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Abstract

Purpose: Microbubble ultrasound contrast agents inside the bloodstream enhance the ultrasound signals of the
vascular bed. In addition, microbubbles can be used for treatment. The present study assesses how air bubbles
flow in a microchannel 2D capillary network. The evaluated network mimics part of a capillary system by
comprising multiple bifurcations.

Materials and Methods: We designed the capillary network based on the tree pattern employed in quantitative
studies per Murray’s minimum work rule and the cardiovascular network to simulate the hemodynamics of the
vessels. The maximum width of the main channels in the capillary network is 1085 um. The capillary network
designed by AutoCAD software was transferred to Comsol software. We also ran fluid-structure interaction
simulations in a microchannel capillary network, assuming that capillary walls were incompressible and isotropic,
physiological boundary conditions were met, and non-Newtonian blood behavior occurred. After these
simulations, we investigated Microbubbles’ (MBs’) capacity for targeted drug delivery through the capillary
network. Specifically, we distributed four particles with 1 to 5 pm diameters and assessed the resultant
performance.

Results: The greatest capillary network wall displacement is 0.225 um. Meanwhile, the maximum velocity was
5.59 mm/s, and the minimum and maximum pressure values were 303.13 Pa and 0.42 Pa. Finally, the MB-MB
interaction force exceeded the Brownian and gravitational forces. Therefore, it can be concluded that the MB-
MB interaction force is crucial for MB-based targeted drug delivery. The kinetic energy of microbubbles increases
while passing through the capillary bed. By increasing the amount of kinetic energy of microbubbles, the
probability of adhesion to the capillary wall decreases. As the diameter of microbubbles increases, their energy
increases.

Conclusion: The kinetic energy of microbubbles in the same conditions is the highest value related to Sonovue
and then related to Optison, Micromarker, and Definity, respectively. The highest percentage of passing through
the capillary network belongs to the Sonovue with a diameter of 2.5 um and the lowest percentage of passing
through the capillary network belongs to the Definity with a diameter of 1.1 pm.
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1. Introduction

The presence of gas bubbles in the bloodstream can
pose both hazards and potential therapeutic benefits.
These bubbles can form when individuals experience
sudden pressure changes, such as in scuba diving [1],
space operations [2], or high-altitude flight [3]. They
can also occur due to pathological conditions like heart
valve damage [4, 5]. Additionally, air can be
unintentionally or intentionally injected into patients
during medical procedures like surgeries [6, 7],
hemodialysis [8], or embolotherapy [1]. If left
uncontrolled, these bubbles can restrict the supply of
oxygen, leading to tissue damage, disability, or even
death [9]. However, gas bubbles also have beneficial
uses in medical diagnosis and treatment. They can
serve as probes to improve image contrast in
ultrasound examinations at specific frequencies [10].
Moreover, they can be utilized to restrict blood supply
to tumors, inducing tumor necrosis, by blocking the
vessels in tumorous tissues [11].

Much attention has been given to micro- and
nanoparticles for targeted drug delivery [12, 13]. It has
been proposed that the adhesion of particles and their
ability to migrate to a target site is enhanced when they
have the optimal diameter and shape [14, 15].
Research has also revealed a number of critical factors
that affect the optimization of particles in terms of
their shape and size: namely, their vessel geometry,
blood velocity, and blood pressure. Optimizing these
factors can also impact how effectively particles
migrate and adhere to targeted surfaces [16].

There are various ways to make drug delivery more
effective, including the use of Microbubbles (MBs)
and ultrasound [17, 18]. Depending on the type of
vessel being dealt with, different MBs can be
employed for targeted drug delivery. Research has
indicated multiple factors that influence the
effectiveness of targeted drug delivery; these include
the material comprising the MB’s shell, the core gas
used, the MB production process, the ultrasound
method used, and the materials and targeting ligands
employed [19, 20]. The MBs used in clinical and
experimental settings consist of two parts: a core and
a stabilizing membrane. The core contains
perfluorocarbons, and the stabilizing membrane
comprises various materials, including polymers,
phospholipids, and proteins. The diameter of an MB
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depends on the species; however, in pharmacy
settings, the typical diameter of particles is 1-5 um,
although diameters as large as 10 um have been
reported [21, 22].

