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The progression of tumors and their response to treatment are significantly
influenced by the presence of elevated mechanical solid stress. This solid
stress compresses intratumoral blood vessels, leading to reduced blood flow
(hypoperfusion) and insufficient oxygen levels (hypoxia), both of which hinder the
delivery of oxygen and therapeutic agents. As a result, these conditions promote
tumor growth, resistance to treatment, and ultimately undermine the
effectiveness of therapies. To address these challenges, strategies like
mechanotherapeutics and ultrasound sonopermeation have been developed
to enhance blood flow and improve drug delivery to tumors. Mechanotherapy
aims to reduce the mechanical stress and stiffness within tumors, helping to
decompress vessels and restore normal perfusion. Ultrasound sonopermeation
temporarily increases the permeability of blood vessel walls in a non-invasive
manner, boosting blood flow and improving the delivery of therapeutic drugs.
Here, we developed a mathematical model to explore the combined effects of
mechanotherapeutics and sonopermeation on optimizing nano-immunotherapy
efficacy. The model integrates complex interactions between key components
involved in tumor progression, including tumor cells, immune cells, and vascular
elements such as endothelial cells, angiopoietins, and vascular endothelial
growth factor. To assess the model's validity, its predictions for key
parameters, including tumor volume, functional vascular density, and hypoxia
levels, were compared with experimental data, demonstrating a strong
correlation, and confirming the accuracy of the mathematical framework.
Furthermore, we carried out a parametric analysis to establish critical
guidelines aimed at optimizing both the sequence and timing of experimental
procedures. Specifically, we investigated the therapeutic outcomes of two
treatment scenarios: applying sonopermeation first, followed by nano-
immunotherapy, and vice versa. Also, we determined the optimal time interval
between the application of sonopermeation and the commencement of the
combined nano-immunotherapy regimen to maximize therapeutic efficacy.

computational modeling, nano-immunotherapy, breast
microenvironment, drug delivery

cancer, tumor
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1 Introduction

The tumor microenvironment (TME) in solid tumors is a
complex system consisting not only of malignant cells but also
stromal cells and extracellular matrix (ECM) components, which
together influence tumor growth and progression (Erkan et al., 2012;
Jain 2008a; Jain 2013; Stylianopoulos, Munn, and Jain, 2018; Vakoc
et al.,, 2009). In certain types of cancers, particularly those with high
desmoplastic activity, such as breast cancer and various sarcoma
subtypes, the TME often becomes fibrotic as tumors grow. This
fibrosis is marked by an increased production of ECM components,
notably collagen and hyaluronan, leading to the formation of a
tumor mass with increased stiffness and altered mechanical
properties (Mpekris et al., 2024). As the tumor expands, the
dense aggregation of cancer cells, stromal elements, and ECM,
along with its invasive growth into surrounding tissues, generates
mechanical forces known as solid stress. These forces act both within
the tumor and at the tumor-host tissue interface (Jain, Martin, and
Stylianopoulos, 2014; Stylianopoulos, 2017). Solid stress plays a
pivotal role in tumor progression and impacts on the
effectiveness of therapeutic interventions (Kalli et al., 2023). High
levels of solid stress can compress intratumoral blood vessels,
causing them to collapse and lose their functionality. This
vascular impairment leads to reduced oxygen and nutrient
delivery, resulting in hypoperfusion and hypoxia (Padera et al,
2004; Stylianopoulos et al., 2012; Stylianopoulos et al., 2013). The
impaired blood flow poses a major challenge to the efficient delivery
of systemically administered therapies into the tumor, while the
accompanying hypoxic conditions can accelerate tumor progression
and promote treatment resistance through multiple mechanisms
(Jain, 2014).

A therapeutic approach to improve blood flow and enhance
perfusion  within tumor tissues involves the wuse of
mechanotherapeutics. These agents work to normalize the
physical properties of tumors by alleviating stiffness and reducing
internal mechanical stresses (Sheridan, 2019). By targeting specific
components of the extracellular matrix, such as collagen and
hyaluronan, or focusing on Cancer-Associated Fibroblasts
(CAFs), mechanotherapeutics can relieve pressure on compressed
blood vessels, improving both perfusion and the intratumoral
distribution of therapeutic agents (Mpekris, Papageorgis, et al,
2017; Panagi et al., 2020; Papageorgis et al., 2017; Polydorou
et al., 2017; Mpekris et al., 2021; Chauhan et al., 2013; Voutouri
et al, 2021; Panagi et al, 2022; Mpekris et al., 2023; Kalli and
Stylianopoulos, 2024). Experimental and mathematical evidence has
highlighted the effectiveness of tranilast, an anti-fibrotic drug, as a
mechanotherapeutic agent (Mpekris et al., 2018). Tranilast operates
by reducing stress within the tumor, which decompresses blood
vessels, enhances vascular density, and improves the delivery of
treatment agents (Papageorgis et al., 2017). Additionally, ketotifen,
an antihistamine drug, has shown dual functionality within the
TME, both a
immunomodulator, particularly in sarcomas and breast cancers
(Mpekris et al, 2024; Charalambous et al, 2024; Neophytou
2025; Panagi et al, 2024). Despite their benefits,

mechanotherapeutics have limitations. They are capable of

acting as mechanomodulator and an

et al,
alleviating compression in only a subset of blood vessels within

the tumor, falling short of achieving complete decompression across
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the entire vascular network (Chauhan et al, 2013). This partial
efficacy is primarily due to the heterogeneous nature of the tumor
microenvironment. For instance, losartan reduces solid stress by
targeting cancer-associated fibroblasts and lowering the expression
of signaling molecules like TGF-f1 and CCN2, which are
responsible for producing collagen and hyaluronan. These two
matrix components synergistically create the solid stress that
compresses blood vessels (Chauhan et al, 2013; Stylianopoulos
et al,, 2012; Voutouri and Stylianopoulos, 2018). Losartan is most
effective in tumors rich in both collagen and hyaluronan. In contrast,
in less desmoplastic tumors, the effect of losartan and other
mechanotherapeutics is limited (Diop-Frimpong et al, 2011;
Chauhan et al., 2013; Voutouri et al., 2023; Kalli et al., 2024;
Mpekris et al, 2023). Furthermore, mechanotherapeutics are
often repurposed drugs that even though approved for clinical
use, they are associated with their own adverse effects. For
example, losartan is a potent anti-hypertensive drug. Therefore,
there are limitations in increasing the dose of these drugs to
decompress more vessels.

Another promising method to improve drug delivery in solid
tumors is the so called sonopermeation, which combines ultrasound
with microbubbles. By temporarily increasing the permeability of
blood vessel walls, sonopermeation facilitates the enhanced
penetration of therapeutic agents into tumor tissues. This
approach has shown potential in overcoming biological barriers
and improving treatment efficacy (Soulheim et al., 2021; Snipstad
etal,, 2021). Moreover, sonopermeation has been observed to reduce
intratumoral solid stress, thereby improving blood flow and drug
distribution; however, the underlying mechanisms remain poorly
understood (Snipstad et al., 2018; Snipstad et al., 2021). Studies have
demonstrated that ultrasound, when applied in conjunction with
microbubbles, achieves greater therapeutic effectiveness compared
to conventional nano- and chemo-therapeutic strategies (Carpentier
et al,, 2016; Dimcevski et al., 2016; Kotopoulis et al., 2013; Lin et al.,
2012; Olsman et al., 2020; Snipstad, Morch, et al., 2021). Notably,
recent research has highlighted the potential of combining
sonopermeation with mechanotherapy, revealing synergistic
effects that further enhance therapeutic outcomes (Mpekris et al.,
2024).
sonopermeation for drug delivery in solid tumors remains in its

Despite its promise, mathematical modeling of
infancy. Existing models have primarily focused on the role of
microbubbles within blood vessels (Hosseinkhah et al., 2013;
Cowley and McGinty, 2019), often overlooking perfusion and
drug delivery challenges posed by the TME and lacking
experimental validation. Recent advances, however, have
produced a more comprehensive mathematical model exploring
the ability of low-intensity ultrasound to inhibit cancer stem cell
growth and spread (Blanco et al., 2025).

Building on this foundation, we developed a mathematical
effects  of

mechanotherapy and sonopermeation on tumor treatment. This

framework to  investigate the  combined
model integrates insights from previous computational studies
(Mpekris et al., 2015; Mpekris, Baish, et al.,, 2017; Mpekris et al.,
2020; Mpekris et al., 2018; Zhao et al., 2019) and has been designed
to optimize the combined application of mechanotherapeutics and
sonopermeation. Specifically, it incorporates key factors, such as the
effect of ketotifen, a mechanotherapeutic agent, on the TME and the

dynamics of sonopermeation. Model predictions were validated
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FIGURE 1
A schematic diagram depicts the components of the mathematical model and their interconnections. The model includes distinct cell populations

(represented in the yellow region), tumor angiogenic factors (depicted in the blue region), and various therapeutic strategies, each influencing the TME
(highlighted in the pink region) in unique ways. This comprehensive visualization illustrates the interactions among individual components of the model,
as well as the potential combinations of these components, shedding light on their collective impact on functional vascular density, perfusion, and
oxygenation levels in the system under study. These effects are categorized as positive, negative, or conditionally positive depending on the
circumstances.

against published experimental data (Neophytou et al, 2025),  significance of the order in which sonopermeation and nano-
confirming the accuracy and reliability of the framework. immunotherapy are administered, as well as determining the
Additionally, a parametric analysis was conducted to assess the  optimal time interval that should elapse between the application
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Schematic representation of vessel decompression and perfusion enhancement via Mechanotherapeutics and Sonopermeation.
Mechanotherapeutics enhance perfusion by reducing interstitial fluid pressure and solid stress and decompressing vessels. Sonopermeation combined
with microbubbles increases vascular permeability and enhances functional vascular density, thereby improving drug delivery. Created with
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of sonopermeation and the initiation of nano-immunotherapy
treatment, thereby elucidating the most effective timing for
achieving optimal therapeutic outcomes.

