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Abstract

Objective: This study aims to theoretically investigate the dynamics of ultrasound-induced
interstitial fluid streaming and tissue recovery after ultrasound exposure for potentially
accelerating nanoagent transport and controlling its distribution in tissue.

Approach: Starting from fundamental equations, the dynamics of ultrasound-induced interstitial
fluid streaming and tissue relaxation after an ultrasound exposure were modeled, derived and
simulated. Also, both ultrasound-induced mechanical and thermal effects were considered in the
models.

Main Results: The proposed new mechanism was named squeezing interstitial fluid via transfer
of ultrasound momentum (SIF-TUM). It means that an ultrasound beam can squeeze the tissue in
a small focal volume from all the directions, and generate a macroscopic streaming of interstitial
fluid and a compression of tissue solid matrix. After the ultrasound is turned off, the solid matrix
will recover and can generate a backflow. Rather than the ultrasound pressure itself or intensity,
the streaming velocity is determined by the dot product of the ultrasound pressure gradient and its
conjugate. Tissue and nanoagent properties also affect the streaming and recovery velocities.

Significance: The mobility of therapeutic or diagnostic agents, such as drugs, drug carriers,

or imaging contrast agents, in the interstitial space of many diseased tissues, such as tumors, is
usually extremely low because of the inefficiency of the natural transport mechanisms. Therefore,
the interstitial space is one of the major barriers hindering agent deliveries. The ability to
externally accelerate agent transport and control its distribution is highly desirable. Potentially,
SIF-TUM can be a powerful technology to accelerate agent transport in deep tissue and control the
distribution if appropriate parameters are selected.

Keywords
Drug delivery; Nanoagent delivery; Ultrasound; Streaming; Fluorescence; Modeling; Simulation

Correspondence author: Baohong Yuan, Ph.D., FSPIE, Distinguished University Professor, Marsha and Bill Carroll Endowed Faculty
Fellow, Professor of Bioengineering, University of Texas at Arlington, 500 UTA BLVD, Arlington, TX 76010, Tel: 817-272-2917
(Office), bachong@uta.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan

1.

Page 2

Introduction:

Currently, the transport and distribution of therapeutic or diagnostic agents (such as drugs,
drug carriers, or imaging contrast agents) in a tumor or other tissues are uncontrollable
(Shietal., 2017; McNamara and Tofail, 2017; Barua and Mitragotri, 2014; Soares et al.,
2018). Extremely low mobility in tissue interstitial space is one of the major barriers to
agent delivery. Two natural transport mechanisms in interstitial space are (1) diffusion

due to concentration gradient and (2) convection via natural interstitial fluid flow. Both
depend on natural and random motions. Diffusion is a slow procedure, especially for the
large-sized agents (>10 nm). Convection is usually disrupted due to pathologic conditions,
such as elevated interstitial fluid pressure (IFP) in tumors (Leunig et al., 1992; Netti et al.,
1995). This may lead to a heterogeneous distribution and failures of treatment or diagnosis.
Therefore, the ability to externally accelerate agent transport and control its distribution is
highly desirable.

Using ultrasound to enhance drug delivery efficiency has been investigated during the past
years. Usually, it is believed that ultrasound can generate mechanical and thermal effects

to increase tissue permeability and further the diffusivity of agents (Ranjan et al., 2012;

Yuh et al., 2005; O’Neill et al., 2009; Ziadloo et al., 2013; Lee et al., 2013; Pitt, 2008;
Frenkel, 2008; Tebebi et al., 2017; Hancock et al., 2009; de Smet et al., 2011; Deckers and
Moonen, 2010; Park et al., 2013; Dromi et al., 2007; Griill and Langereis, 2012; Sarvazyan
et al., 2010, Yeh and Juérez, 2021). On the other hand, the feasibility and efficiency of using
ultrasound to induce interstitial fluid streaming to enhance delivery via a convection-based
method are much less investigated. Also, contradictory results are reported in the literature.
For example, ultrasound-induced streaming of fluid stained with a dye has been observed via
a microscope at the boundary between a porous material and a water bath (EI Ghamrawy
etal., 2019). The authors observed that the dye molecules were pushed along both axial

and lateral directions by using a 5-MHz ultrasound beam (focal length: 35 mm, diameter:
33mm) with 238 W/cm? spatial peak time average intensity. Eckart’s acoustic streaming
velocity equation (Eckart, 1948) was modified to explain the experimental results. The
major limitations of this study include the following. (1) Fluid streaming occurring at the
boundary between a tissue-mimic solid phantom and a fluid (such as a water bath) is not
practically relevant to the application of enhancing agent delivery. This is because streaming
at a boundary may be much easier to achieve and observe than when the ultrasound focus is
completely in tissue or a phantom. (2) The adopted Eckart’s equation is based on acoustic
radiation force (ARF), which only has one component acting in the axial direction while the
lateral forces are assumed to be zero. (3) The model only considers the fluid motion and
does not include the interaction between solid and fluid material. This may be suitable for
the situations when streaming occurs in a fluid or at the solid-and-fluid boundary, but may
be questionable for the situation inside tissue. (4) The model is a static model and does not
show the streaming dynamics and what happens after an ultrasound exposure.

When using an ultrasound to push nanoparticles into a tissue-mimic phantom, a recent study
shows a contradictory result (Lavmo et al., 2021). In this study, a collagen gel was adopted
to mimic tumor extracellular matrix (ECM). Ultrasound-induced motion of PEGylated
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poly(2-ethyl-butyl cyanoacrylate) nanoparticles with a diameter between 140 and 195 nm
and loaded with a fluorescence dye NR668 was investigated via confocal laser scanning
microscopy. The adopted ultrasound transducer has a frequency of 10 MHz (focal length:
50 mm, diameter: 19 mm). ARF-induced gel deformation was found, but no AFR-induced
nanoparticle penetration enhancement was observed in the adopted gel phantom. Authors
attributed this negative result to the low acoustic absorption of the adopted phantom, which
results in a small ARF, and a low ultrasound pressure and duty cycle. Authors used the
Darcy’s law combined with an ARF-based model to analyze possible fluid streaming
distance in the phantom. Based on this model and the adopted experimental conditions,
authors claimed that the maximum ARF-induced streaming distance is ignorable compared
with the AFR-induced tissue deformation.

Successful models can guide researchers to select appropriate tissues (or phantoms) and
experimental conditions to investigate this phenomenon. The major limitations of the
conventional ARF-based theories include that tissue is considered a single-phase and
incompressible material, and the ARF density (i.e., force per unit volume) is directly used
for calculating the pressure gradient in the Darcy’s law (Lgvmo et al., 2021). When tissue
is considered a single-phase and incompressible material, the concept of ARF is suitable
for understanding the ultrasound-induced tissue distortion (or displacement). However, most
biological soft tissues are bi-phase materials including both fluid and solid matrix, and
usually considered viscoelastic porous materials. The relative motion between the fluid and
the solid is possible under appropriate conditions (i.e., compressible materials). Therefore,
the models to describe streaming in tissue are different from those in a pure fluid or

gas. Thus, it is necessary to understand and model the phenomenon of ultrasound-induced
interstitial fluid streaming in tissue from the fundamental equations.