Initially, researchers began paying attention to
designing drug-loaded MBs to target cardiovascular
tissues. Later, they began investigating liposome,
which is a potentially powerful tool for targeted drug
delivery [23]. Researchers have also examined the
ability of drug carriers to target endothelial cells [24,
25].

The present work mimics a capillary system region
by employing a microchannel capillary network. We
also ran Fluid-Structure Interaction (FSI) simulations
of a microchannel capillary network. Within this
network, we considered physiological boundary
conditions, incompressible and isotropic arterial wall
behavior, and non-Newtonian blood behavior. Then,
MBs were employed to target drug delivery in a
capillary network. Definity, Micromarker, Optison,
and Sonovue MBs were among the commercially
approved MBs used in our simulation. We examined
the size of MBs as a function of several relevant
factors, including surface adhesion. Finally, we
examined how the forces exerted on MBs affect the
delivery of particles to the targeted surface.

2. Materials and Methods

This section describes the methods employed to
design the capillary network geometry, as well as the
methods used to determine the mechanical properties
of the blood and the capillary wall. Next, we
conducted the mesh study and evaluated the extent to
which the solution depended on time. We also
expressed the boundary condition of the simulation
and the formulation of the FSI, and we presented each
MB’s mechanical properties. Furthermore, we
explained the particle tracking process for fluid flow
for the motion of MBs within the capillary network.
Finally, we formulated the force applied by blood flow
to MBs and the MB-MB forces.

2.1. Capillary Network Design

This section describes the capillary network, which
we have employed in previous studies [26]. We
designed the capillary network based on the tree
pattern employed in quantitative studies per Murray’s
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minimum work rule and the cardiovascular network
[27] to simulate the hemodynamics of the vessels.

We applied various calculations to the capillary
network based on previous theories. Thereafter, we
utilized AutoCAD software (M.49.0.0 AutoCAD
2016, Autodesk, Inc., San Rafael, CA, USA) to design
the capillary network based on the parameters derived
from the calculations (see Figure 1).

Capillary Network Block Cell
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Figure 1. (a) The design of a capillary network and an
enlarged view of the blocks and cells’ layout. (b) The
capillary network consists of four blocks, and its width is
15.506 mm. (c) Each of the four blocks has eight cells,
each with 100 features. 25-um wide channels through
which the microbubbles pass separate these features

2.2. Capillary Wall and Blood Properties

The isotropic Raghavan et al. strain energy density
model has been employed to describe the mechanical
properties of the capillary wall. The strain energy
density function is as follows [28] (Equation 1):

(] - 1)2 (1)

Wiso = C1o(I; —3) + Co(I; —3)* + —a

Table 1. Material properties for capillary wall [29]

In the equation above, Wis, represents the material’s
strain energy density. Meanwhile, the material
constants are represented by Cio and Cy. The first
deviatoric strain invariant is indicated by 11, while J.

Denotes the ratio of deformed elastic voluminous
materials to undeformed volume materials. Finally, d
represents the incompressibility of the material. See
Table 1 for details regarding the mechanical properties
of the capillary wall.

The properties of blood can be described using the
Carreau-Yasuda model [30]. See Table 2 for the
values inserted for different parameters in Carreau-
Yasuda model.

2.3.  FSl and Boundary Conditions

We utilized the arbitrary Lagrangian-Eulerian
(ALE) method to combine solid mechanics
considering a Lagrangian description and a material
frame with fluid formulated using Eulerian
description, as well as a spatial frame. Navier-Stokes
equations cannot be employed to measure the motion
of fluid because fluid has non-Newtonian properties.
However, incompressible non-Newtonian fluids can
be modeled using generalized Newtonian fluids [31-
33]. The equations for which consider apparent
dynamic viscosity, the continuity equations are as
follows [32] (Equation 2a, 2b):