2 Materials and methods
2.1 Overview of the mathematical model
Figure 1 provides a schematic representation of the tumor’s

various components incorporated into the mathematical
model, along with their interrelations. The equations,
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assumptions, and foundational principles of the model
are detailed in the Supplementary Material (SM) Appendix.
The model captures the complex interactions between
key  components involved in tumor  progression
(Figure 1), including:

i) Tumor cell populations: non-stem cancer cells (CCs), stem
cancer cells (SCCs), and treatment-induced cancer cells
(ICCs) (Mpekris et al., 2020);

ii) Immune cells: NK cells, CD8" T-cells, CD4" T-cells,

regulatory ~ T-cells  (Tregs), and tumor-associated
macrophages (TAMs);
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iii) Tumor vasculature components: endothelial  cells,
angiopoietins (Ang), and vascular endothelial growth

factor (VEGF).

The model also accounts for tumor perfusion, oxygenation, and
drug delivery, particularly nano-immunotherapy. Sonopermeation
enhances vascular permeability by increasing vessel wall pore size,
potentially improving functional vascular density (Snipstad et al.,
2018; Mpekris et al, 2024). Microbubbles inserted during
which
endothelial cell proliferation and apoptosis (Dolan et al., 2011).

sonopermeation induce wall shear stress, influences
Mechanotherapeutics are critical for modulating both the fluid and
solid phases of the TME. In the fluid phase, mechanotherapeutics
significantly enhance tumor hydraulic conductivity, thereby
reducing interstitial fluid pressure (IFP). This reduction improves
tumor perfusion (Mpekris et al., 2024; Panagi et al., 2024). In the
solid phase, mechanotherapeutics reduce the elastic modulus,
alleviating solid stress. This stress relief decompresses blood
vessels, leading to increased functional vascular density and
improved perfusion (Charalambous et al., 2024; Mpekris et al,
2024; Panagi et al, 2024). The mechanism described above is
illustrated in Figure 2, which schematically represents vessel
decompression and perfusion enhancement mediated by
mechanotherapeutics and sonopermeation.

Enhancement in functional vascular density significantly
improves the efficacy of nano-immunotherapy, thereby
facilitating the suppression of non-stem cancer cells, stem-like
cancer cells, and induced cancer cells (Mpekris et al., 2024). The
increased therapeutic concentration achieved with nanomedicine
promotes immunogenic cell death (Jain, 2005; Jain, 2008) and
enhances the overall effectiveness of immunotherapy (Mpekris
et al., 2015; Panagi et al, 2020). This improvement is associated
with an elevated CD4"/CD8" T-cell ratio (Huang et al., 2013). The
synergistic effects of nano-immunotherapy further stimulate the
recruitment of effector CD8" T-cells while simultaneously reducing
the prevalence of regulatory T-cells (Tregs), thereby fostering a
robust anti-tumor immune response (Lu et al., 2017). Additionally,
increased tumor oxygenation supports both tumor and immune cell
populations and induces a phenotypic shift in tumor-associated
macrophages (TAMs) from an immunosuppressive M2 phenotype
to an immunostimulatory M1 phenotype (Mpekris, Baish, et al,
2017; de Pillis, Radunskaya, and Wiseman, 2005; Mahlbacher et al.,
2018). Tumor cell proliferation, however, leads to substantial
compression of the surrounding vasculature, reducing perfusion
and impairing immune cell activity within the tumor
microenvironment (Griffon-Etienne et al, 1999; Padera et al,
2004). Enhanced proliferation of immune cells amplifies tumor
cell eradication, with M1-like TAMs exerting strong tumoricidal
effects, while M2-like TAMs inhibit immune effector cell activity,
thereby promoting

immune suppression and creating an

immunosuppressive environment (Goel et al, 2011; Goel,
Fukumura, and Jain, 2012).

In terms of tumor vascular components, angiogenesis—a critical
process for the formation of new blood vessels—is driven by the
proliferation of endothelial cells, thereby improving overall
perfusion (Mpekris et al., 2020). Elevated vascular endothelial
growth factor (VEGF) levels are associated with an increased

prevalence of M2-like TAMSs and a heightened rate of endothelial
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cell proliferation (Carmeliet and Jain, 2011). High concentrations of
angiopoietin-2 (Ang2), however, destabilize existing vessels by
inhibiting endothelial cell production. This destabilization is
counteracted by angiopoietin-1 (Angl), which stabilizes the
vasculature and supports endothelial cell production (Holash
et al., 1999; Lobov, Brooks, and Lang, 2002).

In support of these mechanisms described above, SM Appendix,
Supplementary Figure S2 presents the computational framework
developed to evaluate therapeutic outcomes achieved through
mechanotherapy and sonopermeation in solid tumors. This
schematic complements Figure 1 by detailing the model’s
underlying assumptions, key input parameters, and the governing
equations used in the mathematical formulation—each referenced
by equation number. It also outlines the numerical methods
employed to solve these equations and highlights the key output
variables used to assess treatment efficacy.

2.2 Drug transport mechanisms

2.2.1 Nanomedicine transport equations

We hypothesized that the delivery of nanomedicine is described
by three distinct states (Equations 1-3): (i) the nanoparticle carrier
(cn), (i) the
chemotherapeutic agent freely diffusing within the tumor

encapsulating the chemotherapeutic agent
interstitial space (cg), and (iii) the chemotherapeutic substance
internalized by the cells (ci,) (Olive et al, 2009). Consequently,

the transport of the drug within the interstitial space can be

mathematically represented as follows (Stylianopoulos and
Jain, 2013):
oc, ¢ )
ot +V. (Cnv ) =D,V + Qu — kelcn (1)
% +V. (Cfo) = DfVZCf + akelcn - kime (2)
ot
acint s
ot +V. (Cintv ) = kintcf - kdegcim (3)

In this context D, and Dy represent the diffusion coefficients of

the nanoparticle carrier and the chemotherapeutic agent,
respectively, as they diffuse through the tumor interstitial space.
The rate constants kg, ki and kgeg correspond to the release of the
chemotherapy from the nanoparticle, the internalization of the drug
by cells, and the degradation rate of the chemotherapeutic agent,
respectively. Additionally, a indicates the number of chemotherapy
molecules encapsulated within a single nanocarrier. The terms v*
and v* denote the velocities of the fluid and solid phase within the
TME, respectively. Detailed information about v' and v* can be
found in the SM Appendix under Supplementary Equations
(S18-526). For the purposes of this study, the nanomedicine
utilized is Doxil. The term Q,, appearing on the right side of
Equation 1, describes the transport of the nanocarrier across the
tumor vessel wall. This transport process is mathematically defined

using Starling’s approximation, (Stylianopoulos and Jain, 2013):
Qsta = PerSV (Civ - Cn) + LpSV (PV - Pl) (1 - Gf)CiV (4)

In this formulation, L, represents the hydraulic conductivity of
the vessel wall, C;, = exp (-(t-ty)/ky) describes the vascular
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concentration of the administered drug, which follows a bolus

injection profile. Here, t, refers to the time of drug
administration, and kg corresponds to the decay constant
associated with blood circulation. The parameter o denotes the
reflection coefficient. The vascular conductivity L, is defined as a
function of the pore radius of the vessel wall, while the parameters
P, and ofare determined based on the ratio of the drug’s molecular
radius to the pore radius of the vessel wall (Deen, 1987). A
comprehensive explanation of the methodology and calculations

used to derive these parameters is provided in the SM Appendix.

2.2.2 Immune checkpoint inhibitors equations
Immunotherapy is incorporated into our mathematical model
via the inclusion of immune checkpoint antibodies, which, in
specific therapeutic approaches, can be employed simultaneously
to augment treatment effectiveness (Mpekris et al., 2020). Within
this framework, the influence of anti-PD-1 immune checkpoint
inhibition is denoted as an increase in the source term for CD8"
T-cells ie., the term org, while the use of anti-CTLA-4 is
characterized by an elevation in the mortality rate of regulatory
T-cells, my, (Mpekris et al, 2020). Moreover, the anti-PD-
1 antibody is also

incorporated into our computational

framework as a free pharmacological agent ¢, and this

integration is demonstrated through the mathematical
formulation presented in Equation 5.

acfi f 2

H +V. (Cfiv ) = DfiV Cf Qsta, - kdegicﬁ (5)

In this context, Dy, represents the diffusion coefficient of the
immune checkpoint antibody within the tumor interstitial space,
while kgeg, denotes the rate constant associated with the degradation
of the anti-PD-1 antibody. The term Qg,, appearing on the right-
hand side of Equation 5, accounts for the transport of the immune
checkpoint antibody across the tumor vessel wall, as defined by
Starling’s approximation. It is important to note that the principles
described in Equation 4 are similarly applicable to the transport
dynamics of the anti-PD-1 antibody, which is capable of diffusing
through the interstitial space.

2.2.3 Modeling the impact of
mechanotherapeutic ketotifen

Within this mathematical framework, the mechanotherapeutic
agent ketotifen has been incorporated to alleviate stress in solid
tumors, leading to a notable enhancement in the overall efficacy of
nano-immunotherapy (Mpekris et al., 2024; Neophytou et al., 2025).
The administration of ketotifen has significant implications,
including a reduction in tumor stiffness and a notable
enhancement of vascular perfusion, thereby improving the overall
functionality of blood vessels. Experimental evidence demonstrates
that, within 3 days of ketotifen treatment, tumor stiffness decreases
by approximately 50% (Mpekris et al., 2024; Charalambous et al.,
2024; Panagi et al., 2024). In addition, ketotifen effectively lowers
interstitial fluid pressure, facilitates improved tumor perfusion, and
substantially enhances the efficacy of drug delivery (Mpekris et al.,
2024). In our computational model, the effects of ketotifen are
simulated by reducing the tumor’s shear modulus and increasing its

hydraulic conductivity. These changes result in a significant decrease
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in interstitial fluid pressure and an increase in functional
vascular density.

Specifically, in the model we assume that ketotifen induces a
linear reduction in both shear modulus and bulk modulus of the
tumor by half relative to their baseline values prior to treatment
(Panagi et al,, 2024). Simultaneously, the hydraulic conductivity in
the model increases linearly by two orders of magnitude compared
to its initial value. Detailed numerical values for the hydraulic
conductivity ky,, shear modulus y, and bulk modulus k, for the
host tissue, untreated tumor tissue, and tumor tissue under the
influence of ketotifen are provided in Supplementary Table S1 of the
SM Appendix.

