

n the long run, integrating patient information, big data and artificial intelligence [69] holds the promise of tailoring LIUS-based
reatments to individual patients, thus optimizing their effectiveness.
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