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ABSTRACT

NUMERICAL MODELING AND EXPERIMENTAL INVESTIGATION OF
CELL MANIPULATION USING ACOUSTOPHORESIS

Karaman, Alara
M.S., Department of Mechanical Engineering

Supervisor: Assoc. Prof. Dr. Mehmet Biilent Ozer

August 2022, 79 pages

Several diseases, such as sickle cell disease and cancer, can affect the properties of
cells. Manipulation or separation of the altered cell is necessary to diagnose such dis-
eases. Acoustophoresis, the migration of particles by using acoustic standing waves,
is a promising technique for bio-particle manipulation. This thesis presents numerical
modelling and experimental investigation of using acoustophoresis for cell manipu-
lation purposes. First, the trajectories of the cells in an acoustophoretic chip are cal-
culated using an acousto-mechanical numerical model that includes elastic modelling
of cells. For experimental investigations, two different types of chip architecture are
discussed. Using the rst architecture, the capabilities of different chip materials for
acoustic manipulation have been assessed by conducting thermal, vibration, focus-
ing, and viability experiments. Then, a two-layered chip is introduced as a second

architecture for bacteria and WBC separation purposes.

Keywords: Acoustophoresis, Cell Manipulation, Cancer Cell Separation
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AKUSTOFOREZ METODU ILE HUCRE MAN IPULASYONUNUN
SAYISAL YONTEMLER VE DENEYSEL CALISMALARLA
INCELENMES |

Karaman, Alara
Yuksek Lisans, Makina Mihendigli Boliumu

Tez Yoneticisi: Dog. Dr. Mehmet Bulent Ozer

Agustos 2022 , 79 sayfa

Orak htcre hastad ve kanser gibi cesitli hastal klar hticrelerin 6zelliklerini etki-
leyebilir. Bu tlr hastal klar teshis etmek icingistirilmis hiicrenin manipilasyonu
veya ayr Imas gereklidir. Akustoforez, akustik duran dalgalar kullan larak pargac k-
lar n goc¢u, biyo-parcac k manipulasyonu igin umut verici bir tekniktir. Bu tez, hicre
manipulasyonu amac yla akustoforez kullan m n n say sal modellemesini ve deney-
sel arast rmas n sunar. Akustoforetik bir gipteki huicrelerin yoringeleri, hicrelerin
elastik modellemesini iceren bir akustik-mekanik say sal model kullan larak hesapla-
nr. Deneysel arast rmalar icin de iki farkl c¢ip mimarisi tirt tart s Im giiemimari

kullan larak, termal, titresim, odaklama ve canl | k deneyleri yap larak farkl yonga
malzemelerinin akustik manipulasyon icin yeteneklegeitendirilmistir. Ard ndan,

bakteri ve WBC ay rma icin ikinci bir mimari olarak iki katmanl bir ¢ciptantIm str.

Anahtar Kelimeler: Akustoforez, Hiicre Maniptlasyonu, Kanser Hicresi Ay rm
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CHAPTER 1

INTRODUCTION

1.1 Background Information and Motivation

Several diseases, such as sickle cell disease and cancer, can affect the properties of
cells. Manipulation or separation of the altered cell is necessary to diagnose such dis-
eases. Due to their increased selectivity and precision, micro uidic-based separation
technologies have recently emerged as a promising research area for this purpose. In
the eld of micro uidics, the drag force generated by uid ow is the primary source

of force used to move particles or cells in microchannels. To enable higher selectivity
and precision, forces originating from different physical elds, such as electrokinetic,
magnetic, and acoustic forces, can be utilized [1]. Acoustic radiation forces and
acoustic streaming are the two different mechanisms for manipulating particles with
sound. Acoustic radiation forces allow particles to move relative to the surrounding
uid body, while acoustic streaming allows particles to be dragged along an acousti-
cally induced uid ow [2]. Acoustic radiation forces can also be separated into two
categories: the primary acoustic radiation force, which a single particle experiences,
that is responsible for moving the particle to pressure nodes and anti-nodes, and the
secondary acoustic radiation force, which is in charge of particle-particle acoustic
interactions [3]. The manipulation of the particles by means of these acousto u-
idic effects is known as acoustophoresis, and it enables the manipulation of particles
without physical contact. Also, acoustophoresis has the advantages of ease of imple-
mentation and cost-effectiveness. Furthermore, acoustophoresis does not damage the
cells, so cell viability is not adversely affected [4]. Since streaming only contributes
when the particle size is very small, this thesis only employs the acoustic radiation

force.



According to the type of resonator used, there are two main types of ultrasonic ma-
nipulation devices: SAW (Surface Acoustic Wave) based devices, which generate
surface acoustic waves using interdigitated electrode transducers (IDTs), and BAW
(Bulk Acoustic Wave) based devices, which generate bulk acoustic waves using a
piezoceramic transducer (typically lead zirconate titanate (PZT)). The use of either
one of them is dependent on the study. BAW-based devices are known to have high

throughputs [5] and are selected to be studied in this thesis.

1.2 Problem De nition and Objective

Cell manipulation and separation are important for diagnostic purposes, and acoustic
manipulation is an excellent candidate for doing this, as discussed in the previous
section.

Since an acousto uidic system is a complicated system with several components, one
needs to setup a numerical model of the acoustic manipulation process and assess the
feasibility of the manipulation process. Therefore, the fundamental purpose of this
study is to investigate several components of the acousto uidic cell manipulation pro-
cess affecting the acoustic cell manipulation process by performing both numerical
and experimental analyses.