Although ketotifen is used as a mechanotherapeutic agent in the
published experimental dataset that we employed, the model could
be similarly adapted to other mechanotherapeutics. This is because
the therapeutic mechanism remains the same across different
mechanotherapeutic drugs: to decompress blood vessels and
enhance perfusion by alleviating mechanical stress and reducing
tumor stiffness (Sheridan, 2019). Many mechanotherapeutics—such
as antihypertensives, antifibrotics, or antihistamines—are
commonly used drugs that are repurposed to normalize the
tumor microenvironment. They typically act by targeting
extracellular matrix (ECM) components or by reprogramming
cancer-associated fibroblasts (CAFs), with the shared goal of
restoring vessel function and

improving the delivery of

therapeutic agents (Mpekris et al., 2024).

2.2.4 Implementation of sonopermeation
Sonopermeation is recognized for its ability to temporarily
increase the size of vessel wall pores, thereby enhancing vascular
permeability and leading to a marked improvement in the functional
density of the vascular network. Notably, experimental studies have
shown that sonopermeation can enlarge endothelial cell pores to
dimensions ranging from approximately 100 nm to 1.25 um (Qiu
etal., 2012). Furthermore, it has been observed that larger pore sizes
are positively associated with either an increase in acoustic pressure
or a prolonged duration of sonopermeation treatment (Qiu et al.,
2012).  Building on the
findings—particularly the observation that increasing acoustic

aforementioned  experimental
pressure during sonopermeation leads to the formation of larger
vessel pores—we derived a second-order polynomial function based
on these experimental data. This function predicts vessel wall pore
size, 1., as a function of acoustic pressure, p,.. The resulting equation
(Equation 6) was incorporated into our mathematical model by
integrating it into the r, parameter. This allowed for a quantitative
description of the relationship between p,. and r,, enhancing the
model’s ability to accurately represent the underlying biological
phenomenon.

r, = —14977.9087 - pZ, + 8208.3947 - p, — 69.0722,  (6)

The incorporation of acoustic pressure into our mathematical
model is achieved through the following formulation:

p.. = MI- Vfr (7)

The acoustic pressure, p,. is mathematically defined as the
product of the Mechanical Index (MI) of the transducer and the
square root of the frequency, fr, used during sonopermeation for the
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transmitted wave (Husseini, Pitt, and Martins, 2014; Kooiman et al.,
2014). The selection of values of mechanical index and frequency is
based on previous clinical and experimental studies (Mpekris et al.,
2024; Dimcevski et al., 2016; Wang et al., 2018; Snipstad et al., 2018;
Snipstad, Vikedal, et al., 2021). Specifically, based on experimental
protocol (Mpekris et al., 2024), in which a clinical ultrasound device
was used to perform sonopermeation, optimal MI values in the
range of 0.2-0.6 were identified for enhancing drug delivery. Values
of frequency and mechanical index are given in SM Appendix,
Supplementary Table S1. These values that we use in our model are
close to the values which are employed in clinical trials (Dimcevski
et al, 2016; Wang et al., 2018). Importantly, in Equations 6, 7, we
neglect any attenuation and scattering effects due to the propagation
of ultrasound waves and interaction with tissues and thus, the
acoustic pressure remains constant and distributed uniformly
within the tissue (Blanco et al., 2025; Blanco et al., 2021).

Furthermore, within the framework of our mathematical model,
we have incorporated the shear wave stresses, denoted as t, which
are exerted upon endothelial cells as a direct consequence of the
microbubbles inserted during the sonopermeation process. The
phenomenon of wall shear stress associated with sonopermeation
arises from the oscillatory motion of gas microbubbles when
subjected to an ultrasonic field that is situated in close proximity
to the surface of the tissue. These oscillations of the bubbles are
known to induce a steady shear stress, which can be attributed to the
mechanism of microstreaming (Krasovitski and Kimmel, 2004). The
expression for the shear wave stress is described by Equation 8
(Cowley and McGinty, 2019).

2
TZZ(PL'PL)E(n'fr)%;_m (8)
0

where py, represents the density of the liquid medium surrounding
the pulsating shelled microbubble and py, is the viscosity of this
surrounding liquid medium. In the current case, the liquid medium
is the blood. Moreover, i’ is the displacement amplitude of the
microbubble wall and Ry is the equilibrium radius of the shelled
microbubble (Lewin and Bjorne, 1982; Rooney, 1972).

Experimental evidence has demonstrated that wall shear stress
operates as a significant stimulus for both the proliferation and
apoptosis of endothelial cells (Dolan et al., 2011). Drawing from the
previously discussed experimental findings, which demonstrate that
wall shear stress plays a crucial role in regulating both the
proliferation and apoptosis of endothelial cells, we extracted the
relevant experimental data to develop fitting equations that can be
integrated into our mathematical model. Specifically, these fitting
equations, which capture how wall shear stress influences both cell
proliferation (pr) and apoptosis (ap) are formulated as second-order
polynomial functions. These functions serve to describe the
relationship between the mechanical stimulus provided by wall
shear stress and the cellular responses of proliferation and
apoptosis, providing a more accurate representation of these
biological processes within the context of our model.

pr=-3-10"°-7* +0.0067 - T + 0.2533 9)
ap=-3-10".1% +0.0126 - T + 0.6666 (10)

The Equations 9, 10 are to be multiplied by the proliferation and
apoptosis terms associated with the endothelial cells, which can be
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found on the right-hand side of the transport equation for
endothelial cells, (Equation S29, SM Appendix).

2.2.5 Solution of model equations

To accurately simulate tumor growth, the tumor is assumed to
have a spherical geometry, surrounded by a cubic domain
representing normal tissue. The cubic host domain is designed to
be two orders of magnitude larger than the tumor to minimize
boundary effects that could influence tumor progression. Owing to
the symmetry inherent in the system, the analysis is confined to one-
eighth of the entire domain, which is sufficient for capturing the
system’s behavior (Mpekris, Baish, et al., 2017; Mpekris et al., 20205
Harkos and Stylianopoulos, 2024; Harkos, Stylianopoulos, and Jain,
2023; Kim, Stolarska, and Othmer, 2011).

The mathematical model's system of equations was
implemented and solved using the commercial finite element
software COMSOL Multiphysics (COMSOL, Inc., Burlington,
MA, United States). The
Mechanics, Transport of Diluted Species, Convection-Diffusion

simulation employed the Solid

Equation, and Domain ODEs and DAEs physics interfaces. The
computational domain comprised 6,015 finite elements and
51,628 degrees of freedom. A time-dependent solver, specifically
the PARDISO algorithm, was used to obtain solutions to the
governing equations.

Details regarding the boundary conditions utilized in this study
are provided in the SM Appendix, Supplementary Figure S1. At the
interface between tumor and healthy tissue, boundary conditions
governing stress and displacement fields, as well as the
concentrations of oxygen and immuno-nanotherapeutic agents,
were automatically applied by the software. In COMSOL
Multiphysics, such continuity conditions at internal boundaries
are enforced when adjacent domains are governed by the same
physics interface to ensure continuity of the relevant field variables
and their fluxes across internal interfaces.

3 Results

3.1 Comparison of model predictions with
experimental data

To assess the accuracy of our mathematical framework and to
justify the parameter values utilized within the model, we compared
model predictions with previously published experimental data
(Neophytou et al., 2025). The data were derived from in vivo
experiments conducted on murine breast tumor models, which
aimed to identify optimal conditions for combining
mechanotherapeutics with ultrasound sonopermeation to enhance
perfusion and the efficacy of nano-immunotherapy (Neophytou
etal., 2025). The experimental findings demonstrated that the use of
ketotifen, an anti-histamine with mechanotherapeutic properties, in
conjunction with sonopermeation led to a significant reduction in
tumor stiffness within the TME. This reduction was attributed to a
decrease in collagen and hyaluronan levels, effectively remodeling
the TME. The synergistic effects of ketotifen and sonopermeation
resulted in a remarkable increase in tumor perfusion and a
substantial enhancement in drug delivery. As a result of these
improvements, the of both Doxil

therapeutic  efficacy

frontiersin.org


https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2025.1549098

Koutsi et al. 10.3389/fddev.2025.1549098

(A) day -9 day 0 day 3 day 6 day 10
4T1 150 mm? 250 mm? sonopermeation
implantation tumor size tumor size 3mg/kg doxil SWE and CEUS
10mg/kg ketotifen sonopermeation 10mg/kg aPD1 end of
‘ on a daily basis 3mg/kg doxil Smg/kg aCTLA4 the study
e - 10mg/kg aPD1
( Smg/kg aCTLA4
SWE and CEUS
Model Predictions ® Experimental Data
B)
— Control — Ketotifen
T 80 £ 800
& &
o 600 o 600
: :
= 400} =
© 0 2 400
= =
g 200 S 200]
= 0 N
0 2 4 6 8 10 0 2 4 6 8 10
Time (Days) Time (Days)
-— Sonopermeation — Ketotifen-Sonopermeation
E 800 & 800
£ £ R%=0.89
o 600F o 600 l
: -
= 400F S 400
= =
— —
S 200, ]
g g 200y
= 0 =~ 0 . . . . .
0 2 4 6 8 10 0 2 4 6 8 10
Time (Days) Time (Days)
e Doxil-ICIs — Ketotifen-Doxil-ICIs
‘S 800 g 800
g R2=0.67 g R2=0.82
= 600f o 600
= 400k l § 400F
% 5 I
g 200§ g 2008
3
2 0 . . . . . = 0 . . . . .
0 2 4 6 8 10 0 2 4 6 8 10
Time (Days) Time (Days)
_— Sonopermeation-Doxil-ICIs A Ketotifen-Sonopermeation-Doxil-ICIs
g 80 § 80
£ R2=0.74 = R*=074
S 600F 2 600
g =
= 400t S 400t
5 200 I 2 200 T
/ i t
g =
£ 0 0
0 2 4 6 8 10 0 2 4 6 8 10

FIGURE 3

Time (Days)

Time(Days)

Comparison of model predictions with experimental data of tumor growth for 4T1 breast tumors. (A) Experimental treatment protocol implemented

for 4T1 breast tumors, which was also simulated using the mathematical model. Created in BioRender.com. (B) Tumor volume growth rates of murine
breast cancer cells are presented, with experimental data represented by dots and mathematical model predictions depicted as solid lines for each
treatment group. For each case - control, ketotifen, sonopermeation, ketotifen-sonopermeation, Doxil-ICls, ketotifen-Doxil-ICls,
sonopermeation-Doxil-ICls and ketotifen-sonopermeation-Doxil-ICls- the R-Squared (R?) value has been calculated and depicts the accuracy of
mathematical model validations for tumor growth in comparison with experimental findings. ICls denotes cocktail of anti-PD1 and anti-CTLA4

antibodies.
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nanomedicine and ICI cocktail (anti-PD-1 and anti-CTLA-4) was
significantly elevated, highlighting the potential of this combined
approach to optimize treatment outcomes in a tumor setting. These
the of
mechanotherapeutics with sonopermeation to overcome physical

findings  underscore effectiveness integrating
barriers in the TME and improve therapeutic delivery and efficacy.

