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ABSTRACT

MECHANICAL CHARACTERIZATION OF CELLS AND
TISSUES BY SCANNING ACOUSTIC MICROSCOPY
AND OPTICAL TWEEZERS

Cell and tissue mechanics has a vital role in several pathological and physi-
ological processes. Mechanical perturbations produce numerous biological processes
within a cell or a tissue, which can result in mechanical changes. Thus, examination
of the underlying mechanical characteristics of biological surroundings is a promising
and important research area for the diagnosis and prognosis of diseases, especially in
cancer. To delve into this, we first proposed the application of Scanning Acoustic
Microscopy (SAM) for monitoring diffusion of sodium ion, which is known to regu-
late bodily functions and biological processes, by time-dependent acoustic impedance
measurements on the soft tissue-mimicking agarose phantom. We established a lin-
ear correlation between the alterations in the phantom concentration and its acoustic
impedance distribution. The second question in this thesis was to whether establish
a correlation between cumulative irradiation doses and the mechanical properties of
the human teeth or not. Here, 320 MHz SAM in micrometer resolution was used to
characterize the acousto-mechanical effects on human teeth after radiation therapy ap-
plication, which is applied to cure head and neck cancer patients. Apart from SAM,
this thesis introduces a dual-beam optical tweezers study for the quantification of red
blood cell deformability as a determinant factor to assess cell reactions to radiotherapy
on the cell cortex level. These two imaging techniques were used to understand the
mechanical variations in response to exterior stimuli in biological matter. For each
experiment, this thesis revealed the advantages and disadvantages of these methods

and the reasons behind the findings from the physical and biological points of view.
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OZET

TARAMALI AKUSTIK MIKROSKOP VE OPTIK CIMBIZ
ILE HUCRELERIN VE DOKULARIN MEKANIK
KARAKTERIZASYONU

Hiicre ve doku mekanigi cesitli patolojik ve fizyolojik stireclerde hayati bir role
sahiptir. Mekanik pertiirbasyonlar hiicre veya doku i¢inde sayisiz biyolojik siire¢ tiretir
ve bu da mekanik degisikliklere neden olabilir. Bu nedenle biyolojik cevrenin altinda
yatan mekanik oOzelliklerin incelenmesi, ozellikle kanserde hastaliklarin tani1 ve prog-
nozu i¢in umut verici ve onemli bir aragtirma alanidir. Bunu aragtirmak icin, ilk
olarak, viicut fonksiyonlarini ve biyolojik siirecleri diizenledigi bilinen sodyum iyonunun
difizyonunu izlemek icin yumusak dokuyu taklit eden agaroz fantomunda zamana
bagl akustik empedans 6l¢iimii ile Taramali Akustik Mikroskopi (TAM) uygulamasini
onerdik. Fantom konsantrasyonundaki degisiklikler ile akustik empedans dagiliminda
dogrusal bir korelasyon olusturduk. Bu tezdeki ikinci soru, kiimiilatif iginlama dozlari
ile insan dislerinin mekanik ozellikleri arasinda bir korelasyon olup olmayacagi idi. Bu-
rada, kafa ve boyun kanseri hastalarini tedavi etmek i¢in uygulanan radyasyon tedavisi
uygulamasindan sonra insan digleri iizerinde akustik-mekanik etkileri karakterize etmek
i¢in mikrometre ¢oziintirligiinde 320 MHz TAM kullanildi. TAM disinda, tez, hiicre
korteks seviyesinde radyoterapiye hiicre reaksiyonlarini degerlendirmek igin belirleyici
bir faktor olarak kirmizi kan hiicresi deforme edilebilirliginin 6l¢iilmesi icin ¢ift 1gmlh
bir optik cimbiz caligmasi sunar. Bu iki goriintiileme teknigi, biyolojik maddede dig
uyaranlara yanit olarak mekanik varyasyonlar: anlamak i¢in kullanilmigtir. Her deney
i¢in bu tez, bu yontemlerin avantajlar: ve dezavantajlari ile birlikte fiziksel ve biyolojik

acidan bulgularin ardindaki nedenleri ortaya koymustur.
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1. INTRODUCTION

1.1. Cell and Tissue Mechanics

A living-cell is a complex biological machine, which can sense and respond to ex-
ternal stimuli resulted from its exterior through triggering mechanical responses con-
sisting of cell differentiation, growth, proliferation, motility, adhesion and apoptosis
along with architecture development and cytoplasm dynamics [1-5]. Cells and tissues
become reactive when exposed to physical forces by regulating their shape, behavior,
and function. This interactive ability of cells is critical for keeping homeostasis of tis-
sues during embryonic development and health. Many normal and abnormal states of
cells, tissues and organs are thus influenced by how they mechanically communicate
with the surrounding. On the one hand, much of our knowledge about them is bio-
chemical. On the other hand, cell mechanics is of primary importance in controlling
a broad range of biological processes on cell and tissue levels [6]. Hence, apart from
biochemical investigations, the interpretation of how mechanical characteristics have
an impact on the function and behavior of cells and tissues concerning their environ-
ment in normal and in abnormal states plays a key role. This necessitates a thorough
understanding of physical forces, elasticity or stiffness feature existing within and on
the cortex of the cells from micro to the nanoscale [7,8]. The underlying mechanical
characteristics of cells and tissues monitor the regular and unusual health conditions
of living-beings, and have been considered to be markers for early identification of
diseases. Any alterations in the mechanical characteristics can lead to a disruption in
normal physiological functions of cells and tissues (e.g. reorganization of the cytoskele-
ton), and hence develop diseases such as cancer, heart dysfunction, inflammation and
so on [9-13]. Accordingly, the underlying mechanical characteristics of biological mat-
ter have originated as a potential way to characterize and identify the diseases. This
has led to an introduction of a new research focus, which combines cell biology and
mechanics [14]. This focus enables scientists to understand further both how cellular

structures develop and how cells communicate with their exterior.



Cell and tissue responses to external inputs can be viscous, elastic, or viscoelastic,
along with active or passive. Representative mechanical properties are stretchiness
(elasticity), viscoelasticity (viscous dissipation), stiffness and adhesion. Above all,
clasticity and stiffness have essential roles in cellular functions [15]. Elasticity is the
property of a material to resist deformation caused by an applied force and then return
to its original shape after force removal. Stiffness is the extent of a material’s rigidity to
the external force, that based upon the shape, material mass and the diameter [16,17].
In the human body, mechanical features vary remarkably between organs and tissues,
which is quantified on the order of from kPa to GPa (i.e. breast tissue, teeth and

bone).

Structural organization of cell interior preserves the mechanical characteristics
and integrity of the cell such as cytoskeleton [18]. From the physics point of view,
the cell can be considered as a biological machine comprising inhomogeneous materials
that accord with the cytoskeleton, nucleus, and other constituents. In the mechanical
architecture of the majority of the cells, microtubules, actin filaments (F-actin) and
intermediate filaments are the major components of the cytoskeleton, reinforcing the
interior of the cell with structure and shape, see Figure 1.1 (Created with BioRender).
They are all rigid, and they can vary markedly in the degree of their stiffness. The in-
terior compartment is filled with a vast amount of membrane structures and liquid-like
environment, cytoplasm. Elements of cytoskeleton have interactions with organelles
and membranes. The cytoskeletal components together with cytoplasmic constituents
reflect the viscoelasticity of the cells [19]. Also, the cytoskeleton has a key role in
cell movement, intracellular and extracellular transportation, cell division and other

physiological processes [3].

Actin filaments are the most prominent cytoskeletal filaments. They can resist
both tensile and compressive forces. Through elongating or depolymerizing, actin fila-
ments are able to produce force. Actin polymerization and depolymerization processes
also make the cell reactive to external stimuli [20]. Actin-myosin perturbation and

damage in cytoskeletal meshwork can be visualized as the stiffness of cells that has a
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Figure 1.1. Cell mechanical architecture consisting of microtubules, the intermediate
filaments and the actin filaments (F-actin). Also, the cell mechanics is determined by
its cell border (or cell membrane), nucleus and cytoplasm (a colloidal liquid-like

region between cell membrane and nucleus).

key role in cellular functions, and is an extensively quantified mechanical parameter

for quantification of cell viscoelasticity.

Diagnosis and/or prognosis of cancer is one of the most important study areas
of cell mechanics concerned with determining the intrinsic and extrinsic mechanical
properties of cells. The tools developed to measure biomechanical properties of cells
and tissues have showed that alterations in cell mechanics are indicators of cancer
since a high elasticity may differentiate cancer cells from non-cancerous cells [11,13].
Intrinsic and extrinsic mechanical responses of cells and tissues to exterior inputs have
largely been investigated by four unique methods: optical tweezers, magnetic tweezers,
acoustic tweezers and atomic force microscopy (AFM), as shown in Figure 1.2 [18,21-

23]:

AFM uses a tiny cantilever tip application to create a deformation in the cell

among the currently used tools to quantify the biomechanical characteristics of biolog-
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Figure 1.2. Schematic classification of experimental instruments commonly used for

mechanical characterization at the cell and tissue levels [3,24].

ical media. Local mechanical and adhesive characteristics can be scanned along the
surface of the single cells by extracting the deflection of the cantilever tip. AFM offers
nanometer resolution, which is greater than any light microscope resolution, by a typ-
ical force range varying from piconewton (pN) to nanonewton (nN). This force range
matches the pathophysiological stiffness range of biological samples. AFM is capable of
operating in a liquid-like environment. It also can propose a visualization of biological
samples in a real-time manner. However, direct interaction with the target is one of

the significant limitations since it may deform the integrity of the target [25,26].

Mechanical properties related to cell and tissue state can also be obtained by op-
tical tweezers. The working mechanism of optical tweezers is dependent upon a focused
laser beam to produce a potential well for trapping of micron or nano sized particles in
a region that is close to the beam focus. Mostly, microbeads (e.g. polystyrene or silica)
are attached and used as handles during experiment to trap and manipulate cells and

organelles. Optical tweezers can also be employed to quantify the interaction force of



a living-single cell to a various kinds of extracellular matrix (ECM) substrates, and
to investigate the physical interactions in the cellular and subcellular level [21,27-31].
However, conventional optical tweezers, which are mostly used to trap and stretch bi-
ological samples, encounter major limitations such as a high spring constant relative
to the elasticity modulus of the sample. Furthermore, non-physiological handling by
surface attached microbeads can also result in measurement artifacts. Although each
technique may give similar results, the optical tweezers modality ends up being the

preferred application for studying with biological matters.

In cell mechanobiology, magnetic tweezers probe molecular forces, trap and ma-
nipulate cells such as single molecule force measurements or extra and intracellular
micromanipulation through applying torque using tiny magnetic beads. With high
sensitivity, this tool allows measuring forces that change from pN to nN under the
effect of a varying magnetic field. Magnetic tweezers lacks experimental resolution be-

cause of the visual data recording methods employed during the investigations [32,33].

Acoustic tweezers allow studying the mechanical properties of biological media
through the approach that radiation pressure at the contact point of a sound beam
is able to yield a stable potential well. The sound beam in acoustic tweezers has low
intensity power and low influence of viability of cells. Hence, this technique is accepted
as highly cytocompatible. Using sound waves that are obtained by the incorporation
of piezoelectric transducers, manipulation of biological media can be achieved without
the requirement of interaction, surface modification of labelling. However, mechanical

stress application can be counted as a drawback of this method [24, 34].