A number of numerical studies have investigated the acoustic manipulation of cells.
Nearly every study treated cells as uids and modeled them as homogeneous. Mod-
elling cells using uid approximation is not a bad approximation due to the low shear
present on them. On the other hand, the acoustic properties of cells are dif cult to
measure, and when the mechanical properties of cells are tried to be identi ed, almost
always their elastic properties are measured, not their acoustical properties. For in-
stance, it is known from the literature review that cancer and noncancerous cells have
different elastic properties, which must be investigated further for acoustophoretic
manipulation simulations incorporating cancer cell separations. Therefore, one of
the main objectives of this study is to construct a more detailed numerical model
that simulates the behaviour of the cells in an acoustic manipulation device by mod-
elling them as elastic solids. Furthermore, to the best of found knowledge, there is

no device-level numerical investigation of cancer cell separation involving the elastic
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model of the cell in the existing literature, which is another objective of this thesis.
Also, cells are inherently heterogeneous structures; thus, a more detailed cell model
that consists of three layers should be constructed and compared with homogeneous
modelling in terms of acoustic forces present to validate the homogeneous approach
in cell modelling in acoustic manipulation simulations.

In addition to improving numerical analyses of the acoustic cell manipulation, assess-
ing different types of acoustophoretic chips for their use in acoustophoretic cell ma-
nipulation is an objective of this study. To work with a high-performance acousto u-
idic device, the choice of chip material is essential. Some acousto uidic chip ma-
terials which have acceptable performance for engineered particles may not be suit-
able for cell manipulation due to acoustic performance and bio-compatibility issues.
Therefore, choosing the right material for the chip to be used in cell manipulation
studies is crucial. In order to evaluate the performance of different chip materials for
cell manipulation, a thorough evaluation of the chip materials is performed, such as
an evaluation of the chip materials' electro-mechanical properties, thermal properties,
focusing performances, and their effects on the viability of live cells.

Also, in practical cell manipulation applications, such as the diagnosis of bloodstream
infections, a single-layered acoustic chip that manipulates the cells in one step may
not be suf cient. So, the nal objective of this thesis is to evaluate the performance of
an innovative two-layered chip that is designed for bacteria separation and concentra-
tion with a single device by performing preliminary particle separation and focusing

experiments.

1.3 Literature Survey

The study of the acoustic radiation force on microparticles can be traced back to
King's theoretical work in 1934, which investigated the effect of a planar progres-
sive sound wave on a small incompressible sphere in an ideal uid [6]. Yosioka and
Kawasima [7] expanded King's work for compressible spherical particles in 1955.
Their work was summarized and generalized to more complex acoustic elds with
Gor'kov [8] which would be widely employed in many studies due to its ease of

implementation. Bruus group [9] then included thermoviscous effects of the uid

3



by assuming small particles (a thermoviscous uid droplet and a thermoelastic solid

particle).

Several numerical studies in the literature have investigated acousto uidic manipu-
lation that involves cells. Blood components are used in these simulations mainly.
Hahn et al. [10] numerically investigated the acoustic manipulation of complex parti-
cles using a time-harmonic device model. They simulated the trajectory of an alumina
microdisk which was veri ed by an experiment. They also calculated the trajectory
of a red blood cell, which is approximated as a Cassinian oval and modelled as an
acoustic domain. Habibi et all [11] investigated primary and secondary radiation
forces acting on large particles. In addition, the acoustic radiation force on a single
white blood cell, modelled both as an elastic solid particle and a uid domain, was
examined. Samandari et al. [12] used an acoustic-solid interaction approach to sim-
ulate the bio-particles at high frequencies, then derived an expression for ARF for
large particles. Shamloo et al. [13] utilized a numerical study for acoustic separation
of platelets, red blood cells, and white blood cells based on size difference, assuming
cells as spherical particles using standing surface acoustic waves (SSAWSs). Gupta
et al. [14] numerically investigated the acoustic separation of blood components in
an acoustophoretic device by modelling the cells again as a uid domain. Similarly,
several other studies like [15] investigated the acoustic separation of blood compo-
nents numerically by assuming the cells as uid domain and [16] by assuming the
cells as rigid particles. Ashkezari et al. [17] proposed a hybrid chip that utilizes
acoustophoresis and pinched- ow fractionation (PFF). Bio-particles in this numeri-
cal study were also approximated as uid. Saeidi et al. [18] investigated secondary
acoustic radiation forces present on cells (MCF7 and RBCs) that are approximated as
uid in an ultrasonic standing wave. Peng et al. [19] employed a three-layer model
(cortical layer, nucleus, and cytoplasm) for cells; all three layers were approximated
as uids to demonstrate the effects of cell components and Rayleigh angle on acous-
tic manipulation. Liu et al. [20] modelled the RBC as a membrane (solid curve) and
cytoplasm (uid) to investigate deformation caused by acoustic radiation force. Paul
et al. [21] modelled cancer cells (composed of cytoplasm and nucleus) as uid under
high-frequency ultrasound excitation to identify tumour grades. As far as the author

is aware, there is no device-level numerical investigation of cancer cell separation



involving the cell model in the existing literature, which is one of the goals of this

thesis.