The therapeutic regimen simulated through the mathematical
model was designed to closely replicate the experimental protocol
applied to 4T1 and E0771 breast tumors, as depicted in Figures 3A,
4A. For the experimental protocol, mice were randomized into the
following groups once tumors reached an average size of
150-200 mm?® (n

(10 mg/kg, i. p.), sonopermeation, ketotifen + sonopermeation,

= 8-10 per group): Control group, ketotifen
Doxil (3 mg/kg, i. v.) + immune checkpoint inhibitors (ICIs; a
cocktail of anti-PD-1, 10 mg/kg, and anti-CTLA-4, 5 mg/kg, i. p.),
ketotifen + Doxil + ICIs, sonopermeation + Doxil + ICIs, and
ketotifen + sonopermeation + Doxil + ICIs. Daily administration
of ketotifen began once tumors reached approximately 150 mm?.
After 3 days of ketotifen treatment—by which time tumors had
grown to an average volume of 250-350 mm’—mice were subjected
to sonopermeation. One hour later, Doxil and ICIs were
administered to enhance therapeutic efficacy. The combined
therapy involving sonopermeation and nano-immunotherapy was
repeated 3 days later (Neophytou et al., 2025). Throughout the
experimental process, tumor volume was measured using a digital
caliper, while tumor elastic modulus and perfused area were
evaluated on specific days using Shear Wave Elastography (SWE)
and Contrast-Enhanced Ultrasound (CEUS), respectively.

To compare the model’s predictions with the experimental data,
all parameters in the model were assigned baseline values
independently derived from prior studies (SM Appendix,
Supplementary Table S1). The sole parameter modified to align
the model’s predictions with the experimental observations
(Neophytou et al., 2025) was the parameter denoted as k;, which
quantifies the relationship between cancer cell proliferation and
oxygen concentration (SM Appendix, Equation S8). The value of k;
was adjusted to ensure that the predicted final tumor volume for the
untreated control group matched the experimental measurement.
This value remained consistent across all comparisons between
model’s predictions and the experimental data for the various
groups studied. Remarkably, despite the mechanistic complexity
of the model and the considerable number of parameters it
incorporates, only a single parameter -k;- was varied for each
breast cancer type to achieve alignment between the model
the (SM  Appendix,
Supplementary Table S2). This parameter (k;) governs the
proliferation rate of cancer cells, which varies across different

predictions and experimental results

cancer cell lines, and it was fitted so that model predictions
reproduce the data of the control (untreated) groups in the
experiments. Since each cell line used in the experimental data
exhibits a distinct growth profile, calibrating k; for each type ensures
that the model accurately reflects the biological variability in tumor
growth rates.

The tumor volume predictions generated by the mathematical
model align closely with experimental findings. The results show
that monotherapies—including the control group, ketotifen,
the of ketotifen with
sonopermeation—failed to exhibit notable antitumor effects, as

sonopermeation, and combination
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no notable reductions in tumor volume were observed when
compared to the control group. However, a marked reduction in
tumor volume was evident with the application of the combinatorial
treatment. The model confirms that integrating ketotifen and
sonopermeation with nano-immunotherapy notably enhances
therapeutic efficacy, particularly by suppressing tumor growth
(Figures 3B, 4B). The most pronounced delays in tumor
progression for both 4T1 and E0771 breast tumor models were
observed when the treatment protocol combined ketotifen,
sonopermeation, Doxil, and immune checkpoint inhibitors (ICIs),
anti-PD-1 anti-CTLA-4 This
combination demonstrated a substantial reduction in tumor

specifically and antibodies.
volume, achieving effective therapeutic outcomes. The accuracy
of the mathematical model in replicating experimental results can
be assessed through the R-Squared (R*) statistic. This metric
evaluates the degree of correlation between the experimental data
and the model’s predictions, with R* values ranging from 0 to 1. A
higher R* value, approaching 1, signifies stronger precision and
reliability of the model’s predictive capabilities.

To provide a detailed comparison between mathematical model
predictions and experimental data, we analyzed model outcomes
alongside experimental measurements of perfused area evaluated
with CEUS, and hypoxia levels measured with immunofluorescence
staining. The results are presented in Figure 5, where the values of
measured parameters are expressed relative to those of the control
group, shown as fold changes. This approach facilitates direct
correlation between the dimensionless parameters of the model and
the experimental observations. The computational data for the perfused
area within the tumor was quantified and analyzed through our
mathematical framework by calculating the functional vascular
density, Sv, as outlined in Equation S27, SM Appendix. In our
mathematical model, hypoxia levels were assessed by calculating the
oxygen concentration within the tumor tissue. To create a relative
metric for comparison, the oxygen concentration in the tumor was
divided by the oxygen concentration in healthy tissue, which is
maintained at a stable value of 0.2 mol/m’. This ratio provided a
quantitative measure of the reduction in oxygen levels within the tumor
relative to normal conditions. To further refine this measure, the ratio
was converted into a percentage representing the oxygen concentration
in the tumor. The complementary percentage was then defined as the
level of hypoxia, offering a clear representation of the extent to which
the tumor environment was deprived of oxygen. To facilitate a
meaningful comparison between the computational predictions and
experimental data, the computed results were normalized and expressed
as fold changes. This transformation ensured that the predictions from
the model could be directly compared to the experimental findings,
thereby enhancing the evaluation process.

The model predictions align closely with experimental data
regarding perfused area, and hypoxia levels within the TME, as
depicted in Figure 5. When ketotifen is combined with
sonopermeation or used as part of the comprehensive treatment
regimen involving ketotifen, sonopermeation, Doxil, and immune
checkpoint inhibitors (ICIs), there is a notable enhancement in the
perfused area, contributing to improved functional vascular density
(Figure 5A). A comparison of hypoxia levels across various
experimental groups reveals that model predictions also agree
well with experimental findings. The administration of ketotifen
substantially reduces hypoxia levels within the TME (Figure 5B).
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FIGURE 5

Comparative of model predictions alongside experimental data (Neophytou et al., 2025) at a specific time point. The horizontal axis represents the
various treatment groups that were examined in the experimental investigations: control, ketotifen, sonopermeation, ketotifen-sonopermeation, Doxil-
ICls, ketotifen-Doxil-ICls, sonopermeation-Doxil-ICls, ketotifen-sonopermeation-Doxil-ICls. The vertical axis (y) for each instance varies between (A)

Perfused Area for 4T1 breast tumors, (B) Hypoxia for EO771 breast tumors.

This reduction in hypoxia is particularly evident in treatment
modalities that combine ketotifen, sonopermeation, and nano-
immunotherapy, highlighting the synergistic effects of these
interventions. By mitigating hypoxia, these therapies effectively
enhance drug delivery, further validating the therapeutic potential
of the combinatorial approach.

3.2 Parametric analysis of key
model variables
The aim of the parametric analysis, which systematically

assessed various parameters, was to develop essential guidelines
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for optimizing the sequence of experimental procedures and
determining the ideal time intervals between their application to
achieve the best therapeutic outcomes. Specifically, the analysis
explored two distinct scenarios: one in which sonopermeation is
administered prior to nano-immunotherapy, and another where
nano-immunotherapy precedes ultrasound sonopermeation. In the
experimental setup, sonopermeation was applied first, followed by
nano-immunotherapy 1 hour later (Mpekris et al., 2024; Neophytou
etal,, 2025). In the first scenario, where the effect of sonopermeation
precedes nano-immunotherapy, sonopermeation was applied at two
fixed time intervals. Particularly, the first sonopermeation’s effect
was implemented on day 19, followed by a second treatment on day
22. To evaluate the effectiveness of nano-immunotherapy in this
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Effect of the order of therapeutic modality application. The impact of administering sonopermeation prior to nano-immunotherapy. The effect of
sonopermeation is applied at fixed time intervals, while nano-immunotherapy is introduced at varying intervals—1 h, 3 h, 6 h, and 24 h—following
ultrasound sonopermeation. Specifically, panel (A) corresponds to a 1-h interval, (B) to a 3-h interval, (C) to a 6-h interval, and (D) to a 24-h interval
between sonopermeation and nano-immunotherapy. The diagrams illustrate the effects of the elapsed time on tumor volume (mm?) in panels

(A-D), as well as on drug concentration in panel (E).

sequence, its timing was varied, and it was delivered at four different
1 h, 3 h, 6 h, and 24 h after the initiation of
the

immunotherapy was administered before sonopermeation, the

intervals:

sonopermeation. In second scenario, where nano-
nano-immunotherapy treatment was also delivered at two fixed
time points, on day 19 and day 22. In this case, the effect of
ultrasound sonopermeation was executed at varying time
intervals relative to the administration of nano-immunotherapy,
specifically at 1 h, 3 h, 6 h, and 24 h afterward. Based on these
parameters, the procedures were integrated and simulated within a
mathematical model to identify the optimal sequence and timing for
achieving the desired therapeutic outcomes in this combined

treatment approach.
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Figure 6 illustrates the effect of administering sonopermeation
prior to nano-immunotherapy. The smallest tumor volume is
observed in Figure 6A, where nano-immunotherapy is applied
1 h after sonopermeation. Conversely, the largest tumor volume
is seen in Figure 6D, where nano-immunotherapy is administered
24 h after the application of sonopermeation. Intermediate time
intervals of 3 h and 6 h, shown in Figures 6B,C, respectively, do not
exhibit a pronounced difference when compared to Figure 6A. This
observation can be supported by existing evidence, which indicates
that the primary effect of sonopermeation typically persist for a
duration of approximately up to 6 h (Sheikov et al., 2008; Yuana
et al,, 2017; Zhang et al., 2009; Poon, McMahon, and Hynynen,
2017). Furthermore, these observations are corroborated by the drug
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Effect of the order of therapeutic modality application. The impact of administering nano-immunotherapy prior to sonopermeation. The
administration of nano-immunotherapy is applied at fixed time intervals, while the effect of sonopermeation is applied at varying intervals—1h, 3 h, 6 h,
and 24 h—following nano-immunotherapy. Specifically, panel (A) corresponds to a 1-hinterval, (B) to a 3-h interval, (C) to a 6-h interval, and (D) to a 24-h
interval between nano-immunotherapy and sonopermeation. The diagrams illustrate the effects of the elapsed time on tumor volume (mm?) in

panels (A=D), as well as on drug concentration in panel (E).

concentration within the TME, as depicted in Figure 6E. The drug
concentration is the highest when nano-immunotherapy is
administered 1 hour after sonopermeation and the lowest when
administered 24 h after sonopermeation.