This introductory chapter has reviewed the importance of cell mechanics and
currently available imaging methods. They have become hot research fields in both
pre-clinical and clinical practices since the biomechanical features of biological media
are closely related to physiological and pathological states. Nevertheless, the use of
biomechanical parameters in clinical settings is at an early stage, and numerous essen-

tial problems remain to be addressed. Thus, new methodologies need to be developed,



which are completely non-harmful, easy-to-handle, and measuring mechanical proper-
ties at high speed. Further knowledge in cell mechanics will elucidate understanding
cells or tissues and their functions broadly, and provide novel perception for diagnosis

and prognosis of diseases.

Thus, this thesis intends to highlight the applicability of Scanning Acoustic Mi-
croscopy and Dual-Beam Optical T'weezers in cell and tissue mechanics by setting
acoustic impedance and deformability as the principal mechanical parameters to fur-
ther elucidate biological surroundings’ mechanical responses to external inputs. De-
tailed literature review for ultrasound imaging and optical tweezers will be explained

in the remainder of Chapter 1.

1.2. Ultrasound Imaging

A mechanical collision produces vibrations on particles within the observed target.
The vibration develops a longitudinal wave or compressional wave, where back and
forth particle dislocations are parallel to the direction of sound wave travel. Vibrations
or waves encountering a vibrating source on-air generate audible sound recognized
through the human ear. The frequency interval of human hearing is ranging from
20 Hz to 20 kHz. Almost all types of vibrations are termed as acoustic, while those
of too high a tone of sound for the human hearing to notice are also specified as
ultrasound. Namely, the sound yielded with a frequency higher than 20 kHz is employed
as ultrasound. Ultrasound points out a mechanical pressure wave traveling through a
medium. As the wave propagates, alternate compression (C') and rarefaction (R) of
pressure (P) lead to oscillations of particles around their equilibrium state. On the
one hand, high-pressure defines compression, in which that wave particles are jointly
positioned. On the other hand, low pressure defines rarefactions by wave particles
thinly positioned within this region, see Figure 1.3. In terms of physical features,

ultrasound does not differ from audible sound [2,35, 36].
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Figure 1.3. Characteristics of ultrasound waves [36].

Figure 1.4 illustrates spectrum of sound and its applications. In the early 1970s,
the use of ultrasound technology and its application in medicine became an approved
monitoring tool when the first gray-scale ultrasound image together with nonlinear
compression dynamic range was introduced [37]. Reducing the dynamic range of the ul-
trasound image, the compression empowered the imaging methodology to obtain much
more detailed information about the structure of the tissue. Later, significant progress
was made to understand high-frequency sound wave interaction with biological matter,
which in turn permitted the ultrasound technology to mature. A variety of diagnostic
tests for diseases such as cancer are available in the market, including Positron Emission
Tomography (PET), Magnetic Resonance Imaging (MRI) and Computed Tomography
(CT). Ultrasound imaging offers three fundamental benefits over those technologies:
real-time monitoring ability, relative low cost and non-ionizing radiation during the

measurement [38].

Ultrasound imaging has a key role in cancer diagnosis and prognosis due to its
relative low cost, sub-millimeter spatial resolution, easy operation and non-ionizing na-

ture. Cancer monitoring by clinical ultrasound scanners are performed by brightness
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Figure 1.4. Frequency range of ultrasound and its applications (adapted from [2])).

mode (B-mode) ultrasound imaging. Ultrasonic probes are used to convert electric
pulses into acoustic waves. They have the capacity to transmit acoustic waves and
recognize resulting reflections from ultrasound-biological matter interaction to con-
struct an image in B-mode ultrasound. Acoustic concentration, acoustic impedance,
compressibility, scatterer size are the characteristics that lead to a contrast in the ul-
trasound image of the matter. Ultrasound scattering by a non-cancerous tissue and a
cancerous tissue is mostly different because of the numerous mechanical and structural
transformations in disease progression. This leads to a detectable contrast difference
between the non-cancerous and cancerous tissue. Hence, ultrasound imaging can dis-
tinguish cancerous region from its non-cancerous counterpart using the acoustical char-
acteristics of the tissue. Frequencies in medical ultrasound for diagnosis and prognosis

vary from 1 to 15 MHz. The optimum ultrasonic frequency is selected considering the



location of tissue in the body, depth penetration and spatial resolution [38,39].

Frequencies above 20 MHz have been greatly studied to increase the image reso-
lution in skin, ocular, liver and small animal imaging in pre-clinical settings [40]. High-
frequency ultrasound imaging (10-60 MHz) offers a micrometer resolution that is able
to reflect fine details of the biological media. The ability of high-frequency ultrasound
imaging is tested to understand further the mechanism behind tumor growth, angiogen-
esis and drug influences, and anticancer therapies in preclinical models [41-44]. Gener-
ally, in clinical ultrasound imaging, the reflectivity of the tissue as a function of depth is
analyzed. However, frequency analysis of the scattered signal is not presently employed
in clinical settings. To acquire more information about the micro-environment of the
biological matter, backscattered frequency spectrum quantification has been employed
in research laboratories [45-49]. However, there are still limitations that require to be
addressed to interpret the micromechanical complexity of biological surroundings, and

advance the current ultrasound imaging.

As previously mentioned, Chapter 2 and 3 of this thesis will describe microm-
eter resolution ultrasound application for biomedical requirements in pre-clinical as-
sessments, specifically for cancer and anticancer treatment effects. The fundamental
physics behind ultrasound imaging and physical characteristics of the ultrasound probe
defining the resolution and depth penetration will be discussed in detail in the remain-

der of Section 1.2 and Sub-chapter 1.3.
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1.2.1. Sound Propagation

Sound is a mechanical energy carried within a continuous, elastic environment
through the action of elastic stresses and it contains local compression and expansion
of constituent particles. The presence of acoustic waves is directly explicated through
the compressibility x and density p of an object jointly the conservation of mass and

momentum laws. The wave propagates at a sound speed ¢, expressed by [50],
c=4/—, (1.1)

in which & refers to the compressibility and p is the density of the surrounding. Acoustic
waves are described using the wave equation, which is one of the classical partial
differential equations of physics. They are three-dimensional (3D) time-dependent
waves. In terms of spatial domain, they are expressed by three spatial variables z, ¥,
and z, and time £. When the wave travels inside the matter into x, y and z direction,
the particles are moved from their balances, and the plane wave, ¢(7,t) is described by

the following equation.
O(F, 1) = poe! 175D (1.2)

where the parameter r refers to the plane wave propagation into x, y and z direction,
and it is defined as X,; + Yay + Zqz, k expresses the wave number, k =w/c, and w is the

angular frequency.

Besides, the three-dimensional wave equation is given by using Laplacian operator

2 _ 9 | 9 | &
v _Bz2+8y2+822'

”2  9r 1 0%¢(7,
(— + =+ —) O(7t) = 0_2—(25; ) (1.3)

When a plane wave propagating through one dimension such as z-direction, the wave
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equation is given as follows

Polnt)  10°0(21)
022 2 o2

(1.4)

Substituting the first and second derivatives of plane wave with respect to time and

z-direction, the Laplacian will be equal to

Vi = —k?*¢. (1.5)

Using the Laplacian definition above and the time derivation of the plane wave, dis-
persion relation is obtained, which relates angular frequency w, wave number k and

sound speed ¢ [2,50] as
w? = 2k (1.6)
The properties of an acoustic wave comply with the characteristics of the material

element, where it is travelling through the acoustic impedance, 7, which is defined

dividing pressure by particle velocity [51]:

(1.7)

Inserting pressure and velocity into Equation 1.7 and using k¥ =w/c and k = 1/pc? one

obtains,

Z = pe. (1.8)

The SI unit for acoustic impedance Z is kg:/m?s which is also expressed as Rayleigh
(Rayl). Principally, the acoustic impedance can be identified as the rigidity or the
flexibility of a compressible medium, and is a measure of how particles within the

medium act under the effect of the sound wave pressure.
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1.2.2. Reflection and Transmission

Sound wave interaction with the matter is characterized through acoustic proper-
ties. When acoustic pressure passes through the medium, variations in the mechanical
features lead to the ultrasound waves to experience interactions covering reflection,
transmission, refraction, absorption, and scattering. Ultrasound is reflected when it
strikes the boundary between two regions where there is a variation in compressibility
or density [50,51]. To be more informative, the reflection of ultrasound energy arises
at an interface of two regions in which there is a difference in the neighbor matters’
acoustic impedance. When a perpendicular sound wave strikes a medium having an
acoustic impedance, Z;, to a medium of acoustic impedance Z5, a portion of the sound
intensity turns back to the transducer as an echo, and transmitted fraction of the beam

follows its initial direction, see Figure 1.5.
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Figure 1.5. When medium 1 and medium 2 have the same acoustic impedance, their
interface line will not create a reflection. A weak reflection is obtained when the
difference in acoustic impedance is small. A strong reflection is produced when the
difference is large. All the ultrasound is totally reflected from the interface line when

the difference is considerably large.
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The intensity reflection coefficient, R; illustrates the ratio of reflected intensity
to the incident intensity. It is readily figured out from the acoustic impedance of each

material as

I, Zo — 71\
Rr=1L=[Z2=2_—"") . 1.9
= (ZQ+ZI> (1.9)

The intensity transmission coefficient, 77 illustrates the ratio of the transmitted inten-
sity relative to that of the incident intensity. It is given as
I UYAVA

TI:_:

AL (1.10)

The difference in route of a transmitted beam when it crosses a boundary between two
media, where the speed of sound are not same, is termed refraction, as can be seen in

Figure 1.6.

Region 1, Z; 0;

Boundary

Region 2, Z,

Figure 1.6. Schematic description of incident, reflection and refraction of ultrasound
waves at target boundaries having different acoustic impedance values, Z; and Zj.
(a) 90 C° vertical incidence of sound wave, (b) non-vertical incidence (¢;<cg, (c)

non-vertical incidence ¢;>cs.
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There is no beam bending when the incidence angle is equal to 90°. However,
there is a change in the direction for all other angles relative to that of the normal
incidence on the boundary. The new angle of the beam, 6z, bends in accordance with
the change in the sound speed occurring at the interface, and is linked with the angle

of incidence 6;. It is readily extracted using Snell’s law [50,51]:

sinfr ¢

= 1.11
sinf; ¢ ( )
in which 6; and 01 refer to the incidence and transmitted angles, ¢; and ¢y give the

speed of sound in media of 1 and 2, respectively.

1.2.3. Absorption and Attenuation

The interaction of sound waves with the matter is also determined through ab-
sorption. As an ultrasound wave travels through the target, ultrasound wave pressure
losses its intensity with distance traveled, since the vibrational energy is transformed
to random vibrational thermal energy. This situation is termed as absorption. When
ultrasound frequency is high enough, the amplitude decreases more rapidly. It also
relies on the target involved. Besides absorption, the main elements contribute to the
total attenuation of the wave amplitude are reflection, scattering, and divergence of the
beam. Scattering and beam divergence are dependent on the frequency used. Thus,
attenuation is remarkably based on frequency. When an acoustic pressure or a wave
penetrates through a known thickness of target, attenuation can be quantified through
recording the reduction in pressure amplitude. The decrease in the pressure amplitude
is given in dB/cm (attenuation coefficient) through input and output pressure ampli-
tudes ratio, which is obtained from either side of the target [50,51]. Attenuation is
also based on the type of tissue. In biological tissue or organs, attenuation is greater
for denser and harder tissues (e.g. bone) and is lower for liquid-like media (e.g. blood
and cysts). With this in mind, for high-frequency ultrasound imaging, the attenuation
gets greater values compared to lower frequency ultrasound imaging. Namely, higher

frequency ultrasonic probes are used to visualize superficial organs such as skin whereas
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lower-frequencies are employed for organs that are located in deeper locations within

body. The relation is shown by Figure 1.7.
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Figure 1.7. Attenuation relation with the type of tissues and ultrasonic frequency [52].