Constructing a model of the cells is needed for simulating their manipulation in an
acoustophoretic device. This part of the literature survey aims to determine the me-
chanical properties of the cells with a focus on cancerous and noncancerous breast
cells and decide on material properties to be used in numerical simulations. Several
works in literature, such as [22],[23], show that cancerous cells have different elastic
properties than their non-malignant counterparts. Li et al. [24] determined Young's
modulus of cancerous and normal cells using AFM indentation and showed that ma-
lignant (MCF-7) breast cells have an apparent Young's modulus signi cantly lower
(1.4-1.8 times) than that of healthy (MCF-10A). Looking at the values of the elastic
modulus of breast cells in the literature [23], [24], [25], [26], and [27], it was observed
that the mean value of the Young's modulus for cells (mostly MCF-7 breast cancer
cells) was close to 400 Pa. Also, the elastic modulus ratio of nhoncancerous cells
(MCF-10A) and cancerous cells is approximately 2. For this reason, it was decided
to use 500 Pa as the elastic modulus value for cancerous breast cells and 1000 Pa as
the elastic modulus value for healthy breast cells in numerical simulations. Hartonu
et al. [28] measured the compressibility of the various cells (MCF-7, HEPG2, HT-29,
NIH/3T3 and MCF-12A) using acoustic radiation and showed that the compressibil-
ity of the cancer cells is higher than that of normal breast cells. This thesis employs

these compressibility values while modelling cancer and noncancerous cells.

There are several experimental studies involving manipulating bio-particles using
acoustophoresis. Several of them are provided here to demonstrate the application

areas of cell manipulation using acoustophoretic chips.

One of the main applications of acoustophoresis is separating CTCs (circulating tu-
mour cells) from blood components. Using a BAW-based acoustophoretic device,
Laurell's research team successfully separated three different prostate cancer cell
lines (DU145, PC3, and LNCaP) from WBCs [29]. They showed that pre-alignment
of the cells improves the separation performance. This group also designed an in-
tegrated chip to simultaneously separate cancer cells (DU145 prostate cancer cells)

from WBC and concentrate the cancer cells [30]. Also, Zalis et al. [31] used the



pre-alignment chip to separate live and dead cells (MCF-7 breast cancer cells and
hESC human embryonic stem cells). The same group then designed another inte-
grated chip that includes the pre-alignment idea [32] for separating and concentrat-
ing the cancer cells. Huang's research group investigated the separation of MCF-7
and HeLa human breast cancer cells from leukocytes rst numerically while treating
the cells as compressible particles, then experimentally using tilted-angle standing
surface acoustic waves (taSSAW) by optimizing the tilt angle numerically, [33],[4].
Later, they increased the study's throughput of isolating prostate cancer cells from
white blood cells (WBCs) using a hybrid channel to create an acoustic enclosure that
would increase acoustic energy density [34]. Wang et al. [35] designed a SAW-driven

multistage acoustic device to separate CTCs (U87 glioma cells) from RBCs.

Another popular cell separation application of acoustophoresis is separating the blood
components for varying diagnostic purposes. Laurell's research group proposed a
BAW device for switching contaminated plasma to clean plasma [36] [37]. They also
designed a device to separate red blood cells, platelets, and leukocytes from each
other [38]. Dykes et al.[39] separated platelets and WBCs. Nam et al. [40] used a
SAW-based acoustophoretic device to separate platelets from whole blood. Chen et
al. [41] also separated platelets from whole blood, improving throughput. Urbansky
et al. [42] designed an acoustophoretic device that enables the rapid and effective
separation of mononuclear cells from red blood cells, which uses the pre-focusing
idea to enable higher separation effectiveness. Also, Greenvall et al. [43] separated
lymphocytes, granulocytes, and monocytes from each other by prefocusing using a
BAW device. Petersson et al. [44] also used an acoustophoretic chip for determining

hematocrit.

Separating bacteria from blood cells is another unique application area of acoustophore-
sis. Ai et al. [45] separated E. coli from peripheral blood mononuclear cells (PBMCs)
using an SSAW-based device. Ohlsson et al. [46] experimented on an integrated
BAW-based chip that separates the bacteria (Pseudomonasputida, E. coli) from RBC,
enriches the isolated bacteria, and combines it with PCR for quick diagnosis of sepsis.
In another study [47] they improved the throughput of separation by matching buffer
acoustic impedance to the blood cells. Lately, Van Assche et al. [48] separated three

different bacteria types (S. aureus, E. coli and S. pneumoniae) from blood lysate by



utilizing acoustic impedance gradients present in the medium uid.

Acoustophoretic chips can also be used for studies involving different cell types. For

example, Xu et al. [49] separated sperm cells from a sample mixture.

Most of these studies depend on the size difference of the bio-particles to achieve sep-
aration. By adjusting the acoustic characteristics of the medium, Xie et al. presented
a SAW-based device to separate cells and particles depending on their density and
compressibility, regardless of their sizes [50]. They separated HelLa cells of different

densities as well as RBC and WBC using this arrangement.

1.4 Contributions and Novelties

Contributions and novelties in this thesis are:

Cells are modelled as elastic solids inside an acousto uidic channel, and their

trajectories are calculated.

Separation of cancerous and noncancerous cells not due to size but due to ma-

terial elastic properties like Young's modulus is simulated.

A detailed cell model is discussed and compared with a homogeneous cell

model in terms of acoustic manipulation.