Because tissue fluid is the primary component in the streaming phenomenon, the concept

of the hydrostatic pressure of the interstitial fluid is more suitable for understanding the
mechanism than the ARF. Ultrasound-induced hydrostatic pressure change of interstitial
fluid has been used to investigate streaming in tissue (Raghavan, 2018). However, the related
models in the literature are limited and have not provided a clear and full picture about the
dynamics of the streaming and relaxation in tissue. Based on the idea using the hydrostatic
pressure (Raghavan, 2018) and combining with the acoustic perturbation method (Prieur and
Sapozhnikov, 2017) and a bi-phase model (Zhang et al., 2008; Kwan et al., 1984; Ehlers

and Markert, 2001), this study aims to provide a full picture to understand the dynamics of
ultrasound-induced interstitial fluid streaming in tissue and its relaxation. Meanwhile, the
models used in this study will also include both ultrasound-induced mechanical and thermal
effects. Thus, their effects can be compared and optimized for experiment guidance.

Another motivation is because of an interesting phenomenon that we observed in our
ultrasound-switchable fluorescence (USF) imaging of tumors. USF is a high-resolution
deep-tissue hybrid imaging technology, which uses a focused ultrasound beam to control
fluorescence emission in tissue (Yao et al., 2019; Pei et al., 2014; Cheng et al., 2016;

Yuan et al., 2012; Yu et al., 2020b; Liu et al., 2020b; Yao et al., 2021; Yu et al., 2020a).
Recently, during USF imaging experiments, the following phenomenon was discovered.
First, USF nanoagents, poly (N-isopropylacrylamide) nanoparticles with a diameter of ~32
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nm encapsulated with -cyclodextrin and indocyanine green complexes (Liu et al., 2020a),
were intravenously injected into a mouse with a tumor. About 6 hours after the injection,
these nanoagents were accumulated in the tumor. Then, USF imaging was conducted.

Our images showed that a portion of these nanoparticles could be pushed away from the
ultrasound focal volume (a 2.5-MHz ultrasound beam with a lateral and axial focal size of
~0.5 and ~3.5 mm, respectively). To understand this phenomenon, SIF-TUM mechanism
was proposed in this study. While the detailed experimental studies can be published in
future, for readers to better understand SIF-TUM, Fig. 1 shows a commonly used setup in
USF imaging. A focused ultrasound transducer (FUST) was used to deliver an ultrasound
wave into a tumor (T). Two optical fiber bundles (LF) were used to deliver excitation light to
illuminate the tumor, and a camera (EMCCD) was used to detect the fluorescence emission
from the USF contrast agents. The models provided in this study show that SIF-TUM is
different from the conventional ultrasound enhancement methods that aim to increase tissue
permeability and diffusivity. Instead, SIF-TUM squeezes the tissue in a small ultrasound
focal volume from all directions to generate a macroscopic streaming of interstitial fluid
from a millimeter-sized focus. When ultrasound is off, a backflow occurs due to the elastic
property of tissue solid matrix, which generates an expansion. Thus, a tissue compression-
and-expansion motion occurs, which is different from the ARF-induced tissue translational
displacement.

Models and Simulations:

2.1 Background of theories and a general description about SIF-TUM

The conventional theories, such as ARF (Aglyamov et al., 2007; Sarvazyan et al., 1998;
Doherty et al., 2013; Bruus, 2012a, 2011, 2012b; Wu, 2018; Eckart, 1948; Lighthill, 1978)
or pulsed ultrasound-induced mechanical and thermal effects (Ranjan et al., 2012; Yuh et al.,
2005; O’Neill et al., 2009; Ziadloo et al., 2013; Lee et al., 2013; Pitt, 2008; Frenkel, 2008;
Tebebi et al., 2017; Hancock et al., 2009; de Smet et al., 2011; Deckers and Moonen, 2010;
Park et al., 2013; Dromi et al., 2007; Grill and Langereis, 2012; Sarvazyan et al., 2010),
have been well studied and widely used to quantify ARF-induced tissue displacement,

shear waves for measuring tissue stiffness, and ultrasound-induced tissue thermal effects.
Unfortunately, these theories failed to predict the SIF-TUM phenomenon because they
consider tissue a single-phase material (and another possible reason can be found in the
supplementary materials). As mentioned before, the relative motion between the fluid and
the solid matrix is possible when tissue interacts with an externally applied force or radiation
(Zhang et al., 2008; Kwan et al., 1984; Ehlers and Markert, 2001). One scenario that can
help to understand this motion is that a groove can be observed on the skin after being
pressed by a sharp object or long-term use of a rubber band. The mechanism is that the
tissue fluid is pushed away from the applied area, and the solid matrix of tissue is deformed
under the pressure. After completing the pressing, the skin will gradually recover (i.e., the
disappearing of the groove), which takes much longer time than the pressing time.

Similarly, one can imagine that SIF-TUM squeezes the tissue in a small ultrasound focal
volume from all directions (~0.7 mm3 in this work). The interstitial fluid can move relative
to the solid matrix depending upon the hydrostatic pressure gradient. When the fluid moves
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away from the original location, the space should be occupied by the solid matrix if no void
space exists (i.e., no cavitation), which indicates the solid matrix is deformed. Therefore,
SIF-TUM-induced fluid motion and solid matrix deformation should be differentiated from
ARF-induced tissue displacement. The former is a type of compression-and-expansion
motion, whereas the ARF-induced tissue displacement can be considered a translational
motion typically along a primary direction that is usually the force direction. In practice,
these two motions may be superposed. One can imagine these two phenomena as follows.
When an ultrasound beam is focused in tissue, in the focal volume the ARF will push the
tissue forward along the wave axial direction (Z) and generate a small tissue displacement.
Meanwhile, the ultrasound wave will also pass a portion of its momentum to the fluid, which
will lead to a “splash” of the fluid moving out of the focal volume and thus the deformation
of the solid matrix. Because the tissue hydraulic conductivity is usually small, it can function
as a resistance to the motion of the fluid. Thus, the “splashed” fluid will be accumulated
somewhere around the area, and it further leads to the elevation of the hydrostatic pressure
in the focal volume. Mathematically, the spatial nonuniform momentum transfer at different
locations in the focal volume will induce a nonuniform increase of fluid hydrostatic pressure
(see Equation 1 in Table 1). Based on Darcy’s law, the gradient of this hydrostatic pressure
will drive the motion of the fluid, which is called an exudation flow, and will create a type
of macroscopic streaming at a size slightly larger than the ultrasound focal size. After the
ultrasound is off, the fluid can backflow into the original volume because the source of the
hydrostatic pressure is lost, and the solid matrix will recover due to its elasticity. However,
the speed of this recovery depends on the tissue properties and how significant the solid
tissue is compressed, which may take a much longer time than the time to generate this
deformation (the details will be discussed).

In summary, there are three types of motions that should be differentiated clearly. First, the
ultrasound pressure wave can induce tissue local oscillations at the ultrasound frequency
and its harmonic frequencies (usually at the MHz level). When investigating this type of
motion, tissue is considered a single-phase mixture of fluid and solid. It is not necessary

to differentiate the fluid from the solid because the frequency is so high that both fluid

and solid will oscillate at the same velocity. Second, the ultrasound pressure wave can also
induce much slower motions compared with the MHz oscillations, such as the ARF-induced
tissue displacement (a translational motion) or a shear wave motion induced by a pulsed or
oscillated ARF (a low-frequency oscillation) (Sarvazyan et al., 1998). In this type of motion,
tissue is also considered a single-phase mixture of fluid and solid because both components
move at the same velocity under a net ARF. Third, the ultrasound pressure can also induce

a compression-and-expansion (or squeezing-and-recovering) motion at a much lower speed
than the speed of the MHz oscillation, which generates a relative motion between tissue fluid
and solid matrix (i.e., the SIF-TUM phenomenon). In this type of motion, the speed of the
tissue fluid motion should be differentiated from that of the solid matrix. Assuming no void
space can be generated, the exudation fluid velocity from the focal volume (W) will be
assumed to be equal to the negative velocity of the solid matrix (V,), which means W, = -V,
(Raghavan, 2018).
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2.2 Equations of the models

All the equations have been summarized in Table 1, and the related variables, operators,
their physical meanings, and the adopted values (from the literature for soft tissues or
tumors) in the simulations have been listed in Table 2. Each equation is explained in the
following paragraphs. Due to the lengthy derivation procedures, the final equations are
directly provided in this paper. The adopted mathematic methods may be found in the
references provided in each paragraph.