Jdu
po TP Vu=-Vp+Vr (2a)

Vu=0 (2b)

Hyperelastic

model C20[MPa] C20[MPa] D [Dimensionless] plkg/m?]
Capillary 0.147 1.881 1.149 1120
Table 2. Carreau—Yasuda model values for the related parameters [30]
Hematocrit . .
percentage 1o [Pa.s] Als] o [Dimensionless] - [Pa.s]
25% 0.018 12.448 0.330 0.00257
45% 0.161 39.418 0.479 0.00345
65% 0.852 103.088 0.389 0.00802
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Where p, u, and p are the density, the velocity
vector, and the pressure of the fluid, respectively.
Moreover, the stress tensor components T are
proportional to the strain rate tensor components S;; as
follows [31] (Equation 3a, 3b):

Tij = 2NappSij — POij (3a)

g 1 6ui+6uj 16uk5
VT2 dx; 0x; 3 0x; i

Here, 6 is the Kronecker delta function defined as
follows (Equation 4) [34]:

1 if i

(3b)

ij —
0 ifi#] (4)

The blood in a capillary interacts with the capillary
wall. As a result, the capillary wall experiences a
force. The following equation calculates the total
force, f, exerted on the solid boundary [35] (Equation
5):

2
f=n.[-pI + Ngpp | (Vu + (VW)T) — §(V. u)I)] (5)

Where n is the boundary’s outward normal vector,
I denotes the identity matrix, and the fluid’s apparent
dynamic viscosity is symbolized by 1app.

Regarding the relation between vessel diameter and
blood velocity, values were taken from the literature
and inserted into the plot generated by simulations.
Centerline velocities (v¢) were determined in the
arteries by Kobari et al. [36], who used Equation 6 to
determine velocity as a function of diameter (in pum):

V, = (0.034d + 0.309) (6)

2.4. MBs and Their Properties

Table 3. Material properties for MBs

We considered four MB types (Definity MBs,
Micromarker MBs, Optison MBs, and Sonovue MBS)
when performing the targeted delivery process.
Typical Definity MBs have a lipid cell comprising
phospholipids (DPPC, DPPA, and
MPEG5000DPPPE) with a gas core. These MBs also
contain nitrogen and perfluorobutane gas (CsF1o) [37,
38]. Optison MBs consist of human serum albumin
cells with a (CsFs) gas core. Sonovue MBs consist of
a lipid cell consisting of  zwitterionic
phosphatidylcholine, as well as an anionic
phospholipid with an SFs gas core [38-41]. We set the
density of MBs to 1000 Kg/m? for this study [42]. See
Table 3 for the MBs’ specific mechanical properties.

2.5. Particle Tracking for Fluid Flow

At the inlet section of the capillary network in the
simulation, 30, 130, and 300 MBs with the properties
described above (see Section 2.5) were released in
intervals of one second. The injection times were set
to zero, one, two, and three seconds.

We utilized a mixed scattering diffusion method to
obtain valid MB characteristics in blood flow.
Furthermore, for the arterial wall-MBs interactions,
we simulated the impact of unsmooth endothelial
surfaces on the motion of MBs using the specular
reflection method. The probability of an MB being
reflected specularly was y = 0.5. MBs are reflected
from the surface of the tangent plane during specular
reflection.

2.6. Forces Exerting on the Released Particles

The two forces were exerted on the MBs: one was
produced by the external field, and the other was the
interaction force between MBs (Figure 2). The finite
element method was used to determine the strength of
the first kind of force. During this process, the new
locations of MBs were queried at each time step,

: Dynamic L
f Agent_ Shell Gas Diameter S_urface viscosity Elasticity Reference
ormulation (nm) tension (N/m) (Pa.s) (N/m)
Definity Lipid CsFs 1.1-3.3 0.051 0.00415 0.855 [37,38]
Micromarker  Phospholipid CaF10 2.0-5.0 0.051 0.00952 5.150 [37, 38]
Optison Albumin CsFs 3.0-4.5 0.072 0.001 0.230 [38, 39]
Sonovue Phospholipid SFs 1.5-2.5 0.073 0.001 0.55 [40, 41]
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Figure 2. Forces, which act on an MB in a fluid

according to the external forces. The second kind of
force was then added to the total force. Subsequently,
the MBs’ positions were updated. We repeated these
for the duration of the simulation.