In our SAM system, sound waves pass through three separate media, liquid and
two solids. When sound waves travel within liquids, the energy of the waves will be
dissipated due to the absorption characteristics of the medium. The equation, which
establishes a relation among attenuation (,, shear viscosity 7y;sc, volume viscosity (1)

and heat conduction (7) is given by [53,54]

npl  w? 4 ; 11
Ba [%] - 2,063 |:<§77msc+7] ) + 7 (Cv Cp>:| (1'12)

where p, w and ¢ account for medium density, angular frequency, sound speed in the

medium, heat capacity at a constant volume ¢, and pressure c,, respectively.
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The attenuation coefficients of pure water and other types of liquids having a low
viscosity and low attenuation are expected to have a linear relationship with the sound

wave frequency for homogeneous liquid

Ba(f) =a+bf (1.13)
where f is the frequency, a = —0.001119 and b = 0.001877 [53].

As for solid medium, the relative attenuation is quantified as a function of tem-
perature, magnetic fields or pressure [55]. In our experimental set-up, ultrasound is
traveling through sapphire lens of ultrasonic transducer, coupling agent, polystyrene
substrate and target. Thus, attenuation of sound within sapphire and polystyrene must
be considered. The ultrasonic attenuation of sapphire (dB/us) can be extracted from
the attenuation line graph [56]. For polystyrene, some studies evaluate attenuation
for polystyrene material by showing attenuation line as a function of sound frequency.
The polystyrene attenuation (7,) ranges from 6 to 10 dB/cm for clinical ultrasound

frequencies [57, 58].

1.2.4. Scattering

Acoustic scattering occurs when an ultrasound wave interacts with structures
within a target, where the size of the wavelength is relatively smaller compared with
the structures. Alterations in the acousto-mechanical features of the target lead to
the ultrasound waves to scatter. Namely, some of the wave energy is diffused in many
directions different than the incident wave. The scattered ultrasound signal at a specific

angle is defined through differential scattering cross-section o (6, ¢g,) (cm?/sr) [51]:

Ssc(ea Spsp)

1.14
S o) (114

U<97 QOSP) =

where 0, @, refers to spherical coordinates angles, S;. is the time-averaged scattered
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ultrasound power by the target, I corresponds to the time-averaged incident intensity

and € is the solid angle.

Variations in the mechanical properties of the target affect the cross-section of
differential scattering, which is a function of the ultrasonic wavelength. The ratio
of the scatterer source size to the wavelength of the incident ultrasound defines the
scattered ultrasound signal. This relationship is expressed by the product of wave
number k = 27“ and scatterer source size ag. as a parameter kag. For a target’s
theoretical differential cross-section determination, the Helmholtz wave equation is
solved for the scattering geometry and boundary conditions. Under the assumption
that the scatterer size is much larger than the ultrasound wavelength (kas. >> 1),
solely variations in the acousto-mechanical characteristics may be used to estimate
the scattered signals. When the scatterer is much smaller than the wavelength, the
Rayleigh scattering formula that is valid for (kas. << 1) is given by Equation 1.15
where the scatterer and the surrounding medium have densities of ps. and py, (n) is
the average number density of scatterers, V' volume of scatterer, and compressibilities
of k1 and ko, respectively [51]:

2

4772 _ _
MV R R0+3(p1 ) cosf| . (1.15)

1672 Ko 2,01 + po

a(6) = (n)

Under the case that the wavelength of the sound wave is comparable to the scatterer
source size, scattering is more complex. The exact solution for the sound scattering
by single cylinders and spheres has been proposed by Faran [59]. The Faran equa-
tion anticipates the differential backscattering cross-section from a single scattering
source that has a defined shape in a liquid-like medium. However, this equation is not
directly used for scattering from biological surroundings. This is because biological

surroundings contain different size and shape scatterers and mechanical features.

Biological matter indicates inhomogeneous characteristics with fluctuations in
the acoustic impedance distribution. In order to count the presence of inhomogeneties,

the wave equation for such matter has been simplified via some approximations. It is
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supposed that the amplitude of the scattered wave is much smaller compared to that
of the incident wave in the biological matter. This is called Born approximation [60].
With this approximation, the the differential cross-section of inhomogeneous matter

(biological soft matter) is simplified to:

k4 72 (o) AR
Oq = 16<7r2>/ by (Ar)e AT dAr (1.16)

e}

where (y?) refers to the mean-square fluctuation in the acoustic impedance, K indicates
the variation in wave number, Ar is the position change in the matter and correlation

coefficient b, (Ar).
1.3. Scanning Acoustic Microscopy

Ranging from the fundamental optical, electron and scanning probe microscopes,
a vast amount of microscopy methods are widely used for the inspection of details in
micro, nano and down to molecular and atomic scales. Optical microscopes involving
confocal laser scanning microscopy, Raman spectroscopic analysis, phase contrast and
dark field illumination have been evolved [61]. The efforts are continuing to increase
resolution by breaking the obstacles created by diffraction. All these microscopes have
specific features, benefits and drawbacks, and they generally should be regarded as
a complementary tool. On the other hand, most optical methods have limitations
due to absence of ability in investigation of micro-mechanical features, surface topol-
ogy and chemical composition. Accordingly, analysis of elasticity of a material under

observation using previously mentioned methods is yet an open question.

Scanning Acoustic Microscopy (SAM), in principle resembling to the optical mi-
croscopy but using high frequencies rather than light, has been developed to assess the
acousto-mechanical properties of objects under investigation to overcome the issues.
Application of high-frequency sound waves to distinguish object information dates back
to 1936 when S. J. Sokolov introduced that sound waves at a 3 GHz frequency by the

wavelength of 500 nm in water might be employed for an ultrasonic microscope [62]. In
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1974 at Stanford University, Lemon and Quate developed SAM in transmission mode
for the first time. The first SAM was tested for biomedical applications [63]. Then,
it was improved both theoretically and experimentally via inspecting different biologi-
cal specimens by Maev et al. [64]. Frequencies of sound waves in acoustic microscopy

changes from several mega-Hertz (MHz) to several giga-Hertz (GHz) [64].

Sound waves have the ability to permeate the interior of the objects, which are
impenetrable for the electromagnetic waves in the visible spectrum of the electromag-
netic waves. This skill offers a non-harmful visualization and the determination of
micro-elastic characteristics of structures, and thereby could be applicable to industry
and biomedical areas [65]. The non-ionizing nature of ultrasonic radiation possesses
an additional benefit as a suitable tool for visualization of live cells and fresh tissues

permitting monitoring in a limited life cycle of live cells [66,67].

SAM offers two different measurement modes, acoustic impedance and sound
speed, which correspond to the distinct combinations of software configurations in
SAM computer and measurement set-ups. In this section, this thesis will focus on
the theory for acoustic wave propagation in the multi-layer media, and thus reflection
and transmission ratio dependent on boundary conditions at interfaces. It will also

introduce acoustic impedance measurement and sound speed measurement modes.

1.3.1. Boundary Conditions at Liquid-Solid and Solid-Solid Interfaces

A SAM system operates by a source of vibration producing longitudinal waves
from the oscillations of the crystal in the source, medium and receptor to catch the
sound wave. Sound energy is carried by the medium from one layer to another. In
general, it is assumed that sound waves pass through the homogeneous medium. How-
ever, an incident longitudinal sound wave, at a flat boundary, which is created by a
dissimilar acoustic properties of homogeneous media, is partially reflected and partially
transmitted. Acoustic wave is a pressure wave and normal incidence will only result

in the pressure wave. Suppose that an acoustic wave passes through medium-1 to
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medium-2, so that

¢[ = A[Gj(u}t_klx) (117)

where ¢;, A; and w refer to sound potential magnitude of incident pressure wave and

angular frequency of the wave, respectively.

When, incoming wave, which is an undamped and longitidunal wave, approaches
the flat interface line, it is partly reflected and partly transmitted. Reflected and
transmitted waves can be described by Equation 1.9 when incident wave amplitude is

assumed to be equal to unity

¢R _ ARej(wt+k1r)
1.18
¢T e ATej(wtfk&x) ( )

where k; =w/c; and kg =w/cy. When this wave has a particle motion in the xz plane,
the boundary is created at z=0. Two boundary conditions at the interface, which are
continuity of pressure and displacement, must be fulfilled. Following earlier Equation
1.9, the pressure amplitude reflection coefficient can be given through the acoustic
impedance of each medium for normal incidence at an interface between medium 1 and

medium 2 [2,68]

-7

== 1.19
Ly + 24 ( )

R

Moreover, the pressure amplitude transmission coefficient can directly be given as

27,

Ap = ———.
g Zy+ 2y

(1.20)
In acoustic microscopy, when a substrate such as polystyrene or glass is introduced, an
interface line will arise at the boundary between the coupling agent and the substrate.

An emitted plane wave from the vibration source at a general angle of incidence to the
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matter will alter the propagation direction through obeying Snell’s law as described in
the following equation [2,68]:
Vr sin 6 T

— = 1.21
Ur sin@T’ ( )

in which v; and vy give the velocities of the incident and transmitted sound waves,

respectively; and 6y and 6r are incidence and transmission angles, respectively.

A sound wave is a collection of many varying angles of plane waves. Snell’s law
necessitates the wave vector portion to be continuous parallel to the interface line. For
oblique incidence analysis of the sound propagation, calculations of the reflection and
transmission coefficients get more problematic due to the pressure and shear waves
of incident, reflected and transmitted waves. The angles and the velocities of plane
mechanical wave propagation for liquid-isotropic solid boundaries, created by two semi-
infinite media, play an important role for acoustic microscopy. For this condition, a
compressional, L, wave in the liquid, and two transmitted waves in the solid, a com-
pressional wave and a shear wave, S, arise. In liquid-solid boundary, pressure distortion
and potential displacements have to be equal to meet the boundary conditions. When
the acoustic wave propagates through the liquid medium, shear wave is neglected since
such liquid environment cannot support shear-wave propagation due to the absence of
shear rigidity. Namely, for liquid medium, only incident and reflected acoustic waves
should be considered. Shear wave is disregarded in liquid medium but it must be stud-
ied for solid medium. Since the liquid might slip along the interface line, Snell’s law

for this case [2,68] becomes

ksinfd = kL SiIlHL = /{ZS sin@s. (122)

Acoustic impedance for liquid and solid media for pressure and shear waves are given

by

PoVo P1VL P1Vs
cos 0 L™ cost I 57 cos Os ( )
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Liquid-solid interface line is composed of medium-1 (liquid) in space z<0 and medium-
2 (solid) in space z>0. In medium-1, incident and reflected acoustic waves arise while

medium 2 consists of transmitted acoustic and shear waves, as illustrated in Figure 1.8.
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Figure 1.8. Wave propagation direction for liquid-solid interface.