A device-level simulation consists of a piezoelectric actuator, a chip, and a
channel constructed. With this model, same-sized particle-cell and cancer-

normal cell separation are numerically simulated.

For the rst time in literature, various chip materials were compared in terms
of their thermal, vibration, and focusing performances, as well as their impact

on the viability of cells.

A novel layered integrated chip is experimentally tested, and separation capa-

bility is demonstrated with polystyrene particles.
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1.5 The Outline of the Thesis

This thesis explores acousto uidic cell manipulation numerically and experimentally,
focusing on cancer cell manipulations.

In Chapter 1, an introduction to cell manipulation using acoustophoresis is presented.
The acousto uidic manipulation of cells in acousto uidic devices is investigated with

a literature review that includes the investigation of different numerical modeling ap-
proaches, such as how they modeled cells in an acoustophoretic device. The literature
study also looks into experimental studies on acoustic bio-particle separation. This
chapter concludes with the contributions and objectives followed by the outline of
this study.

Chapter 2 of this thesis contains the methodology and results of numerical inves-
tigations performed. First, the calculation of the radiation force by two different
numerical methods is introduced. Then an acousto-mechanical numerical method is
constructed and veri ed by an analytical method. Afterwards, methodologies for par-
ticle trajectory calculations and device-level simulations are given. Also, a detailed
cellmodel is presented and compared with a simpler cell model by utilizing its acous-
tic radiation force behaviour. Six different case studies are then investigated using the
constructed numerical model.

Chapter 3 of this thesis is dedicated to evaluating the chips to be used for cell manip-
ulation. Two different types of architecture are discussed. Using the rst architecture,
a comprehensive evaluation of the chip materials is conducted through a series of vi-
bration, focusing, temperature, and viability experiments to assess the performance
of various chip materials for cell manipulation. Afterwards, using the second archi-
tecture, utilizing the layered chip, which is designed for separating and concentrating
the bacteria from WBCs, preliminary experiments were carried out with 2 um and 12
um polystyrene particles.

In Chapter 4, the conclusion of this thesis is presented by summing up and discussing
the work and addressing possible future work.



CHAPTER 2

NUMERICAL STUDIES

2.1 Methodology

2.1.1 Calculating the Acoustic Radiation Force with the Perturbation Theory

Particles suspended in a uid in an acoustic eld move in the direction of the acoustic
pressure nodes or anti-nodes as a result of the acoustic radiation force. To simulate an
acoustophoretic effect, it is necessary to determine the acoustic radiation force acting

on the particles. The suspended particle experiences a harmonic force in the case of
a harmonic pressure wave. When time-averaged, the force value, however, becomes
zero. Therefore, second-order expansion should be used to incorporate the non-zero
compressibility of the uid and the nonlinear Navier-Stokes equations. The perturba-

tion theory is utilized for this. The theory states that the second-order expansion of

the pressure, density, and velocity elds is as follows:
P=Po+ Pt P2 = ot 1+ 2 V=VitVvp (2.1)

Assuming inviscid ow, inserting equation 2.1 in the Navier-Stokes equation and

taking the time averagehi denotes a time average operator) one gets,

r mzl = h 1@\/1i or(Vl r )Vli (22)

Using the approach presented in [51], rewriting the equation 2.2, in terms of rst-

order pressure and velocity elds, the second-order pressure can be expressed as,

. 1 1
i = 5 B 5o Vi (2.3)

2 ()Cgl



Integrating the total acoustic pressure along the particle surface determines the acous-
tic radiation force acting on the particle. The time-averaged value of rst-order terms
becomes zero since they are harmonic, leaving only second-order terms. The acous-
tic radiation force is then determined as the surface integration of the sum of time-
averaged second-order pressinmi() and time-averaged momentum uxgwv1Vii).

Here, integration surface& is any xed surface encompassing the particle due to
conservation of momentum since there is no external force nanmglthe surface's

(So) normal unit vector.

z

s 2,37

1 .
Frad = 50 V2 i+ oh(nv)vi dS (2.4)
Using a similar approach, the acoustic radiation torque, which is important in the

manipulation of non-spherical particles, is calculated by

1 2 -
= - + dSs (2.5
. 2 o3 p 50 Vi Nk o h(Mvp) wd (2.5)

2.1.2 Calculating the Acoustic Radiation Force with a Fluid-Structure Model
(FSI)

Another method to calculate the acoustic radiation force is using the direct nite dif-
ference time domain method. Using the approach presented in [52], a 2D axisymmet-
ric geometry is constructed using COMSOL. A standing wave is created by giving a
cosine wave as initial pressupét = 0) = pgcogKkoz). The channel width is selected

to be two wavelengths, 3 mm, where the wavelength i 1.5 mm (1 MHz is the
corresponding frequency). A polystyrene solid elastic particle with a radius of 50 um
is placed at the point where the acoustic radiation force is greatésaway from the
acoustic node. Since acoustic radiation force, which is a nonlinear force, needs to be
calculated for the particle, a time-dependent study is used. As the time progression
method, generalized alpha is used, and to ensure that the solution convergences, the
Courant—Friedrichs—Lewy (CFL) criterion is set. Also, wavelengths are resolved with

at least 45 elements. The mesh used in this study is shown in 2.1A. The simulation
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is computed for 8 ps (8 acoustic cycles), with a time €& 10 ® s. For the time

0:04 ps, the pressure distribution is shown in Figure 2.1B.