Figure 7 examines the reverse order, with nano-immunotherapy
preceding sonopermeation. The findings align with those in
Figure 6. Specifically, the smallest tumor volume occurs when the
impact of sonopermeation is applied 1 hour after nano-
immunotherapy, as shown in Figure 7A, while the largest tumor
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volume is observed when sonopermeation is administered 24 h after
nano-immunotherapy, as shown in Figure 7D. These results are
further validated by drug concentration data (Figure 7E). For
intermediate time intervals of 3 h and 6 h, shown in Figures
7B,C, no notable differences are observed compared to Figure 7A.

A comparison of Figures 6, 7 reveals that for time intervals of 1 h,
3 h, and 6 h (Figures 6A-C; Figures 7A-C), the treatment
schedule—whether the impact of sonopermeation or nano-
immunotherapy is applied first—does not sufficiently influence

frontiersin.org


https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2025.1549098

Koutsi et al.

tumor volume. However, at the 24-h interval, the schedule becomes
critical. The parametric analysis indicates that administering nano-
immunotherapy first, followed by the effect of ultrasound
sonopermeation, results in a smaller tumor volume (Figure 7D)
compared to the reverse sequence, where the impact of
sonopermeation precedes nano-immunotherapy (Figure 6D),

which leads to a notably larger tumor volume.

4 Discussion

In this study, we developed a mechanistic mathematical
of
mechanotherapeutics and sonopermeation, with the goal of
maximizing the therapeutic efficacy of nano-immunotherapy in

framework designed to integrate the synergistic effects

cancer treatment. The proposed model captures the intricate
interactions among a wide range of cellular and molecular
components within the TME, including various types of cancer
cells, immune cells, tumor-associated macrophages, endothelial
cells, tumor angiogenic factors, and multiple therapeutic modalities,
each contributing distinct and significant effects. Our framework
represents a substantial advancement over previous studies by
dual
mechanotherapeutic agent ketotifen, which has demonstrated

incorporating  the effects of sonopermeation and the
promising therapeutic potential. The robustness of the model is
evidenced by its ability to predict outcomes that align closely with
experimental results derived from in vivo studies on two breast cancer
cell lines: the E0771 and 4T1 mammary adenocarcinoma cell lines. The
experimental data collected strongly support the notion that mechano-
modulation of the TME, achieved through the combined application of
mechanotherapeutics and sonopermeation, induces synergistic effects
that significantly enhance perfusion and improve overall therapeutic
outcomes (Neophytou et al, 2025). This observation is further
corroborated by the mathematical model, which demonstrates a
high degree of precision in replicating experimental results.
Specifically, a strong correlation was observed between the model’s
predictions and actual experimental measurements of key parameters,
including tumor volume, functional vascular density, and hypoxia
levels. These correlations underscore the accuracy and reliability of the
proposed mathematical framework, reinforcing its potential as a
powerful tool for optimizing cancer therapies.

Beyond breast cancer (Neophytou et al., 2025), the proposed
model can also be readily adapted and validated for other tumor
types, such as pancreatic cancer (Murphy et al., 2019) and sarcomas
(Mpekris et al, 2024). These tumors share key characteristics,
including a dense extracellular matrix which limits drug
penetration and perfusion—making them suitable targets for
with
sonopermeation. The primary variable that differs across these

mechano-modulatory ~ strategies in  combination
desmoplastic tumors is the growth rate. In our mathematical
framework, the primary tumor-specific parameter is the cancer
cell proliferation rate constant (k;), which governs the tumor
growth rate. By adjusting this parameter, the model can be
calibrated to match experimental data from various tumor types
without requiring other changes to the model itself. This flexibility
underscores the model’s generalizability and supports its potential
utility across a broad spectrum of solid tumors characterized by a

stiff and poorly perfused microenvironment.
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The parametric analysis, which systematically evaluated a range
of parameters, established critical guidelines for optimizing the
sequence of experimental procedures. It also identified the ideal
time interval required between the application of sonopermeation
and the commencement of the combined Doxil + anti-PD-1+anti-
CTLA-4 treatment. Specifically, the analysis distinguishes two
scenarios: one where sonopermeation precedes nano-
immunotherapy, as is also reflected in the experimental protocol
(Neophytou et al., 2025), and another where nano-immunotherapy
is administered prior to ultrasound sonopermeation. Moreover, it
determines the optimal interval between these two therapeutic
modalities. This analysis provides key insights, ensuring the most
favorable and effective outcomes for this combined
treatment strategy.

While the combined use of mechanotherapeutics and
sonopermeation to enhance nano-immunotherapy has not yet
been investigated in the clinic, each component independently
shows significant promise. Losartan has helped establish the term
“mechanotherapeutics” as a novel therapeutic strategy, owing to its
early successes in clinical trials. In patients with locally advanced
pancreatic cancer, treatment with FOLFIRINOX and losartan
followed by chemoradiotherapy was associated with an increased
RO resection rate—an outcome linked to prolonged progression-free
and overall survival (Murphy et al., 2019). The mechanotherapeutic
agent ketotifen has been shown to reduce tumor stiffness and
improve perfusion in sarcoma models, thereby enhancing the
efficacy of both immunotherapy
(Charalambous et al., 2024; Panagi et al., 2024). Importantly, this
effect is being evaluated in sarcoma patients, with ongoing clinical
evaluation (EudraCT Number: 2022-002311-39), underscoring

ketotifen’s translational potential (Panagi et al., 2024). Separately,

and nanomedicines

clinical studies using ultrasound and microbubbles have

demonstrated enhanced chemotherapy response, prolonged
survival in patients with pancreatic ductal adenocarcinoma
(Dimcevski et al, 2016), and increased chemosensitivity in
gastrointestinal malignancies (Wang et al., 2018). Together, these
findings support the clinical relevance of our modeling framework
and highlight the promise of this combined strategy for future
therapeutic development.

The model presents certain limitations. First, due to the inherent
symmetry of the system, the analysis is limited to one-eighth of the
full domain, which is sufficient to capture the system’s behavior.
Moreover, our mathematical model does not simulate the spatio-
temporal propagation of ultrasound waves. As a result, it does not
account for physical phenomena such as the dynamics of acoustic
energy delivery, including attenuation and scattering. Instead, the
model focuses on representing the biological effects of
of the tumor

microenvironment, as informed by experimental observations.

sonopermeation on various components

Additionally, in modeling tumor growth, the model does not
the
associated with

capture high-frequency oscillations and accelerations
ultrasound at the microsecond timescale—a
duration much shorter than the timescale relevant for tumor
growth (Blanco et al, 2025). The model also does not
incorporate the effects of sonopermeation on intracellular
signaling pathways, such as the phosphorylation of MAP-kinases
(MAPK) (Haugse et al., 2020), or the activation of p38, ERK, Akt,

and integrin receptors, including focal adhesion kinase (FAK)
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(Whitney et al., 2012; Takeuchi et al., 2008; Sato et al., 2014;
Przystupski and Ussowicz, 2022). These limitations are expected
to affect the quantitative accuracy of the model’s predictions.
However, the core conclusions drawn from this study are not
expected to be impacted by these constraints.

Data availability statement

The datasets analyzed for this study can be found in the Zenodo,
629 https://zenodo.org/records/14531590.

Author contributions

MK: Data Formal Validation,

Writing - original draft, Investigation, Methodology, Resources,

curation, Analysis,

Software, Visualization, Writing — review and editing. TS: Funding
- review and
Methodology,

administration, Resources. FM: Supervision, Writing - review

acquisition,  Supervision, Writing editing,

Conceptualization, Investigation, Project

and  editing,  Conceptualization, = Funding  acquisition,

Investigation, Methodology, Project administration, Resources.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This project has received
funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 and Horizon Europe research and
innovation programme (grant agreement nos. 101141357 to TS and
101076425 to FM). Views and opinions expressed are however those
of the authors only and do not necessarily reflect those of the

References

Blanco, B., Campos, J., Melchor, J., and Soler, J. (2021). Modeling interactions among
migration, growth and pressure in tumor dynamics. Mathematics 9, 1376. doi:10.3390/
math9121376

Blanco, B., Palma, R., Hurtado, M., Jiménez, G., Grifidn-Lison, C., Melchor, J.,
et al. (2025). Modeling low-intensity ultrasound mechanotherapy impact on
growing cancer stem cells. Math. Comput. Simul. 228, 87-102. doi:10.1016/j.
matcom.2024.08.030

Carmeliet, P., and Jain, R. K. (2011). Molecular mechanisms and clinical applications
of angiogenesis. Nature 473, 298-307. doi:10.1038/nature10144

Carpentier, A., Canney, M., Vignot, A., Reina, V., Beccaria, K., Horodyckid, C., et al.
(2016). Clinical trial of blood-brain barrier disruption by pulsed ultrasound. Sci. Transl.
Med. 8, 343re2. doi:10.1126/scitranslmed.aaf6086

Charalambous, A., Mpekris, F., Panagi, M., Voutouri, C., Michael, C., Gabizon, A. A.,
et al. (2024). Tumor microenvironment reprogramming improves nanomedicine-based
chemo-immunotherapy in sarcomas. Mol. Cancer Ther. 23, 1555-1567. doi:10.1158/
1535-7163.MCT-23-0772

Chauhan, V. P, Martin, J. D., Liu, H., Lacorre, D. A,, Jain, S. R., Kozin, S. V., et al.
(2013). Angiotensin inhibition enhances drug delivery and potentiates chemotherapy
by decompressing tumour blood vessels. Nat. Commun. 4, 2516. doi:10.1038/ncomms.
3516

Cowley, J., and McGinty, S. (2019). A mathematical model of sonoporation using a
liquid-crystalline shelled microbubble. Ultrasonics 96, 214-219. doi:10.1016/j.ultras.
2019.01.004

Deen, W. M. (1987). Hindered transport of large molecules in liquid-filled pores.
AIChE ]. 33, 1409-1425. doi:10.1002/aic.690330902

Frontiers in Drug Delivery

15

10.3389/fddev.2025.1549098

European Union or the European Research Council Executive
Agency. Neither the European Union nor the granting authority
can be held responsible for them. In addition, the project is co-
funded by the EU within the framework of the Cohesion Policy
Programme “THALIA 2021-2027".