The displacement of particle velocity can be described by pressure L and shear

waves S as,

U = grad ¢, + rot ¢g. (1.24)

Stress distortion is figured out from the first derivation of the displacement of

particle velocity, and can be expressed by elastic £ and shear g moduli as follows, [2,68]

ou, Ou, ouz



23

Within this layer, presuming an ideal non viscous material, three different bound-
ary conditions, continuity of normal velocity, continuity of normal stress and zero tan-

gential stress should be confirmed. Reflection coefficient is

o Ztotal -7

A= Ry = 2wt — 2
g Ztotal+Z

(1.26)

Transmission pressure and transmission shear coefficients for oblique incident wave at

the interface line are [2,68]

277 cos 201,
Ap =T, = L —"""¢ 1.27
g g Ztotal + Z ( )
, and
2ZS sin 205
Asr=Tg = ——F"F—— 1.28
& 5 Ztotal + Z ( )
where
Zioral = Z1, cos® 205 + Zg sin® 20, (1.29)

Solid-solid interfaces should also be considered carefully to understand working
principle of acoustic microscopy. Longitudinal and shear waves arise for both medium-1

(solid) and medium-2 (solid), which is shown in Figure 1.9.

In this case, six types of waves should be taken into account: the incidence of
pressure and shear waves, the reflection of pressure and shear waves, and the transmis-
sion of pressure and shear waves. Reflection and transmission coefficients at the flat
solid-solid interface line can be mathematically given by the four boundary conditions
that should be fulfilled along the boundary created by two isotropic solid materials.

Particle displacement in the xz plane due to the incident pressure wave from a solid
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Figure 1.9. Wave propagation direction for solid-solid interface.

onto a solid is given by [2,68]

or = A]€j(wt+kzl'x_k21z). (130)
Since the incidence angle, which is given as the angle between the direction of wave
propagation and the normal line to the interface, is known, the particle displacement
can also be described by sine or cosine functions of the incident angle of the wave.
Thus, the particle displacement due to pressure and shear waves can be written as

follows

¢I — Alej(wt+kL1 -sin ax+kp cos az)

1.31
¢SI — ASIej(wt-i-kSl sinyz+kgi-cosvz) ( )

For pressure and shear waves, the sound potentials can described together with reflec-
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tions,

QbR — ARej(wt+kL1 sin Bx—kr1 cos fz)
1.32
¢S’R — ASRej(wt+k51 sinx—kgi cos£z) ( )

Also, the sound potentials of pressure and shear waves are given together with trans-

missions,

ng — ATej(thrkLQ sinn z+kro cosnz)

(1.33)

¢ST — ASTej(wt—l-ksz sin pz+kga cos pz)

The first continuity requirement refers to the particle’s velocity displacement wu, for
z=0. In calculation of reflection and transmission coefficients, it is assumed that there
is no displacement along the y-axis, and the velocity displacement at the solid-solid
boundary is calculated using Equation 1.24. As a second boundary condition, conti-
nuity of displacement wu, at z=0 should be established. Stress distortion continuities
of o, and o, at z=0 using Equation 1.25 must also be achieved to define the reflection
and transmission coefficients value. The equations of four boundary conditions and the

relation among the waves are formulated in matrix form [2,68,69]:

kg1 cosé kr1sin 3 kgo cos —kpasinn Agp
—kgysiné kr1cos 8 kgo sin kp cosn Ap
p1sin 2n —p1 CcoOs 2n P2 Sin 2¢ P2 COS 2 Agr
—p1 cos 26 —E’j—jr%l sin2f  po cos2p _Eﬁ% sin 2n Ar (1.34)
ks1 cosy —kr1sina
kgq siny k1 cos v Agr
p18in 2y p1COS 27 A
p1COS2y — El“i—’;/“ sin 2«

In this matrix, the terms Ag; and A; refer to incident shear and pressure sound waves,
Agr and Apg are reflection of shear and pressure sound waves, Agr and A7 stand for

the shear transmission and pressure transmission waves where «, v, 8, &, 1, ¢ are
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the angle of incidence, reflection and transmission of the pressure and shear waves for
medium-1,2, respectively. cg1, cs2, c1 and cpo are shear waves and pressure waves for
medium-1,2, respectively. kri, krs, ks1, kss are wave numbers of pressure and shear
waves for each solid medium. p; and py refers to density of isotropic solid medium-
1 and isotropic solid medium-2. E; and E5 are the elastic moduli of medium-1 and

medium-2 while p; and ps indicate the shear moduli for the media.

1.3.2. Acoustic Impedance Measurement Mode

Acoustic impedance is expressed as “density” x “sound speed”, which is the mea-
sure of the response of a target reacting to the acoustic flow due to the applied acoustic
pressure [2]. In acoustic impedance mode, two-dimensional image of SAM is extracted
from the acoustic intensity, which is reflected from the target, as illustrated in Fig-

ure 1.10.
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Figure 1.10. Signals in acoustic impedance measurement configuration.

The ultrasonic wave, which is emitted from the ultrasonic transducer, penetrates
through several layers such as coupling liquid, polystyrene substrate and target. Then,
it reflects at substrate-target interface. Acoustic images emerges at the interface line
between the target and the rear surface of the substrate. Ultrasonic beam traveling

within multi-layer surroundings is illustrated in Figure 1.11.

When an ultrasound wave penetrates through multi-layer media by a deflection
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Figure 1.11. The top side (A): Ultrasound wave traveling in multi-layer media: water,
substrate and target, respectively. Blue and yellow arrows illustrate traveling of
longitudinal and generated shear waves, respectively. The bottom side (B): Waveform
and reflection path of waves from the boundary lines resulted from water-substrate

and substrate-target [2].
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angle, pressure and shear waves are yielded related to the properties of the medium. For
water or liquid medium, shear wave presence is disregarded since it could not support
static shear stress due to its weak bounding characteristic. Thus, pressure wave solely
arises in a liquid layer as illustrated in Figure 1.11. It usually possesses a higher speed
in comparison to the shear wave. Shear wave is not considered for liquid but it has to
be taken into consideration for solid such as polystyrene substrate. Firstly, when the
sound wave hits a boundary of liquid-solid (water-substrate) media, it will partially
reflect, as shown by number 1 in the top side of Figure 1.11. Following the propagation
in water medium, when the wave impinges on the polystyrene medium, transmitted
pressure and shear waves components are present. The waves will transmit as pressure
waves within the coupling liquid. In the bottom side of Figure 1.11, typical waveform
and frequency spectra of reflected sound wave from the interface line between the rear

surface of the substrate-target is illustrated.

In acoustic impedance measurement mode, vertical incidence investigation of the
reflected sound waves from the reference material and the target is employed to at-
tain acoustic intensity from a focused ultrasound transducer. Before visualization, the
system is calibrated with a signal, which is recorded from the substrate when there
is no target. The focused transducer, which transmits and receives echo signals from
a very reflecting material, insonates and scans the local area below the polystyrene
substrate keeping the focal point on the substrate’s rear surface. The target is imaged
with the reference material in the same field of view. During the acoustic impedance
determination, the ultrasound pulse emitted from the ultrasound transducer or probe
is captured by surface of the target such as tissue or cell after traveling through the
substrate having a finite attenuation. Then, it is reflected off the surface of the target
and substrate to return to the transducer. As a final step, the reflections from the
target and the reference material are compared and displayed on a digital oscilloscope
as an acoustic impedance map using Fourier Transform for the analysis of the sound
field in the frequency domain. To figure out the acoustic impedance, this analysis in
the frequency domain is used. The difference of the acoustic impedance of the target

located in the substrate results in the difference of intensity of the reflected sound wave.
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The reflection coefficient, which is due to a mismatch in acoustic impedance is shown
in Equation 1.9. However, the acoustic impedance measured for the target is different
from the target’s real acoustic impedance. Below is the relation between the measured

and actual acoustic impedance [70, 71]

As(ZSt,CS7 )

Ar ercv" a) Z’"+ZDP
)
)

1+

Z, = Zy,. (1.35)

(

Zs,\C
1 9( S’t7 97 a

(

7‘ ZT‘t:C’I‘7 a

in which Z,, accounts for the acoustic impedance measured for the target using Equa-
tion 1.9, Z,, represents the real acoustic impedance of the target, 6, is the half aperture
angle. Also, p, s, r and o mark the pressure wave, sample, reference and substrate,
respectively. The ratio of the amplitude reflected from the sample to the amplitude
reflected from the reference is given by ﬁ—: assuming liquid-liquid interface with normal

incidence.

1.3.3. Sound Speed Measurement Mode

The sound speed of a target is related to its stiffness. High sound speed value cor-
relates to the harder target. Figure 1.12 shows data recording algorithm and reflected

signals in sound speed measurement mode.

In this operation mode, the target embedded on a glass substrate is located
upside-down on the microscope above the ultrasound probe. Ultrasonic wave trans-
mitted from the probe is used upward towards the glass substrate. Ultrasonic wave
first passes through the thin cut target (approximate thickness of 10 pm), which is in
direct contact with the ultrasonic transducer via the coupling liquid such as distilled
water. The wave reflects at the flat interface between the target-glass substrate and
reflects from the front surface of the target. Thus, with this configuration, three sepa-
rate wave forms emerge: the signal from the front surface of the target, the signal from
the flat interface between the glass substrate and the target, and the reference signal

from the surface of the glass substrate. However, these wave components cannot be
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Figure 1.12. Signals in sound speed measurement configuration (reproduced

from [72]).

30



31

separated into two independent signals in time-domain investigation. Hence, to study
the interference between the reflections at the surface and at the boundary of the target
and glass substrate, analysis in frequency-domain is conducted. The ultrasonic phases
of these signals are then standardized and realized as a reflection wave from the glass
substrate in a system computer. The differences in the reflected signals are used to
calculate acoustic parameters. Operating SAM in sound speed mode, one can read
acoustic intensity, sound speed, attenuation and thickness variables of the target under
investigation [73,74]. Analysis in frequency-domain is done by considering interfer-
ence of the reflections. Through Fourier transforming the signals, intensity and phase
spectra normalized by the reference signal are figured out. This analysis results in the
speed of sound at the maximum and minimum points within the intensity spectrum.
Assuming that one of the minimum and maximum points in the normalized intensity
spectrum by f, with the related phase angle ¢,,, the phase difference between two
reflections at the minimum point is given as (2n — 1)m and generates [73, 74]

Gmin + (2n — 1) = 27 frin ¥ i—j. (1.36)
in which d, ¢y and n account for the thickness of the target, speed of sound of the

coupling liquid (mostly pure water), and a non-negative integer, respectively.

The phase angle ¢,;,, which gives the phase difference between the wave prop-
agating the thickness of 2d in the target by sound speed ¢ and the wave propagating
within the coupling liquid by the related thickness with sound speed ¢y, for minimum

point can be described by

¢min - 27Tfmin X 2d (i - %) . (137)

Co

For the minimum point, the thickness, d, can be calculated by solving Equation
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1.36 and Equation 1.37 together,

Co

d = g —[Gmin+ (20— L)), (1.38)

The sound speed has the following form,

_ 1 ¢min -
c= (C_o — 47Tfmind> . (1.39)

As for the maximum point in the normalized intensity spectrum, the phase difference
is 2nm, providing
2d
Omax + 2nT = 27 froax X — (1.40)
Co
Changing fiin t0 fimax in Equation 1.37, and then solving Equation 1.37 and Equation
1.40, the thickness is equated by

Co

d= T (Pmax + 2n7) . (1.41)

SAM operating in sound speed measurement mode offers sound speed, thickness
and attenuation knowledge. From the calculations above, ultrasound attenuation can

be extracted through dividing amplitude by the frequency and the target thickness [75].
1.3.4. 80 MHz and 320 MHz Ultrasonic Transducers

In this dissertation, the SAM system was used with 80 MHz and 320 MHz single-
element high-frequency transducers (Table 1.1 and Figure 1.13). The acoustic lens,
which is able to transmit and focus the sound wave, and convert the electrical signal
into pressure waves, is the heart of the SAM. Spherically focused ultrasound transducer

is built by piezoelectric polymer, which is produced from polyvinylidene fluoride triflu-
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oroethylene (PVDF-TrFE) thin film, for frequencies lower than 100 MHz since PVDF
material are very convenient for high-frequency pulse-echo ultrasound imaging due to
their bandwidth range and low mechanical impedance [2, 70, 76]. Moreover, backing
application of 80 MHz transducer should possess high attenuation. The radius of the

concave cavity gives the focal distance of the transducer.