Figure 2.1: For Polystyrene Particle in 1 MH¢A) The mesh, which is zoomed
around the particle and the channel wé) Resulting pressure eld in the channel
after0:04 us the eld is turned on

The idea of this method is to exploit the fact that the nonlinear force in this case the
radiation force does not change its direction whernpgghehanges sign. Then using the
COMSOL model, the average displacement of the particle under the pressure initial
condition is computed to be,(t) when excitation is positive and, (t) when excita-

tion is negative. According to [52], the displacement due to nonlinear effects is the

Xp ()+ Xn

average of these two displacemenxig, = > ® A second-order polynomial is

tted to the calculated nonlinear displacement curve in order to determine the nonlin-
ear force. Using the polynomial, acceleration due to non-linear acoustophoretic effect
is determined, and the force is derived using Newton's Second Law of Motion. The
displacement plots for this case are shown in Figure 2.2, which were computed using

the COMSOL model and MATLAB software.

For this case, the acoustic radiation force is calculated to be 1,3777 nN, which is in
acceptable agreement with the 1,7015 nN value computed by Gorkov's approach [8].
However, this method is very time-consuming as opposed to the perturbation method
since it utilizes a time-dependent study. Thus, calculations for acoustic radiation

forces will be performed using the model described in the subsequent Section 2.1.3.
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Figure 2.2: The displacement curves and calculated second-order polynomial

2.1.3 Acousto-Mechanical Numerical Model

Figure 2.3: The 2D COMSOL Model for Calculation of Acoustic Radiation Force

In this model, an elastic particle placed in a planar standing acoustic wave eld is
modelled. This numerical model was built using COMSOL Multiphysics 5.6 soft-
ware. The channel is lled with water and is modelled using Pressure Acoustics,
Frequency Domain. Particles are modelled with the Solid Mechanics module in
COMSOL. The interaction of these two physics with each other is achieved using
the Acoustic-Structure Boundary module in COMSOL. All of the models are 2-

12



dimensional to reduce the computational effort since the computational burden of

numerical ow simulation will be added in the next steps.

The chip is modelled as a rectangular block and the particle as a circle. The back-
ground acoustic pressure eld in COMSOL is also used to model the incoming planar
standing wave. Re ective boundary condition is introduced for all walls of the chan-

nel.

The linear elastic particle with a radius of 40 um is positioned at a distance8of

from the acoustic node, where the acoustic radiation force is greatest. Acoustic wave-
lengths are resolved with at least 40 elements. This decision is based on the mesh
dependency study performed in [53] which shows that 8-10 elements within each
wavelength is suf cient for solving the acoustic elds by a nite element model.

By performing a frequency sweep between 1 MHz and 20 MHz, perturbation anal-
ysis was used to compute the acoustic force in the "y" direction for each frequency.
Equation 2.4 explained in the Section 2.1.1 was used in the calculation of the acous-
tic radiation force. The integral required for this force is taken over the integration
boundary shown in Figure 2.3. Due to the conservation of ux inherent in the system,
the boundary of the integral can be taken anywhere. Nevertheless, a larger boundary
is employed since numerical integration becomes more precise due to the presence
of more points in a larger circle. The example mesh and pressure distribution for

frequency 2 MHz for the polystyrene particle can be seen in Figure 2.4.

Figure 2.4: For Polystyrene Particle in 2 MH¢A) The mesh, which is zoomed

around the cell(B) Resulting pressure eld in the channel
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Acoustic forces resulting from this model are in [N/m] since the system is 2-dimensional.
With this numerical model, polystyrene particles, white blood cells, cancer cells and
healthy cells were modelled. The simulation parameters used in the numerical model

are given in Tables 2.1 and 2.6.

Table 2.1: Operation Parameters

Height of the Chip 1 [mm]
Width of the Chip 1 [mm]
Pressure Amplitude of the Incident Wave 0.1 [MPa]
Particle Radius 40 [um]
Frequency [1,...,20] [MHZz]

2.1.4 \eri cation of the Acousto-Mechanical Numerical Model

To verify the numerical model, it is necessary to calculate the acoustic radiation force
for an elastic cylinder positioned in a planar standing wave eld. The analytical solu-
tion given by Hasegawa [54] addresses the acoustic radiation force acting on elastic
cylinders. The momentum ux tensor (expressed in terms of the total pressure or ve-
locity potential eld) must be averaged over the target surface and over time in order
to determine the acoustic radiation force. Therefore, the total linear acoustic scatter-
ing area distorted by the cylinder whose center is situated at a distaftoen the
maximum pressure is calculated in order to compute the acoustic radiation force. Ac-
cording to [55], the following boundary conditions must be met for an elastic cylinder
when placed in an ideal uid: The displacement and normal stress must be continu-
ous, whereas the tangential stress must be equal to zero. These boundary conditions

lead to three equations for the cylinder whose axis is parallel to the standing wave
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plane and propagates in the y-direction, each of which has three unknowns.