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fddev.2025.1549098/
full#supplementary-material

de Pillis, L. G., Radunskaya, A. E., and Wiseman, C. L. (2005). A validated
mathematical model of cell-mediated immune response to tumor growth. Cancer
Res. 65, 7950-7958. doi:10.1158/0008-5472.CAN-05-0564

Dimcevski, G., Kotopoulis, S., Bjanes, T., Hoem, D., Schjott, J., Gjertsen, B. T., et al.
(2016). A human clinical trial using ultrasound and microbubbles to enhance
gemcitabine treatment of inoperable pancreatic cancer. J. Control Release 243,
172-181. doi:10.1016/j.jconrel.2016.10.007

Diop-Frimpong, B., Chauhan, V. P,, Krane, S., Boucher, Y., and Jain, R. K. (2011).
Losartan inhibits collagen I synthesis and improves the distribution and efficacy of
nanotherapeutics in tumors. Proc. Natl. Acad. Sci. U. S. A. 108, 2909-2914. doi:10.1073/
pnas.1018892108

Dolan, J. M., Meng, H,, Singh, S., Paluch, R. A., and Kolega, J. (2011). High fluid shear
stress and spatial shear stress gradients affect endothelial proliferation, survival, and
alignment. Ann. Biomed. Eng. 39, 1620-1631. doi:10.1007/s10439-011-0267-8

Erkan, M., Reiser-Erkan, C., Michalski, C. W., Kong, B., Esposito, L, Friess, H., et al. (2012).
The impact of the activated stroma on pancreatic ductal adenocarcinoma biology and therapy
resistance. Curr. Mol. Med. 12, 288-303. doi:10.2174/156652412799218921

Goel, S., Duda, D. G., Xu, L., Munn, L. L., Boucher, Y., Fukumura, D., et al. (2011).
’Normalization of the vasculature for treatment of cancer and other diseases. Physiol.
Rev. 91, 1071-1121. doi:10.1152/physrev.00038.2010

Goel, S., Fukumura, D., and Jain, R. K. (2012). Normalization of the tumor vasculature
through oncogenic inhibition: an emerging paradigm in tumor biology. Proc. Natl.
Acad. Sci. U. S. A. 109, E1214. doi:10.1073/pnas.1203794109

Griffon-Etienne, G., Boucher, Y., Brekken, C., Suit, H. D., and Jain, R. K.
(1999). 'Taxane-induced apoptosis decompresses blood vessels and lowers

frontiersin.org


https://zenodo.org/records/14531590
https://www.frontiersin.org/articles/10.3389/fddev.2025.1549098/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fddev.2025.1549098/full#supplementary-material
https://doi.org/10.3390/math9121376
https://doi.org/10.3390/math9121376
https://doi.org/10.1016/j.matcom.2024.08.030
https://doi.org/10.1016/j.matcom.2024.08.030
https://doi.org/10.1038/nature10144
https://doi.org/10.1126/scitranslmed.aaf6086
https://doi.org/10.1158/1535-7163.MCT-23-0772
https://doi.org/10.1158/1535-7163.MCT-23-0772
https://doi.org/10.1038/ncomms.3516
https://doi.org/10.1038/ncomms.3516
https://doi.org/10.1016/j.ultras.2019.01.004
https://doi.org/10.1016/j.ultras.2019.01.004
https://doi.org/10.1002/aic.690330902
https://doi.org/10.1158/0008-5472.CAN-05-0564
https://doi.org/10.1016/j.jconrel.2016.10.007
https://doi.org/10.1073/pnas.1018892108
https://doi.org/10.1073/pnas.1018892108
https://doi.org/10.1007/s10439-011-0267-8
https://doi.org/10.2174/156652412799218921
https://doi.org/10.1152/physrev.00038.2010
https://doi.org/10.1073/pnas.1203794109
https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2025.1549098

Koutsi et al.

interstitial fluid pressure in solid tumors: clinical implications. Cancer Res. 59,
3776-3782.

Harkos, C., and Stylianopoulos, T. (2024). Investigating the synergistic effects of
immunotherapy and normalization treatment in modulating tumor microenvironment
and enhancing treatment efficacy. J. Theor. Biol. 583, 111768. doi:10.1016/j.jtbi.2024.
111768

Harkos, C., Stylianopoulos, T., and Jain, R. K. (2023). Mathematical modeling of
intratumoral immunotherapy yields strategies to improve the treatment outcomes.
PLOS Comput. Biol. 19, €1011740. doi:10.1371/journal.pcbi.1011740

Haugse, R,, Langer, A., Murvold, E. T., Costea, D. E., Gjertsen, B. T., Gilja, O. H,, et al.
(2020). Low-intensity sonoporation-induced intracellular signalling of pancreatic
cancer cells, fibroblasts and endothelial cells. Pharmaceutics 12, 1058. doi:10.3390/
pharmaceutics12111058

Holash, J., Maisonpierre, P. C., Compton, D., Boland, P., Alexander, C. R., Zagzag, D.,
et al. (1999). Vessel cooption, regression, and growth in tumors mediated by
angiopoietins and VEGE. Science 284, 1994-1998. doi:10.1126/science.284.5422.1994

Hosseinkhah, N., Chen, H., Matula, T. J., Burns, P. N., and Hynynen, K. (2013).
Mechanisms of microbubble-vessel interactions and induced stresses: a numerical
study. J. Acoust. Soc. Am. 134, 1875-1885. doi:10.1121/1.4817843

Huang, Y., Goel, S., Duda, D. G., Fukumura, D., and Jain, R. K. (2013). Vascular
normalization as an emerging strategy to enhance cancer immunotherapy. Cancer Res.
73, 2943-2948. doi:10.1158/0008-5472.CAN-12-4354

Husseini, G. A., Pitt, W. G., and Martins, A. M. (2014). Ultrasonically triggered drug
delivery: breaking the barrier. Colloids Surf. B Biointerfaces 123, 364-386. doi:10.1016/j.
colsurfb.2014.07.051

Jain, R. K. (2008a). Taming vessels to treat cancer. Sci. Am. 298, 56-63. doi:10.1038/
scientificamerican0108-56

Jain, R. K. (2005). Normalization of tumor vasculature: an emerging concept in
antiangiogenic therapy. Science 307, 58-62. doi:10.1126/science.1104819

Jain, R. K. (2008b). Lessons from multidisciplinary translational trials on anti-
angiogenic therapy of cancer. Nat. Rev. Cancer 8, 309-316. doi:10.1038/nrc2346

Jain, R. K. (2013). Normalizing tumor microenvironment to treat cancer: bench to
bedside to biomarkers. J. Clin. Oncol. 31, 2205-2218. doi:10.1200/JC0.2012.46.3653

Jain, R. K. (2014). Antiangiogenesis strategies revisited: from starving tumors to
alleviating hypoxia. Cancer Cell 26, 605-622. doi:10.1016/j.ccell.2014.10.006

Jain, R. K., Martin, J. D., and Stylianopoulos, T. (2014). The role of mechanical forces
in tumor growth and therapy. Annu. Rev. Biomed. Eng. 16, 321-346. doi:10.1146/
annurev-bioeng-071813-105259

Kalli, M., Mpekris, F., Charalambous, A., Michael, C., Stylianou, C., Voutouri, C., et al.
(2024). Mechanical forces inducing oxaliplatin resistance in pancreatic cancer can be
targeted by autophagy inhibition. Commun. Biol. 7, 1581. doi:10.1038/542003-024-
07268-1

Kalli, M., Poskus, M. D., Stylianopoulos, T., and Zervantonakis, I. K. (2023). Beyond
matrix stiffness: targeting force-induced cancer drug resistance. Trends Cancer 9,
937-954. doi:10.1016/j.trecan.2023.07.006

Kalli, M., and Stylianopoulos, T. (2024). Toward innovative approaches for exploring
the mechanically regulated tumor-immune microenvironment. APL Bioeng. 8, 011501.
doi:10.1063/5.0183302

Kim, Y. Stolarska, M. A., and Othmer, H. G. (2011). The role of the
microenvironment in tumor growth and invasion. Prog. biophysics Mol. Biol. 106,
353-379. doi:10.1016/j.pbiomolbio.2011.06.006

Kooiman, K., Vos, H. J., Versluis, M., and De Jong, N. (2014). Acoustic behavior of
microbubbles and implications for drug delivery. Adv. drug Deliv. Rev. 72, 28-48. doi:10.
1016/j.addr.2014.03.003

Kotopoulis, S., Dimcevski, G., Gilja, O. H., Hoem, D., and Postema, M. (2013).
Treatment of human pancreatic cancer using combined ultrasound, microbubbles,
and gemcitabine: a clinical case study. Med. Phys. 40, 072902. doi:10.1118/1.
4808149

Krasovitski, B., and Kimmel, E. (2004). Shear stress induced by a gas bubble pulsating
in an ultrasonic field near a wall. IEEE Trans. Ultrasonics, Ferroelectr. Freq. Control 51,
973-979. doi:10.1109/tuffc.2004.1324401

Lewin, P. A., and Bjorne, L. (1982). *Acoustically induced shear stresses in the
vicinity of microbubbles in tissue. J. Acoust. Soc. Am. 71, 728-734. doi:10.1121/1.
387549

Lin,C. Y., Li,]J.R,, Tseng, H. C., Wu, M. F,, and Lin, W. L. (2012). Enhancement
of focused ultrasound with microbubbles on the treatments of anticancer
nanodrug in mouse tumors. Nanomedicine 8, 900-907. doi:10.1016/j.nano.
2011.10.005

Lobov, I. B., Brooks, P. C., and Lang, R. A. (2002). Angiopoietin-2 displays VEGF-
dependent modulation of capillary structure and endothelial cell survival in vivo. Proc.
Natl. Acad. Sci. U. S. A. 99, 11205-11210. doi:10.1073/pnas.172161899