Newton’s second law for moving MBs with a mass
of m,, can be expressed as Equation 7:

d
T (myv) =F;+ F, + Fy + F; (7

Where m, represents each particle’s mass and v
denotes each particle’s velocity vector. Fp, F, Fg, and
Fe represent meanwhile, the drag force, lift force,
Brownian force, and gravitational forces acting on
MBs, respectively.

2.7. MB Adhesive Dynamic Model

In the current study, it was hypothesized that the
MB surface is covered by a P-Selectable Aptamer
(PSA). These aptamers are of a higher adhesion
tendency than any antibodies in previous studies [43].
The ligand-receptor binding equation was first
introduced by Decuzzi and Ferrari to calculate the
sticking probability of particles [44]. Their model's
force, torque, and T were applied to the sphere
particles under fluid Flow; wall shear strain distorted
their shape and size (Equations 8, 9):

F = 3ndy,lne,,SF® (8)

1 3 N 9

T = EndpnappST 9
Where 1 is the separation distance of the particles
from the substrate and the F* and T* are two parameters

depending on the particle aspect ratio (y = a/b). In the
study of spherical particles y = 1 the classical results
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in research by Goldman and his colleagues [45] were
selected; F° = 1.668 s and T° = 0.944.

In the limit of a small surface density of receptors
m; or ligands m; the probability of adhesion, P. for
spherical particles has the following form (Equations
10, 11):

kgTrém, 2

o) |
dz[——[—— °_ eq)H (11)

Where K is the association constant at zero loads
of the ligand-receptor bound, P is the reactive
compliance which is usually in the order of Angstrom,
deq IS the equilibrium separation distance between the
spheroidal particle and the vascular substrate, kgT is
the Boltzmann thermal energy, ho is the maximum
distance of the particle from the vascular wall at which
a specific bond can take place, and ro is the radius of
the circular section of the spheroid situated at a
separation distance ho from the substrate.

P, = mr¢m,mKQ x exp

(10)

The values of their parameters are presented in
Table 4.

Table 4. The corresponding values of parameters that
apply to the PSA adhesion dynamics model: P-selecting

Parameter Value
Intrinsic forward 5
kinetic rate: Ks(S?) 2.33 %10
Intrinsic reverse 5
kinetic rate: Kr(S) 34x10
Equilibrium bond 50
length: deq (NM)
Reactive compliance:
0.21
B(A)
Boltzmann’s constant: 3
Ke (M2 kg/ s2K) 1.3806 x 10
Surface d.en5|ty 3f 27 x 101
receptors: mr(m2)
Temperature: T(K) 310.15
Shear stress at the Obtained from the FSI
wall: nappS (Pa) simulation

3. Results

We employed COMSOL Multiphysics 5.6 to solve
various partial differential equations. We also used a
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tolerance termination procedure and a PDF time-
stepping technique to simulate the FSI (e.g. the
MUMPs algorithm). Furthermore, we utilized a solver
involving backward Euler consistent initialization, as
well as the generalized-alpha time-stepping method, to
simulate the process of MB transport [1, 46, 47].

3.1. FSI Results

The maximum displacement of a capillary wall must
be restricted to a specific range to prevent the capillary
network from rupturing. As indicated in Figure 3, the
maximum displacement is 0.225 um.

Surface: Displacement magnitude (um)

a

Surface: Displacement magnitude (um)

b

Figure 3. The amount of displacement (um) of the walls
during the passage of blood through the (a) capillary
network and (b) in a capillary (Generated by COMSOL
Multiphysics 5.6, https://www.comsol.com)

The velocity in the capillary network is shown in
Figure 4. Since the diameter of the arteriole inlet is
1085 um according to the design and calculations,
according to Equation 6, the inlet velocity was
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Surface: Velocity magnitude (m/s)

a

surface: Velocity magnitude (m/s)

x107
30
25
20

15

10

Figure 4. Flow surface colored by velocity magnitude
(m/s) for (a) the entire capillary network and (b) a
capillary (Generated by COMSOL Multiphysics 5.6,
https://www.comsol.com)

considered 37.199 um per second. The maximum
velocity in the capillary network was 5.59 mm/s.