(1) Equation 1—Ultrasound induces interstitial fluid hydrostatic pressure
increase (Pps) via ultrasound momentum transfer: Briefly, the ultrasound pressure
wave P(r,t), ultrasound-induced tissue density p(r,t), and tissue oscillation velocity V(r, 1)
can be expressed as Equations 0a-Oc in Table 1 (Wu, 2018; Raghavan, 2018; Bruus, 2012a,
2011; Prieur and Sapozhnikov, 2017; Lighthill, 1978; Eckart, 1948). In Equations 0a-Oc, r
and ¢represent the location and time; the subscripts of 0, 1, and 2 indicate the Oth, 1st,

and 2nd order of the quantities, respectively; o = 2z £ is the ultrasound angular frequency,
and £ = 2.5 MHz in this study; c. c. is complex conjugates. This representation is commonly
used in the literature to separate the time and space variables for sinusoidal oscillations.

For convenience, all the symbols of rin the parentheses on the right hand side of the three
equations will be ignored in the following sections (but readers should be aware that they are
functions of r but are independent of time). Any quantities or their multiplications with an
order higher than 2nd were ignored.

Thus, inserting these variables into the mass conservation (i.e., continuity equation)
and Navier—Stokes equation (eventually reduced to Darcy’s law equation) (Raghavan,
2018; Prieur and Sapozhnikov, 2017; Bruus, 2012a), the first key equation was derived:
(@//9y) a(es/ )

poK coKa)ZpoZ
order small quantity and represents the ultrasound-induced increase of local hydrostatic
pressure of the interstitial fluid at a specific location in the tissue.

V2P, ~

VelpV)r — [VP « VP (i.e., Equation 1 in Table 1). Pssis a 2nd-

This equation is the most important result and the foundation of the SIF-TUM phenomenon.
It indicates that Py is generated by the divergence of the temporal average of the 1st-order
momentum density of the ultrasound wave (i.e., V « (p,V'})). Here, p,V, is the 1st-order

the temporal average in one ultrasound oscillation cycle. Physically, because the ultrasound
wave loses momentum and transfers it to tissue, V « (p,V/,) should be a negative value. This
momentum transfer from ultrasound to tissue fluid leads to a local hydrostatic pressure rise
(P of the tissue fluid because of a finite value of the hydraulic conductivity of tissue (K).
If K was an infinite large value, Pyswould be zero because K is in the denominator. It is
worth pointing out that the contributions from other mechanisms (Raghavan, 2018) have
been ignored during the derivation because their contributions are minor compared with that
from the term of V « (p,V).
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Further, the term of {2/%) v , {p,V) can be expressed as —M[VP, « VP] (see the
pOK COszpoz

Equation 1), which is derived by using the similar method to that used in the reference
(Prieur and Sapozhnikov, 2017) and has not been reported in the literature. It involves the
tissue ultrasound absorption coefficient («), the volume fraction ratio of the tissue interstitial
fluid and solid matrix (¢,/¢,), the sound speed (c,), the hydraulic conductivity of tissue (K),
the square of tissue’s Oth order density (p,2), the square of the ultrasound angular frequency
(w?), and V P, (the gradient of the 15t order complex amplitude of the ultrasound pressure
P)). Note that vV P, is a vector. V P; is the complex conjugate of V P, and is also a vector.

The symbol of « is the dot product between the two vectors. This result clearly shows that
Pps is determined by [ V P, « V P;] rather than the pressure itself or the square of pressure
(which is frequently seen in the literature when the ARF-based model is used (Lgvmo et
al., 2021, (EI Ghamrawy et al., 2019))). Note that [ V P, « V P{] can be further represented as
[(‘;—f)z + (g—i)z] + [((())_1;)2 + (%)2] + [(3—5)2 + (%)z], where Rand /are the real and imaginary
parts of P,, respectively. Because each term is squared, [V P, « V P{] is positive. Therefore,
the negative sign in front of the right-hand part of Equation 1 further indicates that v « {(p,V,)
is negative.

(2) Equation 2(a) —The gradient of elevated hydrostatic pressure (VPyg)
induces the exudation fluid velocity (W>): Once Py is calculated from Equation

1, based on Darcy’s law (Raghavan, 2018) the exuding velocity of the fluid from the focal
volume can be calculated using the following equation: W, = — KV P, = —V,, where K is
the tissue’s hydraulic conductivity and can be expressed as the ratio of tissue permeability
(k) to fluid viscosity (1). Once W, is calculated, the velocity of the solid matrix () is
known. The squeezing-caused displacement (i.e., compression) u, can be integrated fromt =
0 to to (ultrasound exposure time) using the equation of u, = [, V.dr as shown in Equation
2a. Equation 2a shows that the elevation of the hydrostatic pressure (P in ultrasound
focal volume will lead to the exudation of the fluid from the focal volume with an outward
velocity of W, (a positive value), and therefore, it will lead to the compression of the tissue
solid matrix with an inward velocity v, (a negative value). Depending on the value of

[V P« VP, atypical value of this flow velocity can reach a level of microns/second, which
is much higher than the typical value of the natural flow velocity in a tumor (<1 micron/
second) (Baxter and Jain, 1989). The velocity of this flow is controllable via [V P, « V P/],
which functions as a convection transport mechanism and brings the nanoagents out of the
focal volume. One can imagine it as a pumping procedure when the ultrasound is turned on.
This is much more efficient and controllable than altering tissue permeability and diffusivity
as per the conventional methods.

Equation 2(b) —Turning off ultrasound leads to a backflow of the fluid (W)

because of the recovery of the solid matrix: When ultrasound is turned off, the
driving force is removed (i.e., [V P, V P/ = 0), and Ppsdecays to zero almost immediately

(due to the extremely fast decay speed of the hydrostatic pressure relaxation). The
compressed solid matrix tends to expand and recover to its original position at a velocity
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of v, due to its elasticity (described by an apparent modulus A) (Zhang et al., 2008; Kwan
etal., 1984). This expansion will suck the fluid back into the focal volume because any
expanded volume must be filled by fluid (assuming no void space occurs in tissue). The

velocity of tissue solid matrix can be described via a bi-phase model (Zhang et al., 2008;

dug

Kwan et al., 1984; Ehlers and Markert, 2001), which can be expressed as K H V2u, = 5=V

and listed as Equation 2b in Table 1. 4, is the displacement of the solid matrix from its
original position, and Vv, is its velocity. Note that the initial spatial distribution of », can be
calculated from the previous step in Equation 2a. Once u, is calculated, V', can be calculated

‘Z}";. The recovery velocity of v, at the early stage is usually high because of

based on v, =

the large deformation of the solid tissue (i.e., high value of v2u,, which reduces with the
solid tissue recovery) and tissue’s high apparent modulus (4) (Zhang et al., 2008; Kwan
etal., 1984; Ehlers and Markert, 2001). Once Vv, is calculated, W/ is known based on

W, = — V., in Equation 2b. Our simulation results showed that a portion of the fluid can
quickly flow back into the original focal volume, but the rest of fluid will flow back slowly.
This is important and favorable for controlling agent distribution. First, quickly recovering
tissue fluid will allow repeating this procedure without mechanically damaging tissue due to
the significant loss of tissue fluid in the focal volume. Second, the slow backflow avoids a
complete recovery of the agents, and therefore, it allows continuously pumping the agents
out of the focal volume at a future time via an accumulation effect.