Vi 12 13
Vo 22 23
V3 32 33
S, = (2.6)
11 12 13

21 22 23

31 32 33

Here, the components of the determinants are calculated as,

0
1= —x3H I’(ll) (X)
C

2= 207 x5 Jn(X1)  2x132(x1)
2n (x2J2(X2)  Jn (X2))

xH {"(x)

13

21
22 = X133 (X1)

23 = NJn (X2)

31=0

52 =20 (Jn (X2)  X1dp (X2))

313 =2X200(X2)  2n* x5 Jn(X2)

(2.7)

0
Vi = _X%Jn (X)
c

V2 = XJ r?(x)

v3=0
Here o and . are de ned as the density of the liquid and the cylinder, respectively.
The n™ order Hankel function of the rst kind denoted by,ﬁl) , while n!" order
Bessel function of the rst kind denoted k. Hr(]l)0 andJ? represent derivatives of
the same functionx is de ned asx = kpa wherek, is the wave number aralis the
radius of the cylinderg, is the sound velocity of the uidg; andc, are the cylinder's
longitudinal wave velocity and shear wave velocity. The other parameters are de ned
asx; = Xc&i andx, = Xc&;' Following that, the acoustic radiation force per unit
length of the cylinder in the wave propagation direction (y-direction) is calculated as
follows:

Fy2 = FgSchEqdi sin(koh)  [N=m] (2.8)
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HereE,. = %fzc’z is the acoustic energy density in the standing wayés the pressure

0
amplitude of the standing wave aisd = 2a is the cross-sectional area for a unit-
length cylinder. Also, scattering coef ciel$, in Equation 2.7 is a complex humber

which consist of real and imaginary components,
Sn = L+ i n (29)

Finally, the normalized acoustic radiation force is de ned as,

AR
Fa= = (D™ [0(@+2 na)  ra (142 )] (2.10)
n=0

The particle's longitudinal wave velocityc{) and shear wave velocitycf) are re-
quired to calculate the analytical results. These properties are found for linear elastic

materials using Young's moduluk{, density () and compressibility () as follows.

B =1
-1 1E
2 6B
e B 1
te 1+ )1 2) (2.11)
E
G= s
s+ )
G
02: J—

Here,B andG denote the bulk and shear modulus of the material, respectively, and

denotes the Poisson's ratio.

The previously de ned analytical method was solved with MATLAB software, the
numerical method was solved with COMSOL software, and the acoustophoretic force
on a single particle modelled with its mechanical properties (elastic modulus and
compressibility) was calculated. Figure 2.5 show the comparison of the analyti-
cally and numerically calculated normalized acoustic radiation function versus x=ka
(particle radius multiplied by the wave number) for a polystyrene particle and also
compares modelling the polystyrene particle as a solid elastic domain against a uid
(acoustic) domain, which is highly popular in literature. For particles with small size

(a << ), the acoustic modelling and elastic modelling of the particle give similar
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results. But when the particle size is larger or frequency is higher, discrepancies be-
tween solid and acoustic modelling begin to appear. Since solid elastic modelling also
incorporates shear behaviour, it is more inclusive; hence, solid elastic particle mod-
elling should be utilized at higher frequencies or for modelling large particles. Figure
2.6 show the comparison of the analytically and numerically calculated normalized
acoustic radiation function versus x=ka for a white blood cell modelled as an solid
elastic domain. As both gures demonstrate, the numerical approach yields ndings
that are comparable to those of the analytical approach. Thus, the acousto-mechanical
numerical simulation approach, which will be used in the following sections, has been

veri ed.

Figure 2.7 shows the analytically calculated normalized acoustic radiation force ver-
sus x=ka for cancer and healthy cells modelled as a solid elastic domain. The material
parameters are given in Table 2.6. From this gure, it can be seen that under identi-
cal conditions, the force exerted on the normal cell is generally higher than the force

exerted on cancer cells.

Figure 2.5: Comparison of numerical and analytical approaches as well as acoustic

and solid modelling for the polystyrene patrticle
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Figure 2.6: Comparison of numerical and analytical approaches for the white blood

cell

Figure 2.7: Normalized acoustic radiation force calculated by Hasegawa's approach

for normal and cancer cell
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2.1.5 Particle Trajectory Calculation

Without accounting for inertia and gravitational forces, the force equation for a parti-
cle in a uid travelling under the in uence of acoustic radiation is found by balancing

the acoustic radiation forde,,q with the viscous drag force gag -

X
F=Frd * Faag =0 (2.12)

For a single particle, the viscous drag force in Stokes ow can be described as,
Faag = Cu (2.13)

WhereC is the drag coef cient andi is the velocity of the particle. Also, for a

spherical particle, the drag force takes the form of,
Faag = Cu= 6au (2.14)
where is the viscosity of the uida is the radius of the sphere.

For a cylindrical particle of unit length which is the case for our 2D simulations, the

drag force takes the form of [56],

8 a

F = Cu= ——=—u 2.15
drag In(%) ( )

Where is the Euler constant = 0.57721, aReé is the Reynolds Number. Hence,

the velocity of the particle due to acoustic radiation force can be calculated as,
u=C Fru (2.16)

Note that, for 2D simulations, one needs to calculate the velocities in the x and y
directions and angular velocity in the z-direction. Converting these equations to a
linear system of equations, F,q andFg,g are in the form o8 1 matrices and

the drag coef cientis3 3 matrix for 1 particle. In this thesis, velocities are,

2 3
Uy
u= EUVZ (2.17)

w
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For simulatingn number of particlesy, Fag andFg,g are in the form of3n 1
matrices and the size of the drag coef cient matrix8is  3n. This drag coef cient

matrix may or may not incorporates the hydrodynamic particle-particle interactions.