The second kind of the ultrasonic transducers is designed for higher frequency,
which is above 100 MHz. It is manufactured from ZnO piezoelectric material. Here,
concave sapphire rod is put into function as a concave acoustic lens and piezoelectric
material ZnO adhered to the bottom region. For frequencies above 100 MHz, ZnO
piezoelectric polymer is found more suitable compared to PVDF [2]. The piezoelement
material in the acoustic lens for both types of the transducers shows a variation in
thickness as a respond to a brief electrical pulse. The sound wave transmits through a
concave sapphire rod, and then is converted into a spherical wave, and focused on the

focal point. Reflected waves are received by the same concave acoustic lens.

Table 1.1. Properties of 80 MHz and 320 MHz single-element transducers.
Transducer details | 80 MHz 320 MHz
Central frequency 80 MHz 320 MHz
Bandwidth 50-105 MHz | 200-400 MHz
Membrane type PVDF Zn0O
Aperture diameter 1.2 mm 2.4 mm
Lateral Resolution 20 pm 4.7 pm

An ultrasound focused beam is yielded through the focused transducer by a spe-
cific depth of focus. The spherically curved shape of the piezoelectric material assists

in the beam focusing [77,78].
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Figure 1.13. (a) 80 MHz ultrasonic transducer and its design with polyvinylidene
fluoride (PVDF) thin film, (b) 320 MHz ultrasonic transducer and its design with

piezoelectric polymer.

1.3.5. Beam Profile for a Single-Element Ultrasonic Transducer

There are two different zones of the sound field of the ultrasonic transducer for
unfocused and focused conditions: near and far zones. As seen from the Figure 1.14,

the near field is the region, which is close to the transducer face.

The distance for the transition from near field to far field is given by near zone
length, N, and is a function of the frequency f of the transducer, aperture diameter

D, sound velocity v in the target and wavelength A\. The definition is given by [80]

diameter” ~ D?  Df

N = =2 = .
4 x wavelength 4\ 4v

(1.42)
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Figure 1.14. Schematic of near field and far field of the beam pattern formation of

(A) high and (B) low frequency ultrasound transducer. (C) Focusing of ultrasound

transducer narrows beam width [79].
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The area outside the near field is named as the far field, in which the ultrasonic beam
is more uniform and whole transducer can be considered as a point source. Sound wave
is well-behaved with its maximum strength just outside the near field, see Figure 1.14.
Beyond that area, the beam diverges, and the pressure starts decaying gradually by

~ 1/2% as the distance z from the transducer is increased [80].
1.3.6. Resolution In Ultrasound Images

In SAM, resolution has a key role in determining image quality, and it is organized
into three classes: spatial, contrast and temporal resolution, see Figure 1.15. Spatial
resolution defines the ability of SAM system to discern two designated reflectors in the

target. Spatial resolution is divided into two parts: axial and lateral resolutions.

Ultrasound Probe

VA YSYAY

Axial Resolution Lateral Contrast Temporal
Resolution Resolution Resolution

Figure 1.15. Illustration of ultrasound resolution types for a traveling ultrasound

wave.

Axial (also named as longitudinal) resolution reflects the capability of SAM to
distinguish two reflections in a minimum distance emerging from two points at different
depth of fields, which are parallel to the sound beam propagation. Axial resolution is

not dependent upon the imaging depth since the resolution is the same along the
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beam for any structures. Frequency and wavelength influence the axial resolution.
Mathematically, it is half of the spatial pulse length and the corresponding expression
is

UNf3

Ra ial —
X Dg

(1.43)
where R, is the axial resolution, fj is the focal length of the transducer, D, is the

aperture diameter, and A is the wavelength.

Lateral resolution reflects the ability to distinguish two points that are located
side by side and vertical to the propagation path of the ultrasound wave. It is defined

by the focal spot diameter as follows
Riateral = 1.03AF (1.44)

where F'is the ratio of fj is the focal length of the transducer to aperture diameter D,

and specific to the acoustic lens, is the definition for the lateral resolution.

Contrast resolution is described as the capability of an ultrasound system to
distinguish between the brightness (intensity) of the points on the image reflecting
echoes of various amplitudes. Minor alterations determination in the target is based

on the contrast resolution level [81].

Temporal resolution is the ability of the system to precisely follow mobile targets
in time. It is also defined as frame rate. Temporal resolution is mathematically ex-
pressed as 1/(time to scan one frame). The pulse repetition period multiplied through
the number of scan lines for a frame is equal to the scanning time for a frame. Temporal

resolution is influenced by depth of field [82].
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1.4. Physics of Optical Tweezers

Optical tweezers are scientific modalities that is formed using a highly-focused
laser beam in order to non-invasively trap, manipulate (i.e. moving or rotating) and
monitor nano and micrometer sized dielectric particles in three dimensions. The fo-
cused laser consists of a bundle of rays. Light carries momentum that is proportional
to its intensity, and a change takes place due to light refraction and reflection at a
particle according to Snell’s law, and hence imparts a pressure on any surface when
exposed [83]. Optical forces exerted on the designated particle are the consequences
of the interaction between the laser and particle’s refractive index mismatch with its
surrounding. Namely, the optical forces are controlled through sample and surround-
ing medium refractive indices, laser power and particle diameter. These forces are on
the order of piconewton (pN), which is a sufficient magnitude to convey motion on
very small volumes such as microscale or nanoscale diameter scatterers. Using light
momentum, a single focused laser beam optical trapping of dielectric particles was first
introduced by A. Ashkin in 1986 [28]. This realization was the total force exerting on
a dielectric particle, which can be used to manipulate the particle in three dimensions.
It consists of a scattering and a gradient force. On the one hand, the net momentum
variation of rays leads to a gradient force pointing towards the center of the focus. The
gradient force moving particles towards the light axis emerged from radiation pressure
and directed along the beam propagation. On the other hand, the scattering force
arises in the direction of light intensity gradient, leading to a backward force towards
the beam waist center. The gradient force (restoring force) functions against the scat-
tering force to optically trap the particle near the tightly focused beam waist [28],
as shown in Figure 1.16. From that time, optical tweezers or optical trapping have

attracted considerable attention for investigations in biological and physical sciences.

This chapter departs from ultrasound imaging and catalogues the second main
subject of the experimental investigation performed during this dissertation. In this
chapter of the thesis, the related physics of optical tweezers and a dual-beam optical

tweezers set-up that is used for optical stretching will be explained.
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Figure 1.16. Ilustration of gradient and scattering forces. (a) Axial and (b) Lateral

displacements of the particle resulted from the gradient force on it. Intensity of the

rays is indicated by different thicknesses.
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In optical tweezers and optical trapping, the trapping force can be defined with
different levels based on the size regime occupied. This size regime corresponds to
the relative size of the target that is trapped, and the wavelength of the light used for
trapping in a vacuum. Accordingly, there are three different approximations based upon
the particle diameter to value the gradient and scattering forces on the particle. When
the particle diameter is much smaller than the light wavelength (r < \), Rayleigh
scattering can be used, r is the particle radius and A\ gives the light wavelength. On
the other hand, when the diameter is much larger than the incident light wavelength
(r > \), Ray optics can be applied. When the diameter of the particle is equivalent
to the light wavelength, Maxwell’s equations must be considered with the appropriate
boundary conditions. For this condition, a simplified Mie theory can be used. The
intermediate condition, in which » &~ A, needs a more complete, complex and common

consideration [84-86].

1.4.1. Ray Optics Regime (r > )\)

When the ratio of the dielectric particle diameter to the wavelength is much larger
than unity, ray optics regime is applied. In this case, diffraction can be disregarded.
Optical forces arises due to the reflection and the refraction resulted from the difference
in refractive indices of dielectric particle and its environment. Each time a single light
impinging on the particle is diffracted and deflected, intensity hence its momentum
will alter. In this alteration, the gradient and scattering forces are described by Fresnel

reflection R and transmission 7" coefficients of the surface at 6, [84].

Ny P

T2 [sin (20 — 20R) + Rsin 26;]
Foradient = Rsin20; — 1.45
gradient c [ i 1+ R?+ 2Rcos20p (1.45)
,and
N P T? [cos (207 — 20R) + R cos 20]
Fsca ering — — 1 R 207 — 1.46
tering c [ T veos 20 1+ R?+2Rcos20g (1.46)
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with n,, surrounding medium the refractive index, P incident light power in the focus

center, 0; incidence angle and 65 refraction angle.

1.4.2. Rayleigh Regime (r < \)

As previously mentioned, in condition where the particle diameter is very small
in comparison to the incident light’s wavelength, the electric dipole approximation
can be applied, and by that the particle can be supposed as an induced dipole in a

heterogeneous electromagnetic field with a dipole moment [85]

2
B 9 g f{m~—1
«a = 4mn; eor <m2 m 2) E (1.47)

where € is the dielectric constant of vacuum, m the ratio of refractive indices of particle

to medium m = 2, and E the electrical field.

The gradient force is proportional to the laser light intensity gradient VI. Using

«, it is present as,

2mn,re (m? —1
Fgradient = - <m2 T 2> VI. (148)

Apart from the gradient force, the scattering also plays an important role as in

the ray optics regime with the wavenumber & = 2& and the laser light intensity I in

X
the focus [85]:

(1.49)

Fscattering =

8mn,kir® [m? —1
I
c m2 + 2
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1.4.3. Dual-Beam Optical Tweezers

The efficiency of a single beam trap may only be determined by the objective
and the laser power permits. Yet, this condition cannot be sufficient enough to trap a
microbead at the balance due to exterior forces. Hence, to further increase trapping
forces as well as decreasing the influences of reflection forces together with other exterior
forces on the microbead, two tightly focused laser beams can be used. This doubles
up the efficacy of the optical trapping. A dual-beam optical tweezers set-up used in
this thesis adopts the simple concept of typical optical trapping, which is explained
previously, using two optical tweezers. In this configuration, one of the traps is kept
stationary while the other is steerable, which enables stretching biological matter by
increasing the distance between two traps slowly. The details of the dual-beam optical
tweezers will be documented in the study, which takes part in Chapter 4, for the

assessment of the red blood cell deformability in radiotherapy treatment test groups.