(3) Equation 3—Ultrasound induces a tissue temperature rise (AT) due to
tissue absorption of acoustic energy and AT decays when ultrasound is

off: For safety reasons, it may be necessary to limit the maximum temperature increase
ATto a preset value of A7y, which is eventually regulated by a thermal index. Also, the
gradient of 47 can affect agent distribution via thermophoresis (Wongsuwarn et al., 2012).
It is necessary to calculate A7 using a bio-heat transfer equation (Vyas and Rustgi, 1992;
Anand and Kaczkowski, 2008), which is Equation 3a in Table 1. When ultrasound is off,
the decay of AT is described via Equation 3b by simply setting the amplitude of P, as zero
(i.e., || = 0). In Equation 3, ¢, and ¢, are the specific heat capacity of tissue and blood,
respectively. k, is the tissue thermal conductivity. p, and p, are the density of tissue and blood,
respectively. o, is the blood perfusion rate. ¢, is the speed of sound in tissue.

(4) Equation 4—Ultrasound induces agent concentration change due to
three different mechanisms: After W,and AT are calculated from Equations 2 and

3, the dynamic change of agent concentration can be calculated based on the continuity
equation (i.e., Equation 4 in Table 1). C is the agent concentration. J is the total flux

due to agent transport via three mechanisms, including diffusion due to concentration
gradient (- D, VC) (Ramanujan et al., 2002), thermophoresis due to ultrasound-induced
temperature gradient (—CD»V(T)) (Duhr and Braun, 2006), and the SIF-TUM induced flow
of interstitial fluid (CR,W,). o, and o, are the rate of source and sink of the agents. In this
study, for simplicity, we assume o, = 5, = 0. This means no extra sources and sinks can create
or destroy, respectively, the agents during the investigation time period. D;, and Dy, are

the agent diffusion coefficient and thermophoresis diffusion coefficient, respectively. The
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kgT
67uR’

the Boltzmann constant, T is the temperature in Kelvin, y is the viscosity of the intestinal
fluid (1x1073 Pa*s), and R is the radius of the agent (Swartz and Fleury, 2007; Siggers et
al., 2014; Yao et al., 2013). The thermophoresis diffusion coefficient Dy, is calculated via
the equation of D;, = S;.D,,, in Which S, is the Soret coefficient (=0.01 Kelvin™1). R, is

the retardation factor that has been defined as the ratio of the velocity of the solute (i.e.,
agent) to its solvent (i.e., interstitial fluid) (Jain, 1999; Boucher et al., 1998). In this study, R,
was used to reflect the effect of agent size on transportability. Briefly, R, was calculated by
comparing the average size of the agents and the pore size of the tissue extracellular matrix.
If agents have a size much smaller than the pore size, R, is close to 1. If the agent size is
close to or larger than the pore size, R, will significantly reduce. More detailed descriptions
about how R, was calculated in this study are provided in the supplementary materials.

agent diffusion coefficient Dy, is calculated via the equation of D,, = in which k; is

2.3 Simulation of P, of ultrasound pressure wave

To improve the simulation speed, in this study, an analytical method was adopted to simulate
the complex pressure amplitude P, (i.e., P,(r) in Equation 0a), which has been used in the
literature for similar purposes (Prieur and Sapozhnikov, 2017; Sapozhnikov, 2012) and is
expressed as Equation 5 in Table 1. In Equation 5, P, is a scalar used to control the spatial

peak amplitude value of P,(x, y, z) at the focal center, z, = ka?/2, k = 27” A is the ultrasound

pressure wavelength, and a is a parameter affecting the lateral size of the beam in the plane
z = 0. In this study, a was assigned a value equal to the lateral full-width-at-half-maximum
(FWHM) of the ultrasound focus: D_ = x2 + 32 + (z — jz)%, D, = x2+ y2 + (z + jz,)*, and

Jj = +4/—1. In this study, the ultrasound frequency is 2.5 MHz, and the FWHM of the focus
along the lateral (X and Y) and axial direction (Z, i.e., the wave propagation direction) is
o, = o,= 0.5 and o, = 3.5 mm, respectively.

2.4 Numerical simulations

Readers may quickly realize that most of the equations in Table 1 involve a diffusion term
(v?). In fact, Equations 1 is Poisson’s equation. Equation 2b and 3 are diffusion equations,
and Equation 4 is the continuity equation eventually involving two diffusion terms. This
type of equation can be numerically solved by using a conventional finite difference method
with appropriate initial and boundary conditions. When time is involved in the simulation,

(An?
2D

intime, and A/ is the step size in space. If a Cartesian coordinate system is adopted, A/
represents Ax, Ay, or Az. D represents the diffusion coefficient, such as k/p,c, in Equation

. Here, At is the step size

the stability condition has been well identified as Az <

3, when the diffusion equation has a format of % = DV’F (here F is a spatial and temporal

variable). In this study, a Cartesian coordinate system was adopted. To show the data in the
focal volume, the origin of the coordinate system was selected at the center of the ultrasound

focus. When boundary conditions were needed, zero-gradient boundary conditions were

JoF

, 57 =0, Where 7 can be X, y, or z). This is reasonable because the boundaries

adopted (i.e.
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are far away from the ultrasound focus by adopting a simulation volume that is much bigger
than the focal volume. In Equation 2a, the initial condition for u, = fo“’det was u,_, =0, and

its final value of u,_,, = u, Was used as the initial condition for % = KH V?u, in Equation

2b. Other initial conditions include AT = 0|,_, and C = C,|,_, (usually the concentration C is
normalized by C,).

3. Results and Discussion

3.1

“Squeezing” tissue’s interstitial fluid out of the focal volume via ultrasound

momentum transfer

Fig.2(a) shows the 2D distribution of the amplitude of the 1st-order ultrasound pressure

wave (i.e., |P| = \/R2 + I%) on the XZ(Y = 0) plane with a central peak value of P, = 1 MPa
(Sapozhnikov, 2012; Prieur and Sapozhnikov, 2017). The red box in Fig.2(a) indicates the
focal area. The momentum transferred from the ultrasound wave to the tissue leads to the
interstitial fluid being “splashed” away from the focal volume (Fig.2(c—d)). It further leads
to an elevation of the hydrostatic pressure (Pps) of the interstitial fluid. Meanwhile, the
tissue solid matrix will be volumetrically compressed (data not shown). Fig.2(b) shows

the distribution of the elevated fluid pressure Ppson the XZ(Y = 0) plane induced by the
ultrasound beam in Fig.2(a). Based on Darcy’s law, Ppswill generate an exudation flow W,
(Fig.2(c—d)). Thus, a small amount of tissue interstitial fluid will be squeezed out of the
focal volume, which will also move the agents (i.e., the solutes in the fluid) out of the focal
volume. Fig.2(c) shows the X and Y components of W/, on the XY (Z = 0) plane. Fig.2(d)
shows its X and Z components on XZ(Y = 0) plane. Each arrow points to the flow direction,
and its length is proportional to the flow speed. The insets in Fig.2(c) and (d) display

the magnitude of W5 (i.e., |W4) on the XY (Z = 0) and XZ(Y = 0) plane, respectively.