Figure 2.8: Program ow for the trajectory calculation

For calculating the velocities, thus the trajectories of particles, the acoustic radiation
and hydrodynamic forces existing on cells and/or particles need to be calculated. Us-
ing the 2D COMSOL model that was previously de ned in Section 2.1.3, the acoustic
radiation force in the x and y directions falling on the cells and particles was esti-
mated. The acoustic radiation torque is not included since the particles are spherical,
and it was seen that it does not change the overall motion of the particles. This COM-

SOL modelis incorporated into a Matlab code that uses the boundary element method
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(BEM) to solve the Stokes ow equation for the given system while considering hy-
drodynamic particle-particle interactions and outputs the drag coef cient matrix. This

BEM-based ow code was developed by Barbaros Cetin's group [1].

Using the acoustic radiation and drag forces falling on the cells, the velocities of
the cells are calculated using Equation 2.16. Assuming the velocity does not change
signi cantly during the time step, the velocities are multiplied with the time step to
obtain the new positions of the particles and/or cells. The velocities are again calcu-
lated at the new location until the nal time step is reached. The program ow is given
in Figure 2.8. This procedure for estimating particle trajectories was implemented in
[57].

2.1.6 Device Level Simulation

Figure 2.9: The 2D numerical model for the acoustic device

A simple glass chip model is used to analyze a device-level simulation that addition-
ally incorporates the piezoelectric effect and chip geometry into account, which is
very similar to the model in the study [57], but in this study, the particles and cells
are treated as elastic materials. The material properties are given in Table 2.6. The
channel is modeled using the pressure acoustics module, the chip is modeled using
the pressure acoustics with the chip's attenuation, the particles/cells are modeled us-
ing the solid mechanics module, and the piezoelectric actuator is modeled using the

solid mechanics module with electrostatic coupling. The chip vibrates as a result of
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the piezoelectric material being subjected to a voltage, which also causes it to vibrate.
The domain and boundary conditions are given in Figure 2.9 . This COMSOL model
is incorporated into the Matlab code that employs the boundary element approach to

solve the Stokes ow equation for the speci ed system used in the previous section.

2.1.7 Cell Modelling

The studies in this section will use the previously veri ed acoustic force calculation
methodology. The elastic modulus and Poisson's values determined as a result of
the literature study will be used in the COMSOL numerical simulation program, and
the forces on the cancerous and non-cancerous breast cells will be calculated. Two
different methods will be used here. In the rst approach, the cell will be modelled as

a homogeneous structure, and it will be examined whether there will be a difference
between the acoustic forces acting on cancerous cells and non-cancerous cells. In the
second approach, a more detailed model will be created by modelling the cell wall,
cytoplasm and cell nucleus. It will be examined whether the results found in this

model show parallelism with the rst approach.

2.1.7.1 Homogeneous Cell Model

This numerical simulation study assumes the cell has a homogeneous structure. The
rectangular structure in Figure 2.10 is a two-dimensional representation of the straight
portion of the micro uidic channel in the acoustophoretic device. The acoustic pres-
sure eld formed by vibrating the lower and upper walls is shown in Figure 2.10. The
frequency is 740 kHz which is the resonance frequency of the channel. The small
dot visible near the lower wall in the middle of the channel indicates a homogeneous
cell. The cells are considered as elastic solid domain, and the elastic modulus and
compressibility values used are given in Table 2.6. The radius of the cells is taken as
9.3 um. The results for the acoustic radiation force on cancerous and non-cancerous

cells with the approach we validated in Section 2.1.4 are shown in Table 2.2.
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Figure 2.10: Channel geometry and the pressure distribution

Table 2.2: Homogeneous Cell Model-Based Calculation of Acoustic Radiation Forces

Cell Type Acoustic Radiation Force [N/m]
Healthy Cell 5:2910 10
Cancerous Cel 311943 107

Table 2.2 shows the force falling on cancerous and non-cancerous breast cells of
the same size (the different parameters are the elastic modulus and compressibility
values). According to these calculations, there is a 1.66-fold acoustophoretic force
difference between a same-size cancerous cell and a non-cancerous cell. These cal-
culations indicate that the force exerted on non-cancerous cells is greater than the

force exerted on cancer cells of the same size.

Figure 2.11 shows the displacement values due to acoustic forces on the cancerous
cell. As can be seen, the difference between the lowest displacement value and the
highest displacement was calculated as approximatély10 ° m. Since it is known

that the cell diameter is in the order of ten micrometers, the resulting strains will be
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less tharl0 2 m. In this case, it was decided that hyperelastic modelling of the cell

is not necessary due to the small strains present in the system.

Figure 2.11: Deformation that the normal cell is exposed to under the acoustic eld

2.1.7.2 Detailed Cell Model

Figure 2.12: Detailed Cell Model
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A detailed cell modelling is performed in this part. This model aims to understand
whether homogeneous particle modelling and detailed cell modelling will yield sim-
ilar results. For this reason, a structure used in the literature to understand cell vibra-
tion, modelling the actin structure in the cell membrane, the cytoplasm inside the cell,

and the cell membrane, which is harder than other parts, was used in this study.

The representation of this described structure is shown in Figure 2.12. The channel
structure and frequency used in the previous example are reused. The mesh used in
the structural mechanical solution of the cell under the acoustic eld is also shown in
Figure 2.13.