The pressure in the capillary network is shown in
Figure 5. The maximum pressure in the capillary
network was 303.13 Pa and the minimum pressure was
0.42 Pa.

The distribution of four types of microbubbles in
the capillary network was obtained. Figure 6 shows
the distribution of microbubbles with a diameter of 1.1
pm in numbers of 30, 130, and 300.

The distribution and movement of microbubbles,
for example, are shown in Figure 7, which is for
microbubbles with a diameter of 1.1 pum and a number
of 300.

The energy change of microbubbles while passing
through the capillary network is shown in Figure 8.

FBT, Vol. 12, No. 1 (Winter 2025) 54-65
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Surface: Pressure (Pa)
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Surface: Pressure (Pa)

Figure 5. Flow surface colored by pressure magnitude
(m/s) for (a) the entire capillary network and (b) a
capillary (Generated by COMSOL Multiphysics 5.6,
https://www.comsol.com)

3.2. Brownian, Gravitational, and MB-MB
Interaction Force

Recent research indicates that Brownian forces
interfere with solid particles on the pm scale and that
the impact of such forces is Significant on the
nanometer scale [17]. Therefore, during the
simulation, we considered the Brownian force by
investigating its effect on SDM adhesion. We
examined SDM adhesion both with and without
considering Brownian forces (Figure 9). We
considered a minimum diameter of 1.1 um to evaluate
the effect of the Brownian forces. As Figure 9
indicates, Brownian forces’ effect on SDM adhesion
did not reach 10%, meaning this effect was much
lower than those reported in recent studies on solid
nanoscale particles [35].

We applied a maximum diameter of five um to
demonstrate the effect of gravitational force. As
shown in Figure 9, gravitational force had a weak
negative effect (~7.3%) on MBs and a positive effect
on surface adhesion [35]. The main reason for
gravitational force’s negative effect on MBs could be
the density of the particles containing the drug. Unlike
solid particles, MBs are less dense than blood,
meaning that gravitational force hinders SDM
adhesion.

The smaller the diameter of MBs, the greater the
MB-MB interaction force. Because of this, we used
one pum (i.e. the smallest MB diameter examined)
when evaluating MB-MB interaction forces’ impact
on SDM adhesion. The results show that, on the lumen
AAA, MB-MB interaction force had an impact of

f
\ {
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| 1 | ] |
(] L L i L L1 )

(@)
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Figure 6. (a). The distribution of microbubbles with a size of 1.1 um in the capillary network in the number of 30 pieces.
(b). The distribution of microbubbles with a size of 1.1 um in the capillary network in the number of 130 pieces. (c). The
distribution of microbubbles with a size of 1.1 um in the capillary network in the number of 300 pieces
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Figure 7. The distribution and movement of microbubbles with a diameter of 1.1 um and a number of 300 in the
capillary network are shown
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Figure 8. Energy change of microbubbles (Sonovue) with a diameter of 2.5 um while passing through the capillary

network

Surface Density of Microbubbles Adhered on the Capillary Network (1/m2)
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The Effect of Brownian Force for 1.1
micrometer
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Figure 9. Variation of the SDM adhesion on the capillary network to check the effect of the Brownian, gravitational,

and MB-MB interaction forces

~19.2 percentage on SDM adhesion (Figure 9). This 3.3. The Percentage of Microbubbles Passing

impact exceeds both the Brownian and gravitational

forces. As such, this finding indicates that the MB-MB

interaction force is crucial to MB-based targeted drug

delivery.
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Through the Capillary Network

The amount of microbubbles passing through the

capillary network for the number of different inlets
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Table 5. Microbubble passage through the capillary network based on the number, type, and size of microbubbles