The velocity can reach as high as 0.25 microns/second in this example at the positions
surrounding the center point, where the gradients of P, and P, (i.e., V P, and V Ppg) achieve
the maxima. Note that Py is diffused in space because it is governed by a Poisson-like
equation (i.e., Equation 1 in Table 1). Thus, the distribution of P, will be spatially expanded
compared with that of | P,|. This can be seen by comparing the lateral and axial FWHMs of
Ppsin Fig.2(b) (3.6 and 10.5 mm) with those of |P,| in Fig.2(a) (0.5 and 3.5 mm), which may
be favorable for transporting agents in a relatively large volume.

3.2 Backflows when ultrasound is off

Fig.3(a) shows the backflow velocity (W) on XY (Z = 0) plane at the time of 1 second after
the ultrasound is off. The fluid is flowing back into the focal volume. Figs.3(c—d) show the
corresponding spatial distribution of the magnitude of the backflow velocity (|W,]) on the
XY(Z =0) and XZ(Y = 0) plane, respectively. Fig.3(b) displays the maximum backflow
velocity as a function of time after the ultrasound is off. Clearly, the initial maximum
velocity can reach as high as 1.8 microns/second and quickly reduces to 0.06 microns/
second at t = 8.4 seconds. Then, the velocity decays slowly and remains a small value for

a long time. This phenomenon of having a fast initial and a slow final relaxation speed is
commonly seen in biological soft tissues after being compressed by an external force (Zhang
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et al., 2008; Kwan et al., 1984; Ehlers and Markert, 2001). For safety, the mechanical index
(M1) of the ultrasound should remain below the FDA-required safety threshold (MI<1.9)
and the thermal indexes (T1) below the AIUM-required safety threshold (Tl < 6; American
Institute of Ultrasound in Medicine). Thus, this procedure can be safely repeated multiple
times at each location when needed. The total amount of the squeezed-out agents will

be accumulated. Because the size of the ultrasound focus is small, the spatial distribution
of agents can be controlled by 3-dimensionally scanning a single focus or multiple foci
generated via an array transducer.

3.3 Temperature rise induced by ultrasound

As an example, Fig.4 shows the change of AT as a function of time at the center of the
ultrasound focus with an exposure time of ty = 10 seconds and an ultrasound spatial peak
amplitude P, = 1 MPa and « = 0.58 db/MHz/cm (for soft tissues). Clearly, during the period
between 0 and 10 seconds when the ultrasound is turned on, A7 quickly rises from 0

to 4.87°C, but the increase rate is gradually reducing due to thermal diffusion and blood
perfusion (see the first term and the second term on the right hand side of Equation 3a in
Table 1). The inset shows the 2D distribution of 47 on the XZ(Y = 0) plane whent=t; =
10 seconds. The lateral (X) and axial (Z) FWHMs of AT are 1.4 and 6.5 mm, respectively,
which are wider than those of |P,| in Fig.2(a) (0.5 and 3.5 mm, respectively) due to the
existing of thermal diffusion.

3.4 Concentration change induced by ultrasound

In this section, both temperature-insensitive and -sensitive agents are investigated. Here, a
temperature-insensitive agent means the temperature change does not affect the size or other
transport-related parameters. Conversely, a temperature-sensitive agent (such as a USF agent
in this study) indicates the diameter of the agent significantly reduces when temperature

is above its phase transition threshold, and it recovers when temperature falls below the
threshold.

3.4.1 Temperature-insensitive agents: For simulation simplicity, both agents and
tissue pores are assumed to be spherical, and their diameters are assumed to have Gaussian
distributions (not required). The standard deviations of the diameter distributions are
arbitrarily selected to be 25% of their average diameters (not required). For example, if

the average diameters of the agent and the tissue pore size are set as 40 and 80 nm,
respectively, and the 25% standard deviation of their diameter distributions are 10 and 20
nm, respectively, then the majority of the nanoparticles will have a size smaller than that of
the majority of the pores. Therefore, they should be able to pass through the pores without
significant resistance. Whenever the following parameters are constant, their values will

be set as follows: the spatial peak pressure value is P, = 0.8 MPa; the ultrasound exposure
time is ty = 40 seconds; based on the above two parameters, the spatial peak temperature
increases A T = 4.15°C if the tissue ultrasound absorption coefficient is « = 0.58 db/MHz/cm;
the hydraulic conductivity is K=4x10~14 m%/N/S (Liu and Schlesinger, 2015); the apparent
module is A#=1 MPa (Zhang et al., 2008; Kwan et al., 1984; Ehlers and Markert, 2001). The
values of the parameters used in simulation are found from literature mainly for soft tissues
(such as breast) or related tumors.
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Figs.5(a—b) show the change of the normalized concentration of the agent (C/C,) on XY (Z
=0) and XZ(Y = 0) planes at the time right after the ultrasound is off, respectively (i.e., t
=ty = 40 seconds). Figs.5(c—d) show the results at the time of 60 seconds after ultrasound

is turned off (i.e., t=tg+60=100 seconds). Figs.5(e—f) plot the normalized concentration
changes along X and Z directions, respectively, at different times. Fig.5(g) shows the
dynamic change of the normalized concentration as a function of time at the ultrasound
focal center with different agent average diameters. Fig.5(h) displays the variation

rates of the normalized concentration caused by different mechanisms: diffusion (i.e.,

V « [(Dsp VO)]), thermophoresis (i.e., V « [CD;,» V(A T)], and ultrasound-induced convection
rate (i.e., — V « [CR,W,]). Figs.5(i—j) show the effect of the tissue apparent module (A) on the
relaxation of the normalized concentration change at the center of the focus after ultrasound
is off. The agent average diameter is 1.6 nm and 80 nm in Fig.5(i) and (j), respectively.
Fig.5(k) displays the effect of the agent average diameter on the normalized concentration at
t = 40 and 100 seconds.

From the above results, it can be seen that during the period when the ultrasound is on

(0 <t < 40 seconds), the agents are continuously squeezed out of the focal volume as shown
in Figs.5(a—g). The concentration in the surrounding areas should increase (i.e., C/C, > 1),
but it may not be visible in Figs.5(a—b) because of the large surrounding volume. The
maximum concentration reduction at the center of the ultrasound focus can reach ~4.5%
(i.e., reduced from 100% to 95.5%) at t = 40 seconds for the agent with a diameter of 10

nm as shown in Fig.5(g). Other agents with a diameter smaller than the pore diameter of