Ly, J, Liu, X, Liao, Y. P,, Salazar, F., Sun, B,, Jiang, W., et al. (2017). "Nano-enabled
pancreas cancer immunotherapy using immunogenic cell death and reversing
immunosuppression. Nat. Commun. 8, 1811. doi:10.1038/s41467-017-01651-9

Frontiers in Drug Delivery

10.3389/fddev.2025.1549098

Mahlbacher, G., Curtis, L. T., Lowengrub, J., and Frieboes, H. B. (2018). Mathematical
modeling of tumor-associated macrophage interactions with the cancer
microenvironment. J. Immunother. Cancer 6, 10. doi:10.1186/s40425-017-0313-7

Mpekris, F., Angeli, S., Pirentis, A. P., and Stylianopoulos, T. (2015). Stress-mediated
progression of solid tumors: effect of mechanical stress on tissue oxygenation, cancer
cell proliferation, and drug delivery. Biomech. Model Mechanobiol. 14, 1391-1402.
doi:10.1007/s10237-015-0682-0

Mpekris, F., Baish, J. W., Stylianopoulos, T., and Jain, R. K. (2017). 'Role of vascular
normalization in benefit from metronomic chemotherapy. Proc. Natl. Acad. Sci. U. S. A.
114, 1994-1999. doi:10.1073/pnas.1700340114

Mpekris, F., Panagi, M., Charalambous, A., Voutouri, C., Michael, C., Papoui, A., et al.
(2024). A synergistic approach for modulating the tumor microenvironment to enhance
nano-immunotherapy in sarcomas. Neoplasia 51, 100990. doi:10.1016/j.ne0.2024.
100990

Mpekris, F., Panagi, M., Voutouri, C., Martin, J. D., Samuel, R., Takahashi, S., et al.
(2021). Normalizing the microenvironment overcomes vessel compression and
resistance to nano-immunotherapy in breast cancer lung metastasis. Adv. Sci.
(Weinh) 8, 2001917. doi:10.1002/advs.202001917

Mpekris, F., Papageorgis, P., Polydorou, C., Voutouri, C., Kalli, M., Pirentis, A. P.,
et al. (2017). Sonic-hedgehog pathway inhibition normalizes desmoplastic tumor
microenvironment to improve chemo- and nanotherapy. J. Control Release 261,
105-112. doi:10.1016/j.jconrel.2017.06.022

Mpekris, F., Papaphilippou, P.Ch, Panagi, M. Voutouri, C., Michael, C,
Charalambous, A., et al. (2023). Pirfenidone-loaded polymeric micelles as an
effective mechanotherapeutic to potentiate immunotherapy in mouse tumor models.
ACS Nano 17, 24654-24667. doi:10.1021/acsnano.3c03305

Mpekris, F., Voutouri, C., Baish, J. W., Duda, D. G., Munn, L. L., Stylianopoulos, T,
et al. (2020). Combining microenvironment normalization strategies to improve cancer
immunotherapy. Proc. Natl. Acad. Sci. U. S. A. 117, 3728-3737. doi:10.1073/pnas.
1919764117

Mpekris, F., Voutouri, C., Papageorgis, P., and Stylianopoulos, T. (2018). Stress
alleviation strategy in cancer treatment: insights from a mathematical model. Z Angew.
Math. Mech. 98, 2295-2306. doi:10.1002/zamm.201700270

Murphy, J. E., Wo, J. Y., Ryan, D. P, Clark, J. W., Jiang, W., Yeap, B. Y., et al. (2019).
Total neoadjuvant therapy with FOLFIRINOX in combination with losartan followed
by chemoradiotherapy for locally advanced pancreatic cancer: a phase 2 clinical trial.
JAMA Oncol. 5, 1020-1027. doi:10.1001/jamaoncol.2019.0892

Neophytou, C., Charalambous, A., Voutouri, C., Angeli, S., Panagi, M,
Stylianopoulos, T., et al. (2025). Sonopermeation combined with stroma
normalization enables complete cure using nano-immunotherapy in murine breast
tumors. J. Control. Release 382, 113722. doi:10.1016/j.jconrel.2025.113722

Olive, K. P., Jacobetz, M. A., Davidson, C. J., Gopinathan, A., McIntyre, D., Honess,
D,, etal. (2009). Inhibition of Hedgehog signaling enhances delivery of chemotherapy in
a mouse model of pancreatic cancer. Science 324, 1457-1461. doi:10.1126/science.
1171362

Olsman, M., Sereti, V., Andreassen, K., Snipstad, S., van Wamel, A., Eliasen, R., et al.
(2020). Ultrasound-mediated delivery enhances therapeutic efficacy of MMP sensitive
liposomes. J. Control Release 325, 121-134. doi:10.1016/j.jconrel.2020.06.024

Padera, T. P., Stoll, B. R., Tooredman, J. B., Capen, D., di Tomaso, E., and Jain, R. K.
(2004). Pathology: cancer cells compress intratumour vessels. Nature 427, 695. doi:10.
1038/427695a

Panagi, M., Mpekris, F., Chen, P., Voutouri, C., Nakagawa, Y., Martin, J. D., et al.
(2022). Polymeric micelles effectively reprogram the tumor microenvironment to
potentiate nano-immunotherapy in mouse breast cancer models. Nat. Commun. 13,
7165. doi:10.1038/s41467-022-34744-1

Panagi, M., Mpekris, F., Voutouri, C., Hadjigeorgiou, A. G., Symeonidou, C.,
Porfyriou, E., et al. (2024). Stabilizing tumor-resident mast cells restores T-cell
infiltration and sensitizes sarcomas to PD-L1 inhibition. Clin. Cancer Res. 30,
2582-2597. doi:10.1158/1078-0432.CCR-24-0246

Panagi, M., Voutouri, C., Mpekris, F., Papageorgis, P., Martin, M. R,, Martin, J. D.,
et al. (2020). TGF-beta inhibition combined with cytotoxic nanomedicine normalizes
triple negative breast cancer microenvironment towards anti-tumor immunity.
Theranostics 10, 1910-1922. doi:10.7150/thno.36936

Papageorgis, P., Polydorou, C., Mpekris, F., Voutouri, C., Agathokleous, E., Kapnissi-
Christodoulou, C. P., et al. (2017). Tranilast-induced stress alleviation in solid tumors
improves the efficacy of chemo- and nanotherapeutics in a size-independent manner.
Sci. Rep. 7, 46140. doi:10.1038/srep46140

Polydorou, C., Mpekris, F., Papageorgis, P., Voutouri, C., and Stylianopoulos, T.
(2017).  Pirfenidone normalizes the tumor microenvironment to improve
chemotherapy. Oncotarget 8, 24506-24517. doi:10.18632/oncotarget.15534

Poon, C., McMahon, D., and Hynynen, K. (2017). Noninvasive and targeted delivery
of therapeutics to the brain using focused ultrasound. Neuropharmacology 120, 20-37.
doi:10.1016/j.neuropharm.2016.02.014

Przystupski, D., and Ussowicz, M. (2022). Landscape of cellular bioeffects triggered by
ultrasound-induced sonoporation. Int. J. Mol. Sci. 23, 11222. doi:10.3390/
ijms231911222

frontiersin.org


https://doi.org/10.1016/j.jtbi.2024.111768
https://doi.org/10.1016/j.jtbi.2024.111768
https://doi.org/10.1371/journal.pcbi.1011740
https://doi.org/10.3390/pharmaceutics12111058
https://doi.org/10.3390/pharmaceutics12111058
https://doi.org/10.1126/science.284.5422.1994
https://doi.org/10.1121/1.4817843
https://doi.org/10.1158/0008-5472.CAN-12-4354
https://doi.org/10.1016/j.colsurfb.2014.07.051
https://doi.org/10.1016/j.colsurfb.2014.07.051
https://doi.org/10.1038/scientificamerican0108-56
https://doi.org/10.1038/scientificamerican0108-56
https://doi.org/10.1126/science.1104819
https://doi.org/10.1038/nrc2346
https://doi.org/10.1200/JCO.2012.46.3653
https://doi.org/10.1016/j.ccell.2014.10.006
https://doi.org/10.1146/annurev-bioeng-071813-105259
https://doi.org/10.1146/annurev-bioeng-071813-105259
https://doi.org/10.1038/s42003-024-07268-1
https://doi.org/10.1038/s42003-024-07268-1
https://doi.org/10.1016/j.trecan.2023.07.006
https://doi.org/10.1063/5.0183302
https://doi.org/10.1016/j.pbiomolbio.2011.06.006
https://doi.org/10.1016/j.addr.2014.03.003
https://doi.org/10.1016/j.addr.2014.03.003
https://doi.org/10.1118/1.4808149
https://doi.org/10.1118/1.4808149
https://doi.org/10.1109/tuffc.2004.1324401
https://doi.org/10.1121/1.387549
https://doi.org/10.1121/1.387549
https://doi.org/10.1016/j.nano.2011.10.005
https://doi.org/10.1016/j.nano.2011.10.005
https://doi.org/10.1073/pnas.172161899
https://doi.org/10.1038/s41467-017-01651-9
https://doi.org/10.1186/s40425-017-0313-7
https://doi.org/10.1007/s10237-015-0682-0
https://doi.org/10.1073/pnas.1700340114
https://doi.org/10.1016/j.neo.2024.100990
https://doi.org/10.1016/j.neo.2024.100990
https://doi.org/10.1002/advs.202001917
https://doi.org/10.1016/j.jconrel.2017.06.022
https://doi.org/10.1021/acsnano.3c03305
https://doi.org/10.1073/pnas.1919764117
https://doi.org/10.1073/pnas.1919764117
https://doi.org/10.1002/zamm.201700270
https://doi.org/10.1001/jamaoncol.2019.0892
https://doi.org/10.1016/j.jconrel.2025.113722
https://doi.org/10.1126/science.1171362
https://doi.org/10.1126/science.1171362
https://doi.org/10.1016/j.jconrel.2020.06.024
https://doi.org/10.1038/427695a
https://doi.org/10.1038/427695a
https://doi.org/10.1038/s41467-022-34744-1
https://doi.org/10.1158/1078-0432.CCR-24-0246
https://doi.org/10.7150/thno.36936
https://doi.org/10.1038/srep46140
https://doi.org/10.18632/oncotarget.15534
https://doi.org/10.1016/j.neuropharm.2016.02.014
https://doi.org/10.3390/ijms231911222
https://doi.org/10.3390/ijms231911222
https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2025.1549098

Koutsi et al.