1.5. Cancer Treatment

Cancer is one of the major health issues the world faces. Surgery, radiotherapy,
chemotherapy and other medications (e.g. hormone therapy) are used to cure or shrink
or stop a cancer, as shown in Figure 1.17. The combination of these treatment plans
increases the effectiveness of the cancer treatment. Among these treatments, surgery
has a key role in the cancer management. However, not all individuals are surgical
candidates or not all tumors are operable due to their properties and inaccesible loca-
tion in the body. Surgery is a very effective localized treatment for small-size tumor
that have regular boundaries and have not hold the surrounding tissues or organs.
Chemotherapy is a treatment using cytotoxic drugs to damage cancerous cells in the
tumor and those circulating through the body. Radiotherapy is also a local treatment
for tumors, which is not diffused throughout the body. Radiation therapy can be ap-
plied as a single treatment or in combination with other curative tools. It can also
be used as a palliative treatment for the metastatic cancer patients. An increasing

number of individuals having cancers are commonly and successfully treated by radia-
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tion therapy, which uses ionizing radiation to kill or shrink the cancerous cells or solid
tumors. Cancer radiotherapy delivers 25-40 Gy cumulative radiation doses of 2 Gy
daily fractions over 5 to 8 weeks with a break at the weekends [1]. Fractionation of
the cumulative radiotherapy doses has been experimentally tested, and it shows a more
effective curing in comparison to single radiation doses. This is because such treatment
plans offer tumor management by eliminating tissue toxicity. However, radiotherapy
may damage normal tissues or organs around when it is applied to the tumor. Thus,
novel advancements, such as stereotactic radiotherapy, are proposed and still under
investigation to provide a irradiation, in which a tumor gets a high dose of radiation
(e.g. 10 Gy in one fraction) and the neighboring tissues around it get a much lower
radiation dose. This type of treatment may decrease the risks in the non-cancerous

tissues or organs [87,88].

Medical
oncology

Radiation
oncology

Patient

Support services

Figure 1.17. An illustration of multidisciplinary cancer treatments that the cancer

patients receive during disease management [1].
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1.5.1. Ionizing Radiation Interaction With Biological Medium

X-rays have played an important role in modern medicine with their invention
by German physicist Wilhelm Conrad Roentgen since 1895. X-ray radiation in cancer
treatment was first used on a 55-year old woman having inoperable breast cancer [1,89].
Two terms must be explained when considering radiation interaction with biological
tissue: ionization and excitation. The radiation interacts with an atom in both terms.
Ionization is defined as the ejection of an electron from its orbit around the nucleus
of the interacted atom, which leads to a charged particle or ion. Individuals photons
of X-rays having energies greater than 10 ev (electron volt) are defined to be ionizing
radiation [1,89]. As for excitation, the electron in the outer shell of the interacted atom

is oscillated or vibrated, but does not result in a complete displacement from the shell.

When radiation is incident on a cell, the ionizations can be direct or indirect [1].
The event sequences after radiotherapy exposure in humans can result in multiple re-
actions in a short or a long term duration, as cartooned in Figure 1.18. Radiation can
cause detrimental influences on any molecule in the cellular environment, but damage
to deoxyribonucleic acid (DNA) is highly probable due to the relatively densely ionizing
nature of direct interaction by direct energy absorption. Moreover, the damage to the
DNA molecule can also be resulted from the indirect effects, in which radiation inter-
acts with free-radicals (chemically reactive species with an unpaired valence electron).
Free radicals may attach to other free radicals and they constitute a new molecule such
as hydrogen peroxide, which is thoroughly toxic to the cell. Indirect ionization can
lead to damage to the DNA molecule mostly from radiolysis referring to splitting of

H,0, which is the first impact of any radiation treatment.

Radiobiology has evolved since Roentgen’s discovery, and evaluated the biological
fate of cells, tissues or organs following the absorption of energy from ionizing radi-

ation. As previously mentioned, DNA in the nucleus has been mostly shown as the
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Figure 1.18. The event sequences after radiotherapy exposure in humans can result in

multiple reactions in a short or a long term duration [1].

primary target for the ionizing radiation. However, irradiation selectively directed to
the cytoplasm causes radiosensitivity in the cell, showing an initiation of cell signaling
emerges from other organelles than the nucleus. In fact, radiotherapy operates directly
on the membrane and confirms that plasma membrane shows an alternate path to

DNA in radiation-modulated cell reactions [1,90].
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2. ULTRA-HIGH FREQUENCY ACOUSTIC IMAGING
OF SODIUM ION DIFFUSION

2.1. Introduction

Sodium (Na™), being the primary cation in extracellular fluids of living beings, is
known to regulate bodily functions and biological processes. It also provides vital infor-
mation about physiological and pathological states. Almost all living organisms could
be unified to have the ability in sustaining the difference in sodium amount between
the interior and the exterior compartments of their cells. Typically, sodium concen-
tration of the viable cell interior is around 10-15 mmol/L while sodium concentration
outside the cell averages to 140-150 mmol/L [91-93]. Organisms divide a considerable
portion of the metabolic energy to sustain the sodium gradient. Since, this gradient
has a crucial role in nutrient intake, production and transmission of action potentials,
regulation of intra- and extracellular ions, and controlling of the cell volume [91-93].
Particularly, disruptions altering the sodium ion homeostasis are known to be major
hallmarks of cautious complications in cell integrity and ion homeostasis. Therefore,
accurate determination and monitoring of sodium dynamics hold the key to diagno-
sis and prognosis of many diseases such as cancer, stroke, kidney, heart diseases and

multiple sclerosis (MS) [91-93].

A number of analysis and monitoring approaches have been conducted to in-
vestigate variations in sodium content. Flame atomic emission spectroscopy, atomic
absorption, flow cytometry, ion-selective electrode (ISE) and neutron activation are
some of the sodium assay techniques [94-96]. However, these methods may be harmful
to biological samples like tissues, cell cultures, serum and urine when time duration
is considered. Besides, they are far from being practical because of the fact that they
lack actual quantifications, sufficient spatial resolution, interference-free and simple
operating principles. Moreover, Sodium Magnetic Resonance Imaging (sodium MRI)

offers visualization of the dynamic and static monitoring of sodium [97-99]. However,
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although being a non-destructive and reliable method, low sodium concentration of
tissues or cell populations (i.e cell interior 10-15 mmol/L and cell exterior 140-150
mmol/L) leads to limitations including low resolution (2-10 mm), low signal-to-noise
ratio (around 20-40), long scanning times (10-30 minutes), which impede studies on
exact sodium monitoring [99]. Also, this technique necessitates a compact tissue in
a magnetic space. The current methods used to image or monitor sodium concentra-
tion within the biological surrounding have constraints and improvement is required
for precise and reliable quantification. Therefore, further research is necessary to ob-
tain direct, precise, sensitive/specific, simple analysis and monitoring of sodium level
as well as improving current techniques. Acoustic measurement by Scanning Acous-
tic Microscopy (SAM), which uses high-frequency sound waves (80-400 MHz) to map
elastic properties of the sample through the measurements of acoustic impedance and
sound speed at microscopic levels without adverse mechanical effects [100], may be an
alternative to these investigation tools. Since, in comparison to the previously men-
tioned techniques, it has the benefits of micrometer resolution, direct non-destructive
monitoring capability, no requirement of a special sampling process, quick measure-
ment (i.e. 2 minutes for 4.8 mm x 4.8 mm target) with an easy application [100] and

applicability to bulk tissues [70,101-104] as well as to cell populations [105-109].

2.2. Methodology and Analysis

2.2.1. Phantom Design and Sample Preparation

Agarose phantom is imaging specimen of known acoustic properties such as sound
speed and acoustic attenuation coefficient and facilitates and quickens the development
of the imaging systems with its easy preparation protocol and reasonable cost [110]. In
light of all these, the ability of SAM in sodium content determination and monitoring
was first tested in the agarose phantom before investigating the ability of SAM in
biological surroundings such as live cell populations or tissues and serum. We prepared
an agarose phantom using commercial agar powder and distilled water. We fixed the

concentration at 2% (weight of agar powder (g)/100 ml distilled water) (w/v). The
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swirled mixture of agar and distilled water was boiled up to a temperature changing
between 80-90 °C. When the mixture cooled down to 70 °C, we poured it into the
polystyrene petri dishes of diameter 4 cm and 8 cm and let it cool further down to
room temperature (25 £ 1C°). The mixture was poured as a thin layer of thickness
of 1 cm within the petri dishes for neglecting the effects of gravity. Note that, in
the presence of an external force, such as gravitational force, it becomes harder to
describe the diffusion of NaCl solution in the agarose phantom by the well-known

Fick’s law [111].

The range of physiological sodium concentration is limited, but disruptions af-
fecting the ion balance may result in increases in the sodium level within the biological
medium. Accordingly, we specified the range, which covers physiologically possible
sodium content within biological mediums, between 130 to 350 mmol/L. The values of
agarose/saline test phantoms of known sodium concentration were also considered [99].
The NaCl solution concentration C' is defined in units of g/100 ml (w/v). In terms of
percentages, the biologically possible sodium amounts correspond to the range of 0.8%
to 2%. First of all, to get the general trend, we prepared low concentrations NaCl
changing from 0.8% to 2% with increments of 0.2% and high concentrations ranging
from 2% to 5% with increases of 1%. In the second part, 10% NaCl was prepared
to quantify sodium diffusion within the agarose phantom for time durations in the
order of hours (i.e. 1-hour) to give a better view of the study. Acoustic impedance
values change ranging from 0.8% to 10% were quantified and the acoustic impedance
values against previously mentioned sodium concentrations were plotted to illustrate

the relationship.

We created a well of diameter of 7 mm in the polystyrene petri dish of diameter
4 c¢m, to deposit and liberate NaCl solution of a concentration within the biological
range (130-350 mmol/L) [99]. The diameter of the dish for biologically possible sodium
concentrations was selected because of the reason that the concentration gradient be-
tween the phantom (background) and the well leads to diffusion to be observed within

a period of time in the order of minutes (i.e. 15 minutes). Then, we prepared another
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phantom inside the petri dish of diameter 8 cm with a well of diameter of 14 mm to
track very high total sodium content (i.e. 10%), which is not in the possible physi-
ological range but induces diffusion process to be observed for a time span of hours
(i.e. 1-hour). For both agarose set-ups, we used a dropper to pour a fixed volume of
NaCl solution of any concentration into the well. Side and top views of the agarose
phantoms structured for visualizing the sodium motility characteristics are shown in

Figure 2.1.

Figure 2.1. (a) Lateral and (b) top perspectives of agarose phantom of diameter 4
cm, (c) lateral and (d) top perspectives of agarose phantom of diameter 8 cm. The

concentric wells of NaCl solutions are 7 mm (a) and 14 mm (c).
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The total amount of NaCl solutions tested in this study remained constant

through diffusion process, as indicated in Equation 2.1

/ Cdv = constant. (2.1)
phantom

where C refers to the NaCl concentration in units of g/100 ml. We used the measure-
ments of acoustic impedance at time intervals of 2 minutes to image and verify the

diffusion of sodium ion in the agarose phantom.
2.2.2. Theory of Diffusion Process

Diffusion in a homogeneous medium is defined by Fick’s first law, which relates

the diffusive flux F' to the concentration gradient as
F=-D-V(C, (2.2)

where C'is the concentration of the diffusing substance and D is the diffusion coefficient.
It describes diffusion as a flow of substance resulting from the concentration gradient
between media. As shown in Figure 2.1, the agarose phantoms initially included two
concentric regions: A well and the background. The well was filled with NaCl. NaCl
diffuses from its nest to the background due to the concentration gradient. The diffusion
of NaCl in the agarose phantom follows the Fick’s second law which states the change

in concentration with time as given

oC'
— =V - (DVCO), (2.3)
ot

where ¢ refers to time. There was no varying concentration along the z-direction
within the agarose phantoms because of its structure. Therefore, we assumed that

diffusion could be investigated in 2-dimensions (2D). Equation 2.3 can be solved using

the separation of variables method for a disc of radius a on an infinite plane surface.
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The corresponding result gives concentration C at radius r and time ¢ as

C; —r? (¢ —r? '\,
C(r,t) = 5Dz &XP (4_Dt)/0 eXp<4Dt>[0<2Dt>T dr (2.4)

in which C} refers to the initial concentration of the disc, ¢ is time and I is the
modified Bessel function of the first kind of zeroth order. When ¢ > 0, the maximum
concentration of NaCl is observed at the disc’s center, and this equation can be reduced

to [112,113]

—a?