80 nm (such as 40, 4, 1.5 nm) can also achieve a similar concentration change. This is
understandable because these nanoagents have the similar R, due to their small size. In the
group in which the agent size is smaller than tissue pore size, the agent with 1.5 nm has
slightly smaller concentration reduction than those of other agents, and it also has a quicker
recovery speed after ultrasound is off. This is mainly because of the relatively large diffusion
caused by concentration gradient due to its much smaller size. However, when the agent
size is much larger than the pore size, such as 120-300 nm, the maximum concentration
change is less than 1% because of the high resistance of tissue to the large agents. Fig.5(h)
shows that the SIF-TUM contribution (the red line) is much more significant than those from
the diffusion and thermophoresis. Therefore, SIF-TUM is the dominant driving force of the
nanoagent transport. During the period when the ultrasound is on (0-40 seconds), the rate
induced by SIF-TUM is negative, which means the concentration in the ultrasound focal
volume will be reduced. Once the ultrasound exposure is stopped at 40 seconds, the rate
becomes positive, which means the fluid flows back into the focal volume. Also, during

the period when the ultrasound is on, the SIF-TUM rate is almost a constant, as shown in
Fig.5(h), although it is slightly reduced because the remaining fluid in the focal volume

is slowly reduced when fluid is continuously squeezed out. Therefore, the concentration is
approximately reduced linearly as a function of time during this period as shown in Fig.5(g).
After the ultrasound is off, the normalized concentration (C/C,) quickly recovers, reaching

a relatively stable value and then decaying extremely slowly, which is shown in Fig.5(g).
This can be understood by examining the backflow rate on Fig.5(h). After the ultrasound is
off, the backflow rate mainly depends on the tissue property and becomes independent of
the ultrasound parameter. The initial rate of the backflow is even greater than the flow rate
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induced by the ultrasound during the period of ultrasound illumination. However, it quickly
decays to a small number (because of the reduction of v2u, with the solid tissue recovery), as
shown in Fig.5(h), leading to a slow recovery of the concentration of the agents, as shown in
Fig.5(g). This is a typical phenomenon in bi-phase materials. Based on Figs.5(e-h), the high
initial backflow speed (i.e., immediately after the ultrasound is off) leads to a small portion
of concentration recovery in the focal volume. However, when t > 50 seconds, the backflow
speed becomes so small that the agent concentration recovery is almost unnoticeable during
the time frame adopted in this study (except for the small agents, such as 1.5 and 4 nm in
diameter). Another interesting phenomenon is that a ring shape of concentration is observed
in Figs.5(c—d and e—f), which means that more agents are accumulated surrounding the focal
area after the ultrasound is turned off. The exact reason for the forming of this ring shape
distribution is unknown. However, we speculate that this may be caused by the initially fast
and finally slow backflows, and it may be further related to the spatial phase difference of
the backflows between the central and surrounding area of the ultrasound focus.

Figs.5(i—j) indicates the tissue relaxation is also slightly affected by the apparent modulus
(H). Obviously, the higher H provides the higher initial speed of backflows and reaches the
final value more quickly. Again, the continuous concentration reduction at the late stage in
Fig.5(i) is mainly due to the diffusion of the small agent, which is much weaker for large
agents as shown in Fig.5(j). Fig.5(k) displays how the agent diameter affects the normalized
concentration change (C/C,) at the ultrasound focal center. The red line with circles and

the blue line with squares are the values at t = 40 and t = 100 seconds, respectively.

Clearly, agents with a diameter between 10 and 40 nm achieve the optimized concentration
reduction when the average diameter of the tissue pores is 80 nm. This means that within
this diameter range, the agents not only freely pass through the tissue pores but also avoid
significant natural diffusion due to their medium size. When the diameter is larger than 40
nm (especially larger than 80 nm), the resistance of tissue to the agent transport becomes
significant, and the concentration change becomes difficult. On the other hand, when the
diameter is smaller than 10 nm, although these agents can easily pass through the pores,
they can also diffuse back into the focal volume more efficiently than the larger ones, which
reduces the efficiency of concentration change. However, even with this disadvantage of
diffusion-caused backflow for small-sized agents (such as 1.5 and 4 nm), their concentration
changes are still higher than those of the large-sized agents (such as >80 nm). This means
the transportability is more critical than the diffusivity in the current setup.

Fig.6 shows three examples about how the concentration is changed when multiple
ultrasound foci exist. Fig.6(a) displays the normalized concentration distribution on the
XY (Z = 0) plane when a total of 16 ultrasound foci exist (which may be achieved via either
a fast scanning or an array transducer simultaneously generating multiple foci). The red
dots indicate the focus locations. The concentration in the scanned area is reduced, and the
agents are pushed outside the focal area. This may provide a unique capability to control the
agent distribution externally. Figs.6(b)—(c) display the similar results but with two random
distributions of the foci (or scans). The concentration of the agents can clearly be controlled
by selecting the scanning area. The adopted parameters are similar to those in Figure 5,
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including diameter = 40 nm; P, = 0.8 MPa; t, = 40 seconds; H = 1 MPa; AT = 4.15°C; K=
4x10714 m%N/S; and FWHM = 0.5, 0.5, and 3.5 mm along X, Y, and Z, respectively.

3.4.2 Temperature-sensitive agents (such as USF imaging contrast

agents): The motivation of investigating temperature-sensitive agents in this study comes
from our USF imaging. Usually, the diameters of USF agents can reduce ~2 times when the
environment temperature is increased above a temperature threshold of the agents (i.e., the
lower critical solution temperature of the material, LCST, which is set as 38°C in this studly,
whereas the tissue background temperature is 37°C). Thus, when the ultrasound is applied
and tissue temperature in the focal volume is raised by a few degrees (at a timescale of a few
hundreds of milliseconds in USF imaging or seconds to minutes in SIF-TUM), the agents

in the focal volume will shrink quickly (at a timescale from microseconds to milliseconds
(Zhang et al., 2009; Podewitz et al., 2019; Bentley, 2010). The size reduction leads to the
increase of R which is favorable for the agents to be transported via the SIF-TUM-induced
flow. After the agents are squeezed out, the agents will expand to their original size. This
leads to the reduction of Rz which is unfavorable for agents to flow back after the ultrasound
is off. Compared with temperature-insensitive agents, this feature may be favorable for
enhancing the transport efficiency and may make the transport possible for agents with a size
larger than the pore size.

Similar to Fig.5, Fig.7 shows the corresponding results for temperature-sensitive agents.
Figs.7(a) and (b) show the 2D distribution of the normalized concentration on XY (Z = 0)
and XZ(Y = 0) planes, respectively, right after ultrasound is off (t = t; = 40 seconds).
Figs.7(c) and (d) display similar results when t = 100 seconds. Figs.7(e—f) show the 1D
distribution of normalized concentration along the X and Z directions at different times,
respectively. The major difference is that the average diameter of the agent in Figs.7(a—

f) is 80 nm, whereas it is 40 nm in Figs.5(a—f). Compared Figs.7(a—f) with Figs.5(a—

f), concentration changes are evidently similar in the two situations. Therefore, using a
temperature-sensitive agent allows using an agent with a larger size to achieve similar
performance in concentration change compared with using a temperature-insensitive agent.
This is beneficial for improving delivery efficiency because a larger-sized agent will have a
bigger volume and payload capacity (such as for drugs, proteins, molecules). Fig.7(g) plots
the dynamic variation of the normalized concentration at the focal center as a function of
time for agents with different diameters. Compared Fig.7(g) with Fig.5(g), for the same
agent diameter, the concentration change is higher for temperature-sensitive agents than
for temperature-insensitive agents. For further quantitative comparison of the concentrations
in Fig.7(g) and Fig.5(g), the normalized concentrations were selected at two time points,

t = 40 and 100 seconds, and they were plotted as a function of the agent diameter in
Fig.7(h). Obviously, the curve for the temperature-sensitive agents acquired at t = 40 seconds
(the red line with circles) is shifted toward the right-hand side compared with that for the
temperature-insensitive agents (the blue line with triangles). Similar results can also be
found for data acquired at t = 100 seconds by comparing the pink line with squares with
the green line with triangles. The vertical dotted line indicates that the tissue pore size is
80 nm. As discussed before, the optimized agent size for temperature-insensitive agents
should be between 10 and 40 nm for balancing transportability and diffusivity. Fortunately,
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the optimized agent size for temperature-sensitive agents is widely broadened and can reach
a range between 10 and 120 nm (see the red line with circles and the pink line with

squares). It is important to note that when a USF agent is shrunk at a high-temperature
environment, it usually expels water molecules out of the agent instead of the payloads.