Figure 2.13: The constructed mesh that is also zoomed around the cell

The elastic modulus, compressibility and density values of the actin membrane, cyto-
plasm and nucleus of the non-cancer cell used in the modelling are given in Table 2.3.
In parallel with the previous literature review, the elastic modulus of the non-cancer
cell was 1000 Pa, and the modulus of the cancer cell was 500 Pa. Both cell types were

considered to be the same size (9.3 um).
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Table 2.3: Material Properties used in the Detailed Cell Model

Structural Region in the Cell Normal Cell Cancer Cell

Actin Membrane

Density[28] 1068[kg/m°] 1068[kg/m°]
Compressibility [28] 377 10 Y[Pal] 422 10 Y[Pal]
Young's modulus 1000[Pa] 500([Pa]
Cytoplasm

Density[27] 1050[kg/m°] 1050[kg/m°]
Compressibility [28] 377 10 Y[Pal] 422 10 Y[Pal]
Young's modulus [27] 700[Pa] 350([Pa]
Nucleus

Density[27] 1300[kg/m°] 1300[kg/m°]
Compressibility [28] 377 10¥P[Pall 422 10 1°[Pal]
Young's modulus [27] 7000[Pa] 3500[Pa]

Similar to the previous (homogeneous cell structure) sample study, the force falling on
the cancerous and non-cancerous cells by frequency is shown in Table 2.4. Force val-
ues similar to those of the previous simulation were obtained. These calculations re-
veal that the force exerted on non-cancerous cells is approximately 1.56 times greater
than the force exerted on cancer cells of the same size, which is very close to the nd-
ings of the previous homogeneous cell study (in the previous study, this value was
1.66.). This much difference in force between these homogeneous and detailed cell
modellings is decided to be negligible according to device level separation simula-
tions done on Section 2.2.5. Although there was a much greater difference in force
in those simulations (approximately 1.6 times), the cancer cells could be separated
barely. Therefore, a% change in the force is likely to result in any differences. So,

a similar force behavior with a negligible difference is observed between the simple
homogeneous model of cells and the more detailed (membrane, cytoplasm, and nu-
cleus) model, so the simple homogeneous model will be used in the remaining parts
of the study.
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Table 2.4: Detailed Cell Model-Based Calculation of Acoustic Radiation Forces

Cell Type Acoustic Radiation Force [N/m|
Healthy Cell 5:8550 10 ’
Cancerous Cel 3:7500 10

2.2 Case Studies

In this section, the separation of various cells and/or particles are simulated by using
the previous acousto-mechanical model and calculating their trajectories using the
approach presented in Section 2.1.5. Then a device model simulation is presented

using the approach in Section 2.1.6.

Table 2.5: Operation Parameters for the Sections 2.2.1, 2.2.2, and 2.2.3

Height of the Chip 1 [mm]
Width of the Chip 3 [mm]
Pressure Amplitude of the Incident Wave 0.15 [MPa]
Frequency [750] [kHz]
Polystyrene Particle Radius 9.3  [um]
Cancer Cell Radius 9.3  [um]
Healthy Cell Radius 9.3 [um]
WBC Radius 7.5  [um]
Bacteria Radius 04  [um]

2.2.1 Separation of Breast Cancer Cells from Same Sized Polystyrene Particles

In this section, a ow simulation of same-sized cancer cells and polystyrene particles

was performed at 750 kHz.
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(a) Trajectories of cancer cells (red) and polystyrene particles (blue) with same positions on the y-axis

(b) Trajectories of cancer cells (red) and polystyrene particles (blue) with different positions on the

y-axis

Figure 2.14: Trajectories of cancer cells (red) and polystyrene particles (blue). Initial
positions are shown in green. At 4s, it was observed that the polystyrene particles

travelled to the center of the chip faster than the cancer cells.

The chip height is set to be half-wave. The material properties are given in Table 2.6.

The operation parameters used in the study are given in Table 2.5.
Cancer cells and polystyrene particles with identical and different positions along the
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y-axis were placed in the channel. In this investigation, a total of 16 particles and
cells are employed, all of which have beginning locations that are near the channel
walls. The trajectories were computed using a time step of 0.04 seconds over a period

of 2.5 seconds. Figure 2.14 displays the ndings.

As can be seen from Figure 2.14, both cancerous cells and polystyrene particles
moved towards the middle of the channel. However, although the polystyrene par-
ticles were the same size as the cancer cells, they reached the middle of the channel
faster. Also, the differences in the ultimate positions were higher between cancer cells

and polystyrene particles when they were aligned on the y-axis.

2.2.2 Separation of Breast Cancer Cells from Non-Cancerous Breast Cells

In this section, the ow simulation of cancer and healthy cells was performed again
at 750 kHz. The material properties are given in Table 2.6. The operation parameters

used in the study are given in Table 2.5.

Cancer and healthy cells were inserted into the channel again from identical and dif-
ferent locations along the y-axis. The study uses a total of 16 cells with starting
locations that are near the channel walls. It is considered that both cancerous and
non-cancerous cells have the same diameter. The trajectories were computed using a
time step of 0.04 seconds over a period of 4 seconds. Figure 2.15 demonstrates the

results.

According to the trajectory graphs shown, both cancerous and noncancerous cells
travelled toward the channel's center. Due to their mechanical properties, non-cancerous
cells reach the middle of the channel faster than cancerous cells. Additionally, when
aligned on the y-axis, the difference in the ultimate positions of cancerous and non-
cancerous cells is greater, similar to the previous case study. This study is valuable
since it demonstrates the size-independent separation of cancer and non-cancerous

cells.
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