C= C’i(l — exp (m)) (2.5)

with the aim of defining diffusion of substances into large volumes.
2.2.3. Scanning Acoustic Microscopy

Here, we proposed a novel technique to quantify the diffusion of sodium ions into
agarose phantom by time-dependent acoustic impedance monitoring at room temper-
ature (25 + 1C°). All measurements were performed with SAM. A photograph of the

SAM system is shown in Figure 2.2.

SAM is a non-invasive and easy-to-operate technique capable of detecting vari-
ations in elastic features of samples under investigation. SAM can measure and map
microstructure of the sample as alterations in sound speed and acoustic impedance
profiles with no requirement of dyeing process. In SAM, an acoustic wave is generated
by a piezoelectric transducer and focused onto a sample by a sapphire lens; then it
is reflected and received by the same transducer. The intensity image of the reflec-
tion, which depends on the features of the sample, is transformed into the acoustic
impedance of the sample or the speed of sound passing through the sample. 2D images
at the microscopic level are produced by mechanically scanning the transducer along
the X-Y axes below the sample. Regarding the characteristics of the sample (tissue or

cell), the resolution of the system can be improved by changing the frequency of the
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Figure 2.2. Scanning acoustic microscopy system in our laboratory. (a) Top view of
the agarose phantom and the well used for monitoring NaCl diffusion, (b) 80 MHz
transducer (PVDF-TrFE), (c¢) X-Y stage and (d) computer display.

transducer. Namely, as the frequency of the transducer increases, the spatial resolution

will enhance [64,100, 114].

Figure 2.3 illustrates a schematic diagram and two different measurement modes
of SAM. SAM has two different measurement modes; speed of sound and acoustic
impedance. The relationship between the sound speed value and elastic bulk modulus of
a fluid-like medium is defined as ¢ = \/K_/p, where ¢ is the sound speed, K is the elastic
bulk modulus, and p is the density [64,100]. In sound speed mode, an approximately
10 pm thick flat cross-section of a specimen placed on a substrate is in contact with
distilled water, which is introduced between the transducer and the sample to improve
coupling. Reflections from the substrate and the specimen are collected to plot the
speed of sound passing through the specimen. In acoustic impedance measurement
mode, cross-sections of samples can be observed without unique slicing and staining
processes, but the front surface of the sample must be as flat as possible to retain

substrate-surface attachment properly. The acoustic impedance Z is defined as the
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Acoustic Impedance measurement mode and (b) Sound Speed measurement Mode.
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product of the density p and sound speed ¢ and reflects the elasticity of the target and
is formulated as Z = pc [64,100].

In the present study, a SAM system (modified AMS-50SI, Honda Electronics
CO., Ltd, Japan), equipped with a transducer having 80 MHz center frequency, was
tested in following the acoustic impedance changes induced by sodium ion diffusion
within the agarose phantom over time. Accordingly, the system was operated in the
acoustic impedance measurement mode. Here, 80 MHz transducer was selected due
to the adequate resolution required for monitoring the cumulative motility, namely,
displacement of the NaCl solution [69]. The lateral resolution of 80 MHz transducer
was 20 pm. 80 MHz transducer, which had a PVDF-TrFE membrane, had a spot size
of 17 pm and a focal length of 1.5 mm. 2D maps of samples were obtained by scanning
the transducer placed on the X-Y stage. The polystyrene petri-dish filled with agarose
phantom was positioned on the X-Y stage for each experiment. To raise impedance
matching, we introduced a distilled water droplet (c= 1480 m/s, p= 1000 kg/mm?)
as a coupling liquid between the substrate and the transducer. Radio-frequency (RF)
echo signals were received by the same transducer and acoustic impedance maps with
300 x 300 points were formed and plotted. The acoustic impedance data were then
processed to analyze the diffusivity of sodium within agarose phantom. The maximum
field of view (FOV) of the 2D maps of acoustic impedance was 4.8 mm x 4.8 mm,
which has a scan increment of 16 um. Scanning of the phantom in all experiments

took about 2 minutes.
2.2.4. Theory of Acoustic Impedance Measurement Mode

Figure 2.4 demonstrates the acoustic impedance measurement in SAM. In this
study, the acoustic impedance of distilled water and polystyrene substrates were mea-

sured as 1.5 x 105 N-s /m?® and 2.37 x 105 N-s /m3, respectively.

In the acoustic impedance measurement mode, the signal received from the object

is compared with the reference signal. The acoustic impedance image is formed from
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impedances of the object, substrate and reference, respectively



56
the reflected signal intensity map of the sample [115]. The reflected signal amplitude
from the object under investigation Sypject is formulated as

Zo ject — Zsu strate
bj t bstrat SO’ (26)

Sobject =
e Zobject + Zsubstrate
where Sy is the transmitted signal from the ultrasound probe, Zyjc is the acoustic
impedance of the object, and Zg,pstrate 1S the acoustic impedance of the substrate. The

reference signal amplitude is formulated as in the following

Sreference -

Zreference - Zsubstrates (2 7)
0y :
Zreference + Zsubstrate

where Z,¢ference accounts for the acoustic impedance of the used reference material.
Sobject ANA Sy ference are both directly measurable variables, however, \Sj is not. During
data recording, the transmitted signal from ultrasound probe Sy is accepted to have

no alteration, then the acoustic impedance of the object can be written as

_ Sobject 1 _ Sobject(Zsubstrate7Zrefe7'ence)

So _ S'refe'rence(Zsubstrate+zreference)
1+ Sobject substrate — Zsubstrate (28)
So

Zopiect =
ObJECt Sobject(Zsubstrate_ reference)

Srefe'rence (Zsubst'rate +Z'refeTence)

The acoustic impedance maps of the objects are plotted on a display by applying

the before-mentioned theory for each dataset.

2.3. Results

In our study, we showed the suitability of SAM system operating at 80 MHz
with a lateral resolution of 20 gm in monitoring sodium ion concentration through
time-varying acoustic impedance measurements in the agarose phantom. Before inves-
tigating the random behavior of sodium ions within the agarose phantom, we measured
acoustic impedance values of the phantom and NaCl solutions separately. The acoustic

impedance of the 2% agarose phantom was measured as (1.52 + 0.04) x 10° N-s /m?,
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which was in agreement with the value obtained in a previous study [116]. We used
polystyrene petri-dishes of diameters 4 ¢cm and 8 cm to place agarose phantom for
collecting reflected ultrasound signals properly during the measurements. Since, they

have good hydrophilic features necessary for substrate-sample attachment.

We prepared the NaCl concentrations in and around the acceptable range of
sodium content (130-350 mmol/L) regarding biological surroundings [99], therefore,
the detection and monitoring the concentrations of NaCl ranging from 0.8% to 2%
(g/100 ml water) were much more meaningful for the aimed study. SAM was able to
measure acoustic impedances of NaCl with concentrations varying from 0.8% to 10%
(g/100 ml water). Low concentrations ranging from 0.8% to 2% with increments of
0.2%, high concentrations ranging from 2% to 5% with increments of 1% and highest
concentration of 10% were chosen to present the ability of SAM in quantification of
sodium diffusion. Figure 2.5 illustrates the experimentally recorded acoustic impedance

values for the adjusted sodium chloride concentrations.
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Figure 2.5. Acoustic impedance values of NaCl solutions as a function of sodium

content.



58

A linear relationship between acoustic impedance and concentration of NaCl so-

lutions was extracted within this range as follows

Z=AC+B (2.9)

in which the acoustic impedance Z is defined in units of N-s /m3, the NaCl solution
concentration C' is given in units of g/100 ml water. Constants A and B were found

as 0.015 and 1.513, respectively.

In Figure 2.6, we showed acoustic impedance images of the 2% agarose phantom
with diffusing NaCl solutions at concentrations of 1%, 1.5% and 2%, respectively.
The acoustic impedances of these solutions were measured as (1.528 £+ 0.0036) x
10° N-s /m3, (1.539 + 0.003) x 10° N:s /m?® and (1.548 + 0.0023) x 10° N-s /m?.
The diffusion for 1% NaCl could be monitored for approximately 14 minutes, since,
clear contrasts between areas of sodium contents and the background vanished quickly
after the diffusion started. Herewith, for the selected concentrations, time period of
14 minutes was chosen for comparing the images. Acquisition of each 2D acoustic
impedance microscopic image took about 2 minutes with 300 x 300 sampling points.

FOV was set to 4.8 mm x 4.8 mm for each image.

In order to see clearly the diffusion mechanics within the agarose phantom and
avoid data fluctuations observed in lower concentrations (1% , 1.5% and 2%), we also
prepared 10% NaCl solution which is above the biologically relevant range and mea-
sured that the acoustic impedance was (1.67 £ 0.01) x 10° N-s /m?. Diffusivity of 10%
NaCl solution was dynamically resolved by capturing acoustic impedance images every
2 minutes at 25 £+ 1 °C till the agarose phantom and NaCl solution became isotonic,
as shown in Figure 2.7. Real-time screening of diffusion by SAM was achieved through
observing local variations in the acoustic impedance values in the agarose phantom. As
can be realized in subsequent images of the diffusion process in Figure 2.7, the NaCl

solution was spreading radially into the agarose phantom.
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Figure 2.6. Successively obtained acoustic impedance maps of the 2% agarose
phantom with diffusing NaCl solutions of concentrations of (a) 1%, (b) 1.5% and (c)
2%, in 14 minutes. The field of view was adjusted to 4.8 mm x 4.8 mm, covered by

300 x 300 pixels.
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Figure 2.7. Subsequent images of acoustic impedance maps of the 2% agarose
phantom with diffusing 10% NaCl solution. The field of view for each image was
adjusted to 4.8 mm x 4.8 mm, covered by 300 x 300 pixels.
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Figure 2.8 reflects the changes in acoustic impedance values of the phantoms
resulting from 10% NaCl solution diffusion for selected time points. Multi-colored
acoustic impedance images recorded by SAM were converted to gray-scale intensity
images using MATLAB and alterations in acoustic impedance values with time and
position were extracted from those gray scale images as shown in Figure 2.8. Moreover,
acoustic impedance values inside the well, at the well-phantom border and within the
2 % agarose phantom were demonstrated as an inset in Figure 2.8. Trends reflecting
the alterations in the acoustic impedance values for each time point were confirmed by
literature findings for the NaCl diffusion within the agarose phantom. For 10 % NaCl,
the diffusion process was followed for 1-hour timespan, however, approximately after
30 minutes, differences in acoustic impedances between NaCl regions, the phantom
and the well-phantom border became less distinct due to the previously diffused ions
and made the recording of the acoustic impedance images challenging. The acoustic
impedance for time points were projected at every 10 points to increase the visibility

of the data points.