This feature provides a great opportunity to allow transporting large-sized agents (such as
40-120 nm) in tissue using this SIF-TUM technology combined with temperature-sensitive
agents. Otherwise, it will be extremely difficult to transport such big agents. Fig.7(i) further
plots the difference of the normalized concentration between the temperature-sensitive and
-insensitive agents as a function of agent diameter. When the diameter is <40 nm or >300
nm, both types of agents have similar concentration changes. This is understandable because
when the agent has a size either much smaller or much bigger than the tissue pore size, the
transportability of the agent is much less dependent on the size. However, when the agent
has a size close to or slightly above the pore size (such as 80-200 nm in this example),

the feature of thermally reducing size can help improve transportability. This can be seen
from Fig.7(i), in which the difference of the concentration change between the two types of
agents is obvious for agents with a size between 80 and 200 nm. This result indicates that if
the agent size is within the range of 80-200 nm, using a temperature-sensitive agent should
have a higher transportability than using a temperature-insensitive agent. However, when
temperature-sensitive agents have been selected, using a size within the optimized range of
10-120 nm is a better choice compared with using an agent with a size >120 nm because the
absolute value of the concentration change is higher. Fig.7(j) shows the effect of the apparent
module on the tissue recovery rate. The same result as Fig.5(j) can be drawn that the higher
H will lead to a faster initial recovery rate. In addition, Fig.7(j) shows a higher concentration
change than Fig.5(j). This further indicates that a temperature-sensitive agent has a higher
transportability than a temperature-insensitive agent if the agent diameter is appropriate.

3.5 Further discussions about the fluid dynamics of SIF-TUM

3.5.1 Peclet number (Pe): Pe is a non-dimensional number and used to compare the
contributions from convection (i.e., SIF-TUM) and diffusion. It is defined as Pe = LW,/ Dy,
in which L is the characteristic length (0.25 mm, the half of the lateral focal size of the

ultrasound focus in this study), W, is the flow velocity induced by SIF-TUM (1 um/s)
ksT

R = 5491012 m2/s, in which

and D;, is the diffusion coefficient (calculated via

T=37C" R=40nm, u=1¥10"2 Pa*s). Thus, one can have Pe ~ 45.5, which is great than
1 and means the contribution from the convection is significantly higher than that from the
diffusion. This is in agreement with the conclusion from Fig.5(h). Right after the ultrasound
is off, the initial backflow velocity is high but quickly reduces as indicated by Fig.5(h).
Thus, one can use the above equation to calculate Pe by simply changing the velocity w,.
When the velocity is so small that the diffusion becomes the dominant mechanism, Pe will
be smaller than 1 eventually.

3.5.2 Reynolds number (Re): Reynolds number of the interstitial fluid
flow in tissue is usually very small and ignorable as indicated in the
literature (Yao et al., 2012). It is ~0.25*1073 based on the equation of
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Re = (pW,L)/p = 1000 (k—%)*1(%)*0.25(mm)/10‘3(13a * 5). This means the inertia force is
m

neglected. Thus, Darcy’s law is frequently used. In fact, in our studies the Darcy’s law
describes a macroscopic streaming, which is statistically formed by numerous microscopic
streaming in tissue.

3.5.3 A diffusion wave vs an elastic wave: The key equations in this study are
either Poisson’s or diffusion equations. This is mainly because the 2"-order derivative term
relative to time (i.e., the inertia term) is ignored. However, if one repeatedly compresses and
relaxes the tissue using ultrasound at a certain frequency, it may generate a fluid oscillation.
This type of oscillation may be partially similar to a diffusion wave (Mandelis, 2000)
(because the Equation 1 is a Poisson’s equation and the Equation 2 is a diffusion equation),
which is different from an elastic wave described by a wave equation.

3.6 Limitations

3.6.1 Zero source and sink: In this study, the source (s,) and sink (o) rates of
nanoagents are assumed to be zero. This situation is suitable for the following scenarios:
(1) nanoagent distribution in blood vessels and intertidal space has reached a balance,
which usually happens sometime after a bolus intravenous injection; (2) nanoagents are
intratumorally injected; (3) the timescale of SIF-TUM at each location is at seconds or
minutes. In such a short time window, the amount of nanoagents uptake by cells may not be
significant. However, in practice it is possible that the source or sink rates may not be zero.
For example, the concentration of nanoagents in blood may be high at the early stage after
a bolus intravenous injection, and the exchange of nanoagents from the capillary network
to the interstitial space may exist. Also, nanoagents may be cleaned by cells or lymphatic
system at a much shorter timescale than that of the SIF-TUM. If these sources and sinks
cannot be ignored, they can be considered via a non-zero ¢, and o..

3.6.2 The effects of tissue heterogeneities, nanoagent properties and
ultrasound shear wave: In this study, models only consider two tissue compartments,
interstitial fluid and solid matrix. The effect of blood vessel network, osmotic pressure, and
other tissue heterogeneities are not included. Besides the size, other nanoagent properties,
such as shape and surface charges, may also affect the transport efficiency, which have been
ignored in this study. In addition, only the 1t-order longitudinal progressive ultrasound wave
is considered in this study via an analytical method. Ultrasound reflection, scattering, share
wave, and non-linear effect in tissue have been ignored. The major reason is to focus on

the dominant effects so that the model can be simple and easy to understand, and the total
number of unknown parameters needed in the simulation can be reduced. It may be helpful
to consider these effects in future when needed so that the models can be more accurate.

4. Conclusions

In this study, the feasibility of using a focused ultrasound beam to induce interstitial fluid
streaming in deep tissue via momentum transfer between the ultrasound wave and tissue
interstitial fluid has been investigated. Biological tissue is considered a bi-phase medium
including both a fluid and a solid matrix. The interaction between the ultrasound and the
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two components (i.e., fluid and solid) has been modeled and investigated via numerical
simulations. Both mechanical and thermal effects induced by the ultrasound have been
considered in the models. The results show that it is highly feasible to induce a macroscopic
fluid streaming with a peak velocity at the level of microns/second in a focal zone at a level
of millimeters. The streaming mechanism is found to be that the ultrasound wave transfers
its momentum to tissue fluid, which leads to a “splashing” of the fluid out of the focal
volume. Because of the finite value of tissue hydraulic conductivity, the “splashed” fluid
further leads to the elevation of the hydrostatic pressure in the focal volume. This elevated
hydrostatic pressure can generate a macroscopic exudation flow. The entire procedure can
be imagined as a scenario that the ultrasound squeezes the tissue in the focal volume along
all three dimensions (X, Y, and Z). The velocity of this exudation flow is found to be
determined by a term of [V P, « V P;], which is the dot product between the gradient of the
15t-order ultrasound pressure wave and its complex conjugate, rather than the ultrasound
pressure itself. Furthermore, after the ultrasound is off, the fluid can backflow into the
focal volume due to the tissue elasticity of the solid matrix. The speed of the recovery

of the fluid (or solid matrix) right after the ultrasound is off is usually high because of

the large compression of the solid matrix and high apparent modulus. This speed decays
quickly as time goes on because of the rapid expansion of the solid matrix, so it takes

a much longer time for the rest of the fluid to flow back. This phenomenon provides

a unique opportunity to control the fluid and the agents that are dissolved in the fluid.