. Number of Size Number of entrapped Microbubbles pass
Microbubble type entries (um) microbubbles percentage
1.1 14 54
Definity 130 éé 52 ;i
1.1 46 85
300 33 41 87
2 11 64
30 5 9 70
Micromarker 130 523 gg gg
2 43 86
300 5 39 87
3 8 74
30 45 6 80
Optison 130 435 is gg
3 41 87
300 45 36 88
15 6 80
30 25 4 87
Sonovue 130 ;g ig g?
15 39 87
300 25 35 89

and the type of microbubbles and the size of the
microbubbles are shown in Table 5.

4. Discussion

We investigated the distribution of microbubbles in a
simulated capillary network and recorded a maximum
capillary network wall displacement of 0.225 um (Figure
3), as well as a maximum velocity of 5.59 mm/s (Figure
4), which is supported by the findings of Ivanov et al.
[48]. Furthermore, the results indicate a maximum
capillary network pressure of 303.13 Pa, while the
minimum pressure value recorded was 0.42 Pa (Figure
5). These findings align with a previous study conducted
by Shore et al. [49. The current assessment of the forces
applied to the MBs during intra-capillary drug delivery
enhances the current knowledge of how such forces
affect SDM adhesion. The simulation results show a
linear increase in the drag force applied to various MB

FBT, Vol. 12, No. 1 (Winter 2025) 54-65

types as the particle diameter increased. Increases in
particle diameter also caused a quadratic increase in the
lift force exerted on MBs. However, lift force did not
significantly affect adhesion as indicated by the results
comparing MB adhesion in the capillary network when
these forces were and were not considered (Figure 9).
The results revealed a significant effect of Brownian
forces and MB-MB interactions on the adhesion of drug-
carrying MBs to the capillary network wall.

However, the extant literature indicates that
ultrasound wave forces cause MBs to burst by oscillating
them to their critical point (i.e. the resonance point); at
this point, linear displacement has a negligible effect
[50]. Future studies should investigate whether acoustic
waves affect the adhesion of SDM to the intended
surface. The present study used the PSA type of particle
adhesive dynamics model. However, recent research
provides various particle adhesion models considering
the receptor-ligand bond. Such models can be used to

62



S. Shurche, et al.

evaluate SDM adhesion in more depth [35].
Furthermore, SDM adhesion to the intended surface, as
well as the number of MBs exiting in dichotomy, can be
used to optimize the number of MBs entering the
capillary network. Recent research on electromagnetic
MBs has shown that electromagnetic forces can be
harnessed to deliver drugs to the target [51]. Future
research should also study whether MB adhesion can be
enhanced via the application of an electromagnetic field.

According to Figure 8, the energy of microbubbles
changes while passing through the capillary network so
that the amount of energy of microbubbles increases
inside the capillary bed.

According to Figure 6, the distribution of
microbubbles in the first branch of the daughter is the
same in both directions, which is the same as the research
results of Valassis et al. [52].

According to Figure 9, the amount of surface tension
increases, which is caused by many branches of
capillaries, while in a single capillary without branches,
the amount of surface tension is lower, which is the same
as the results of Valassis et al. [52].

The reverse microbubble was not observed in the flow
path in the capillary network, which was similar to the
results of Calderon et al. [53].

According to Figure 5, the flow pressure in smaller
capillaries is lower, which is due to the greater resistance
of these capillaries to the flow, which is in accordance
with the results of Chao et al.'s [54] research, and this
causes the microbubbles in them to flow less.

5. Conclusion

Simulations are useful tools for examining biological
phenomena [16, 35, 55]. As such, we examined MB-
based targeted drug delivery in a simulated capillary
network. The kinetic energy of microbubbles in the same
conditions is the highest value related to Sonovue and
then related to Optison, Micromarker, and Definity
respectively. The highest percentage of passing through
the capillary network belongs to the Sonovue with a
diameter of 2.5 pm and the lowest percentage of passing
through the capillary network belongs to the Definity
with a diameter of 1.1 pm.
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