Qiu, Y., Zhang, C,, Tu, J., and Zhang, D. (2012). Microbubble-induced sonoporation
involved in ultrasound-mediated DNA transfection in vitro at low acoustic pressures.
J. Biomech. 45, 1339-1345. doi:10.1016/j.jbiomech.2012.03.011

Rooney, A. (1972). *Shear as a mechanism for sonically induced biological effects.
J. Acoust. Soc. Am. 52, 1718-1724. doi:10.1121/1.1913306

Sato, M., Nagata, K., Kuroda, S., Horiuchi, S., Nakamura, T., Karima, M., et al. (2014).
"Low-intensity pulsed ultrasound activates integrin-mediated mechanotransduction
pathway in synovial cells. Ann. Biomed. Eng. 42, 2156-2163. doi:10.1007/s10439-
014-1081-x

Sheikov, N., McDannold, N., Sharma, S., and Hynynen, K. (2008). Effect of focused
ultrasound applied with an ultrasound contrast agent on the tight junctional integrity of
the brain microvascular endothelium. Ultrasound Med. Biol. 34, 1093-1104. doi:10.
1016/j.ultrasmedbio.2007.12.015

Sheridan, C. (2019). Pancreatic cancer provides testbed for first mechanotherapeutics.
Nat. Biotechnol. 37, 829-831. doi:10.1038/d41587-019-00019-2

Snipstad, S., Morch, Y., Sulheim, E., Aslund, A., Pedersen, A., Davies, C. L., et al.
(2021). Sonopermeation enhances uptake and therapeutic effect of free and
encapsulated cabazitaxel. Ultrasound Med. Biol. 47, 1319-1333. doi:10.1016/j.
ultrasmedbio.2020.12.026

Snipstad, S., Sulheim, E., de Lange Davies, C., Moonen, C., Storm, G., Kiessling, F.,
et al. (2018). ’Sonopermeation to improve drug delivery to tumors: from fundamental
understanding to clinical translation. Expert Opin. Drug Deliv. 15, 1249-1261. doi:10.
1080/17425247.2018.1547279

Snipstad, S., Vikedal, K., Maardalen, M., Kurbatskaya, A., Sulheim, E., and Davies, C.
L. (2021). Ultrasound and microbubbles to beat barriers in tumors: improving delivery
of nanomedicine. Adv. Drug Deliv. Rev. 177, 113847. doi:10.1016/j.addr.2021.113847

Soulheim, E., Hanson, L, Snipstad, S., Vikendal, K., Morch, Y., Boucher, Y., et al.
(2021). Sonopermeation with nanoparticle-stabilized microbubbles reduces solid stress
and improves nanomedicine delivery to tumors. Adv. Ther. 4, 2100147. doi:10.1002/
adtp.202100147

Stylianopoulos, T. (2017). The solid Mechanics of cancer and strategies for improved
therapy. J. Biomech. Eng. 139. doi:10.1115/1.4034991

Stylianopoulos, T., and Jain, R. K. (2013). Combining two strategies to improve
perfusion and drug delivery in solid tumors. Proc. Natl. Acad. Sci. U. S. A. 110,
18632-18637. doi:10.1073/pnas.1318415110

Stylianopoulos, T., Martin, J. D., Chauhan, V. P,, Jain, S. R., Diop-Frimpong, B.,
Bardeesy, N., et al. (2012). Causes, consequences, and remedies for growth-induced
solid stress in murine and human tumors. Proc. Natl. Acad. Sci. U. S. A. 109,
15101-15108. doi:10.1073/pnas.1213353109

Stylianopoulos, T., Martin, J. D., Snuderl, M., Mpekris, F., Jain, S. R., and Jain, R. K.
(2013). Coevolution of solid stress and interstitial fluid pressure in tumors during

Frontiers in Drug Delivery

17

10.3389/fddev.2025.1549098

progression: implications for vascular collapse. Cancer Res. 73, 3833-3841. doi:10.1158/
0008-5472.CAN-12-4521

Stylianopoulos, T., Munn, L. L., and Jain, R. K. (2018). Reengineering the physical
microenvironment of tumors to improve drug delivery and efficacy: from mathematical
modeling to bench to bedside. Trends Cancer 4, 292-319. doi:10.1016/j.trecan.2018.
02.005

Takeuchi, R,, Ryo, A., Komitsu, N., Mikuni-Takagaki, Y., Fukui, A., Takagi, Y., et al.
(2008). ’Low-intensity pulsed ultrasound activates the phosphatidylinositol 3 kinase/
Akt pathway and stimulates the growth of chondrocytes in three-dimensional cultures:
a basic science study. Arthritis Res. Ther. 10, R77. doi:10.1186/ar2451

Vakoc, B. ], Lanning, R. M., Tyrrell, J. A,, Padera, T. P., Bartlett, L. A., Stylianopoulos,
T., etal. (2009). "Three-dimensional microscopy of the tumor microenvironment in vivo
using optical frequency domain imaging. Nat. Med. 15, 1219-1223. doi:10.1038/nm.
1971

Voutouri, C., Mpekris, F., Panagi, M., Krolak, C., Michael, C., Martin, J. D., et al.
(2023). Ultrasound stiffness and perfusion markers correlate with tumor volume
responses to immunotherapy. Acta Biomater. 167, 121-134. doi:10.1016/j.actbio.
2023.06.007

Voutouri, C., Panagi, M., Mpekris, F., Stylianou, A., Michael, C., Averkiou, M. A, et al.
(2021). Endothelin inhibition potentiates cancer immunotherapy revealing mechanical
biomarkers predictive of response. Adv. Ther. 4, 2000289. doi:10.1002/adtp.202000289

Voutouri, C., and Stylianopoulos, T. (2018). Accumulation of mechanical forces in
tumors is related to hyaluronan content and tissue stiffness. PLOS ONE 13, e0193801.
doi:10.1371/journal.pone.0193801

Wang, Y., Li, Y, Yan, K,, Shen, L., Yang, W., Gong, J., et al. (2018). Clinical study of
ultrasound and microbubbles for enhancing chemotherapeutic sensitivity of malignant
tumors in digestive system. Chin. J. Cancer Res. 30, 553-563. doi:10.21147/j.issn.1000-
9604.2018.05.09

Whitney, N. P., Lamb, A. C,, Louw, T. M., and Subramanian, A. (2012). Integrin-
mediated mechanotransduction pathway of low-intensity continuous ultrasound in
human chondrocytes. Ultrasound Med. Biol. 38, 1734-1743. doi:10.1016/j.
ultrasmedbio.2012.06.002

Yuana, Y., Jiang, L., Lammertink, B. H. A, Vader, P., Deckers, R,, Bos, C., et al. (2017).
Microbubbles-assisted ultrasound triggers the release of extracellular vesicles. Int.
J. Mol. Sci. 18, 1610. doi:10.3390/ijms18081610

Zhang, Z., Xia, C., Xue, Y., and Liu, Y. (2009). Synergistic effect of low-frequency
ultrasound and low-dose bradykinin on increasing permeability of the blood-tumor
barrier by opening tight junction. J. Neurosci. Res. 87, 2282-2289. doi:10.1002/jnr.22061

Zhao, Y., Cao, J., Melamed, A., Worley, M., Gockley, A., Jones, D., et al. (2019).
Losartan treatment enhances chemotherapy efficacy and reduces ascites in ovarian
cancer models by normalizing the tumor stroma. Proc. Natl. Acad. Sci. U. S. A. 116,
2210-2219. doi:10.1073/pnas.1818357116

frontiersin.org


https://doi.org/10.1016/j.jbiomech.2012.03.011
https://doi.org/10.1121/1.1913306
https://doi.org/10.1007/s10439-014-1081-x
https://doi.org/10.1007/s10439-014-1081-x
https://doi.org/10.1016/j.ultrasmedbio.2007.12.015
https://doi.org/10.1016/j.ultrasmedbio.2007.12.015
https://doi.org/10.1038/d41587-019-00019-2
https://doi.org/10.1016/j.ultrasmedbio.2020.12.026
https://doi.org/10.1016/j.ultrasmedbio.2020.12.026
https://doi.org/10.1080/17425247.2018.1547279
https://doi.org/10.1080/17425247.2018.1547279
https://doi.org/10.1016/j.addr.2021.113847
https://doi.org/10.1002/adtp.202100147
https://doi.org/10.1002/adtp.202100147
https://doi.org/10.1115/1.4034991
https://doi.org/10.1073/pnas.1318415110
https://doi.org/10.1073/pnas.1213353109
https://doi.org/10.1158/0008-5472.CAN-12-4521
https://doi.org/10.1158/0008-5472.CAN-12-4521
https://doi.org/10.1016/j.trecan.2018.02.005
https://doi.org/10.1016/j.trecan.2018.02.005
https://doi.org/10.1186/ar2451
https://doi.org/10.1038/nm.1971
https://doi.org/10.1038/nm.1971
https://doi.org/10.1016/j.actbio.2023.06.007
https://doi.org/10.1016/j.actbio.2023.06.007
https://doi.org/10.1002/adtp.202000289
https://doi.org/10.1371/journal.pone.0193801
https://doi.org/10.21147/j.issn.1000-9604.2018.05.09
https://doi.org/10.21147/j.issn.1000-9604.2018.05.09
https://doi.org/10.1016/j.ultrasmedbio.2012.06.002
https://doi.org/10.1016/j.ultrasmedbio.2012.06.002
https://doi.org/10.3390/ijms18081610
https://doi.org/10.1002/jnr.22061
https://doi.org/10.1073/pnas.1818357116
https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2025.1549098

	Synergistic mechanotherapy and sonopermeation guided by mathematical modeling for solid tumor treatment
	1 Introduction
	2 Materials and methods
	2.1 Overview of the mathematical model
	2.2 Drug transport mechanisms
	2.2.1 Nanomedicine transport equations
	2.2.2 Immune checkpoint inhibitors equations
	2.2.3 Modeling the impact of mechanotherapeutic ketotifen
	2.2.4 Implementation of sonopermeation
	2.2.5 Solution of model equations


	3 Results
	3.1 Comparison of model predictions with experimental data
	3.2 Parametric analysis of key model variables

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