In this study, this technology is named squeezing interstitial fluid via the transfer of
ultrasound momentum (SIF-TUM). The simulation results indicate that it is highly possible
to externally accelerate agent transport in deep tissue and further control the nanoagent
distribution by adopting appropriate experimental conditions. The mechanism of SIF-TUM
is different from the ARF-based and ultrasound-enhanced drug delivery technologies. The
success of this technology may significantly improve the delivery efficiency and the related
therapeutic or diagnostic efficiency. It can even possibly make a local injection (whenever
possible) more attractive than a systemic injection because of its low toxicity and high
delivery efficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FUST

Fig.1:

Agt,:ommonly used setup in USF imaging to help understand SIF-TUM, including four major
components: focused ultrasound transducer (FUST), tumor (T), two excitation light fibers
(LF), a camera (EMCCD). The X and Y directions are called horizontal or lateral directions,
and the Z direction is axial or depth direction.
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Fig.2:

(a)gThe amplitude of ultrasound pressure |P,| on XZ(Y = 0) plane. (b) Ultrasound-induced
hydrostatic pressure Ppson XZ(Y = 0) plane. (c)-(d) The exudation flow velocity (W5) on
XY (Z = 0) plane and XZ(Y = 0) plane, respectively. The inset of (c) and (d) is the amplitude
distribution of Wo.
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(a) Backflow velocity (W) on XY (Z = 0) plane after ultrasound is off for 1 second. (b) The
maximum backflow speed (W) as a function of time. (c-d) Amplitude distribution of the

backflow W, on the XY (Z = 0) and XZ(Y = 0) planes, respectively.
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Fig.4:

Ultrasound-induced temperature change (A7) as a function of time at the center of the
ultrasound focus. Ultrasound exposure time ty = 10 seconds. The inset is the 2D distribution
of AT on the XZ(Y = 0) plane when t =ty = 10 seconds.
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The 2D distribution of the normalized concentration (C/C,) of temperature-insensitive agents
on the plane of (a) XY(Z = 0) and (b) XZ(Y =0) at t =ty = 40 seconds (right after
ultrasound is off); (¢) XY (Z = 0) and (d) XZ(Y =0) at t = 100 seconds; (e) 1D distribution

of the normalized concentration along (e) X and (f) Z direction at different times (note

the agent in (a-f) has an average diameter of 40 nm); (g) the normalized concentration as
a function of time at the center of the focus with different agent diameters; (h) the rates
of the normalized concentration changes contributed from different mechanisms: diffusion-,
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thermophoresis-, and ultrasound-induced fluid with an agent diameter of 40 nm; (i) the
normalized concentration as a function of time at the center of the focus with different
apparent moduli of A/ with an agent diameter of 1.6 nm; (j) the same as (i) with an agent
diameter of 80 nm; (k) as a function of the agent diameter when t=t;=40 and 100 seconds.

Phys Med Biol. Author manuscript; available in PMC 2023 July 05.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Page 28

1 2 3

0
X (mm)

Fig.6:

E)?amples of the 2D distribution of the normalized concentration of agents on the XY (Z = 0)
planes with multiple foci: (a) a total of 16 foci distributed on a 1.5x1.5 mm? square area and
the red dots indicate each position of the focus; (b) a random distribution on the plane; (c) a
random distribution along a curve.
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Similar to Fig.5 but for temperature-sensitive agents. The 2D distribution of the normalized
concentration (C/C,) of the temperature-sensitive agents on the plane of (a) XY(Z =0) and
(b) XZ(Y =0) at t = tg = 40 seconds (right after ultrasound is off); (c) XY(Z = 0) and (d)
XZ(Y =0) att = 100 seconds; (e) 1D distribution of the normalized concentration along (e)
X and (f) Z direction at different times (note that the agent in (a-f) has an average diameter
of 80 nm); (g) the normalized concentration as a function of time at the center of the focus
with different agent diameters; (h) a function of the agent diameter when t=t;=40 and 100
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seconds (note that the data shown in Fig.5(k) are also copied here for comparison between
the two types of agents); (i) the difference of the normalized concentrations between the
two types of agents as a function of agent diameter at t = t; = 40 and 100 seconds; (j)

the normalized concentration as a function of time at the center of the focus with different
apparent moduli of A with an agent diameter of 80 nm.

Phys Med Biol. Author manuscript; available in PMC 2023 July 05.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Yuan

Table 1:

All equations. US: ultrasound

2sinhZ(kz,)

Eq# Equation US Status
0a P(r,t) = Py(r) + P\(r)exp(—iwt)+ Py(r)exp(—i2wt) + c.c. On
Ob p(r,1) = p(r) + pi(r)exp(—iot)+ py(r)exp(—i2wt) + c.c. on
0c V(r,t) = Vi(r)exp(—iwt)+V(r)exp(—i2ewt) + c.c. on
2 (@ P5) a(ps/ ) .
VP~ —=Ve(pV)~x ————=|VP, e« VP
1 h 2K (pV1) Kot p2 [ 1 1] On
2a Wo= —KVP; Wo= =V u= [Vt on
2 KHV2uX=%=VJ;W2= —v, off
AAT) _, 2 of P
3a poc——5— =k V7 (AT) = ope(AT) + o On
0¢0
3 220D = | VA(AT) - wpe( AT) off
4 %—f+V-J=cs—c,;J= — DyppVC = CD,V(AT) + CRW, | on&off
5 P(x,y,z) = Py ekz"sm(kl\)/i) - e_kz"—sm(k]\)/D—Jr) On
- +
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Table 2:
Major variables, operators, physical meanings and adopted valuesin simulationsthat are

modified based on following references.
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¢, and ¢,: (Raghavan, 2018); K: (Liu and Schlesinger, 2015); w,: (Curra et al., 2000); others:(Soneson, 2009)
and the related manual of HIFU Simulator.

Quantity & Physical Meaning Typical value (unit)
Operator
V2 Laplace operator N/A
Prs Ultrasound-induced increase of the hydrostatic pressure of the interstitial fluid in Dependent variable (Pa)
tissue (it is the 2"d-order small quantity)
op Volume fraction of interstitial fluid in tissue 0.2 (no unit)
b, Volume fraction of solid matrix in tissue (= 1 — ¢;) 0.8 (no unit)
Por Py Average tissue density (it is the 0-order component of the density) 1,064 (Kg/m?3)
Average blood density (it is the 0-order component of the density) 1,060 (Kg/m3)
K Tissue (or tumor) hydraulic conductivity (related to tissue permeability and fluid 4x1071 (m*#/N/s) (Tumor)
viscosity)
Ve Divergence operator N/A
(pV1) p, and V| are respectively the 15t-order oscillation of tissue density and velocity Dependent varsiables
(caused by the ultrasound 1%-order pressure oscillation). (p,V,) is the time pi: Kgim
average in one oscillation cycle of the momentum in unit volume (p,V;) caused Viimis
by ultrasound.
o Tissue ultrasound absorption coefficient. It is a function of angular frequency and 0.58 (db/cm) or 0.58/8.686 (Np/cm)
its unit should be 1/m in equations 1 and 3a after considering the frequency effect.
If the frequency is 1 MHz, its value is shown on the right.
Co Sound speed in tissue 1540 (m/s)
® Angular frequency of the adopted ultrasound 27 X 2.5 MHz
VP, P, is the 15%-order complex amplitude of the ultrasound pressure and V P is the Dependent variables (Pa/m)
gradient of P, (it is a vector)
VP V P; is the complex conjugate of V P, (it is a vector) Dependent variables (Pa/m)
. Vector dot product N/A
[ Specific heat capacity of tissue and blood, respectively 4200, 3780 (J/kg/K)
k, Tissue thermal conductivity 0.6 (W/m/K)
w, Blood perfusion rate 0.189 (1/s)
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