The total amount of NaCl solution diffusing from its nest into the phantom was
kept constant in all experiments. We used this constraint which was previously defined
in Equation 2.1 for scaling of the maximum acoustic impedance values of 10% NaCl
solution at selected time points within the region of interest of 4.8 mm x 4.8 mm,
and then fitted to Equation 2.5 by means of Custom Equation Fit in MATLAB [113].
Figure 2.9 reflects all measured data points throughout the experiment from the time
point of four minutes to thirty-two minutes at time intervals of 2 minutes together with
theoretical trend using Equation 2.5. The maximum acoustic impedance value for each
time point appeared to coincide with the theoretical fit. In course of time, they declined
as expected from the diffusion. From the results of this study, it seems reasonable to
conclude that spatially altering acoustic impedance values were in agreement with the
diffusion process. We also extracted an experimental diffusion coefficient as 1.01 x

107° cm?/s.
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2.4. Discussion

In this study, we proposed time-dependent acoustic impedance imaging of sodium
diffusion by SAM operating at 80 MHz with a lateral resolution of 20 pm. The suit-
ability of SAM in sodium diffusion quantification was first tested within the agarose
phantom as a proof-of-concept. Previous researchers have documented that imaging of
sodium ion has a high potential to obtain characteristic information of disease-related
variances about biological surroundings such as tissues, cells and body fluids. The
normal intracellular sodium concentration of tissues is about 10 to 15 mmol/L, while
extracellular sodium concentration is around 140-150 mmol/L. The range for the phys-
iologically possible sodium concentration is limited, however, researchers noted that
disruptions affecting the sodium ion homeostasis can lead to increases in the sodium
level within the biological media [117-121]. Besides, the agarose/saline test phantoms
for sodium quantification in sodium MRI were taken into account [99]. Therefore, in
this study, considering the range of the physiological sodium concentration and the
reference phantoms for sodium quantification in sodium MRI, we specified the sodium
concentrations in and around the physiologically possible domain of sodium amount
(130-350 mmol/L) within tissues (i.e. brain, muscle and cartilage) [99]. Additionally,
in our study, the monitoring of sodium dynamics by SAM was first performed within
the agarose phantom as proof-of-concept, since agarose phantom is a tissue-equivalent
material of known acoustic features (i.e. speed of sound and acoustic attenuation coeffi-
cient) in ultrasound imaging. Also, its practical handling and easy preparation simplify
and speed up the development of a system by decreasing the necessity of conducting
human and animal experiment [110]. We determined the concentration of the agarose

phantom at 2% for all the measurements in the study.

As well as the biologically meaningful range for the sodium concentration, we
also studied the very high total sodium content of 10% which allowed us to study and
verify diffusion of sodium ions through time-varying acoustic impedance measurements
by SAM. Since variations along the gradient were more pronounced, the effects of fluc-

tuations were less significant in data. Thus, this part of the study provided much more
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precise information than lower concentration solutions (0.8% - 2% ) to clearly see and
quantify the sodium diffusion. We parenthetically remarked that the low concentration
detections of NaCl from 0.8% to 2% were more critical with our technique. Thus, in
the first part of our study, we prepared NaCl concentrations ranging from 0.8% to 2%
with increments of 0.2% to test the ability of SAM in low concentration saline solution
measurements. Then, to get a general trend, acoustic impedance values as a function
of the NaCl concentrations varying from 0.8% to 2% with increases of 0.2%, 2% to
5% with increments of 1% and 10% were obtained by SAM. Figure 2.5 shows the plot
of acoustic impedance values for NaCl solutions at previously defined concentrations.
In the projected concentration domain in Figure 2.5, we found a linear correlation be-
tween concentration and acoustic impedance which is given in Equation 2.9. From the
results, we concluded that the lowest concentration value for imaging and monitoring
of the diffusion process by SAM functioning with 80 MHz transducer was equal to
1%. Throughout screening of the test phantom, we needed only acoustic impedance
differences to track sodium ion dynamics. Namely, contrasts between the well and the
agarose phantom regarding acoustic impedances were accurately imaged for the lowest

saline solution concentration of 1%.

In this study, the diffusion process could be thoroughly followed for a time span
of 14 minutes with the lowest NaCl concentration of 1%. Reductions of differences
in acoustic impedances between the well and the phantom caused a decrease in the
contrasts of two regions. After 14 minutes, the phantom was sufficiently saturated by
saline solution as shown in Figure 2.6. Besides, Figure 2.6 shows a gallery of acoustic
impedance images for 1%, 1.5% and 2% NaCl solutions recorded over a time span of
14 minutes to provide a comparison. Differences in acoustic impedance between the
well and the background were sufficient to discern the well-agarose phantom boundary
and ion diffusion for low concentrations ( 1%, 1.5% and 2% ) in the time span of 14
minutes. With this, SAM permitted us to follow time-dependent variations in acoustic
impedance resulting from sodium concentration activity within the agarose phantom

with micrometer resolution at the concentration values adjusted in the research.
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The acoustic impedance of 10% NaCl, which is relatively high concentration con-
cerning its bio-availability, was measured as (1.67 & 0.01) x 10° N-s /m?® by SAM.
Compared to the NaCl concentrations of 1%, 1.5% and 2%, we obtained sharper con-
trasts between the well and the phantom for approximately 30 minutes because of the
significant concentration gradient between regions initially. Figure 2.7 shows acoustic
images for 10% NaCl solution at consecutive times covering 30 minutes by acquisi-
tion step of 2 minutes. Acquisition of each 2D acoustic impedance image lasted in
2 minutes with 300 x 300 sampling points over an area of 4.8 mm x 4.8 mm. For
the initial state of the experiment, a well-agarose phantom border was precisely dis-
tinguishable on acoustic impedance images for 10% NaCl solution. Due to sodium
ion movements, the contrast started to fade out and border became less detectable
because acoustic impedance values of both regions began to have closer values. After
approximately 30 minutes, little contrast between the well and the phantom was ob-
served. For 10% NaCl, we plotted acoustic impedance values as a function of position
within the agarose phantom at consecutive times, as shown in Figure 2.8. The acous-
tic impedance data were analyzed from the time point of four minutes to damp out
any source of undesired perturbations such as the effect of initial velocity which can
result from the introduction of NaCl solution to the well. The data recording might be
initiated at any instant, however, pure diffusivity will not be observed in time periods
prior to four minutes [122]. Before introducing NaCl solution into the well, the acous-
tic impedance of the agarose phantom was measured as (1.52 £ 0.04) x 10% N-s /m?.
When the 10% NaCl solution was poured into the well, the sodium concentration, and
likewise the acoustic impedance of the phantom linearly increased as reported in the
study of Bhatnagar et al. [123]. The theory of diffusion states that with instantaneous
sources, the diffusion process is not continuous but terminates [112]. As shown in
Figure 2.8, experimentally obtained maximum acoustic impedance values within the
region of interest of 4.8 mm x 4.8 mm were correlated with the theory of diffusion
for instantaneous sources and exhibited similar decaying behavior at time intervals of
4 minutes. Over time, the acoustic impedance values monotonically decreased with
distance from the well-phantom border due to decreasing amount of NaCl solution at

a particular position [112]. At the beginning of the experiment, the gradient between
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the acoustic impedance values of the well and the phantom was maximum, and ac-
cordingly, the curve showed a steep declination, which was due to the implementation
of highly concentrated 10% NaCl solution. With increasing time, the gradient became
less distinct compared to the initial trend due to previously located ions from the well
into the phantom, and the curve became shallower. This was the expected trend for
diffusion. We also observed fluctuations for some data points as a result of the com-
posite gel structure of the agarose phantom. According to the study of Muhr and
Blanshard [124], the structure of agarose gel was explained as a mesh, with water-filled
spaces between polymer chains. Therefore, heterogeneous structure and impermeable
vacancies of agarose phantom may result in unexpected acoustic impedance values.
Moreover, as clearly seen in Figure 2.8, it did not change the general behavior of pure

diffusion.

To quantify the diffusion for 10% NaCl solution within the 2% agarose phantom,
using Equation 2.1, the empirically defined maximum acoustic impedance values for
an image area of 4.8 mm x 4.8 mm were scaled and fitted to Equation 2.5 by Custom
Equation Fitting Toolbox in MATLAB. Figure 2.9 shows the measured data points
together with the theoretically plotted curve. The experimental acoustic impedance
values were in agreement with the theoretical curve. As time elapsed, the maximum
acoustic impedance values for each time point within the field of view of 4.8 mm x 4.8
mm decreased, as expected from the diffusion. We extracted a diffusion coefficient of
1.01 x 107° cm?/s from Figure 2.9. In the study of Schantz et al. [125], NaCl diffusion
was analyzed within approximately 1.5% agarose phantom. They used a 2 g of agar
powder for 100 ml water, but also stated that because of moisture in the phantom,
the actual concentration was almost equal to 1.5%. The diffusion coefficient in our
study was calculated to be on the order of 107° ¢cm? /s, which agrees with the diffusion
coefficient previously reported by Schantz et al. [125]. Therefore, we can conclude
that time-varying acoustic impedance determination by SAM is a valid method to

substantiate the sodium diffusion within the agarose phantom.
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As a future work, we plan on monitoring the sodium activity within the con-
centration range of cell interior (10-15 mmol/L) [91], which would help to distinguish
intracellular and extracellular chambers and offer information about the intracellular
environment. Moreover, in our work, we conducted all the experiments within the
diffusion phantom since fresh tissue and cell culture investigations were not subject to
this study. Before performing the sodium imaging in live tissues and cells by SAM, we
first tested our idea in the agarose phantom to check whether time-dependent acoustic
impedance measurements of NaCl diffusion by SAM is valid or not. Hence, our first
goal for this investigation was to show and prove the ability of SAM in sodium ion
dynamics monitoring by time-dependent acoustic impedance measurements within the
agarose phantom which has been used as a tissue substitute in ultrasound imaging for
a long time [110]. One of the reasons why we chose the agarose phantom was that
agarose phantoms have been used in ultrasound imaging for a long time for the de-
velopment and characterization of the imaging systems and algorithms alongside its
practical handling and easy preparation [110]. Secondly, there are similar studies in
literature in which agar phantom was used to study sodium ion monitoring. For exam-
ple, using agarose gel phantom and NaCl diffusion, similar experiment was conducted
by using magnetic resonance electrical impedance tomography (MREIT) [113]. Thus,
agarose phantom set-up was the first design that we planned for monitoring of sodium
ion dynamics by SAM. On the other hand, visualization of sodium by SAM in complex
surroundings such as ex vivo tissues and in wvitro cell populations will be challenging
due to the non-homogeneous nature of them. Yet, through considering both the simi-
larity of the agarose phantom to tissues and our findings, we believe that one may get
similar behavior for the acoustic impedance and concentration relationship as given
in Figure 2.5 within the intricate biological media (i.e., tissues or cell populations),
as well; but this necessitates a well-thought design, optimization of the experimental
conditions and specific analysis of the experimental data for the extraction of sodium
ion dynamics. To illustrate, these cases, particularly cell population and serum stud-
ies, may require higher frequency ultrasonic transducers of > 320 MHz which could
provide the resolution that is capable of cellular imaging (i.e., around 5 pum at 320

MHz). Future studies, which take these conditions into account, will be designed for
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determination and monitoring of sodium ion dynamics in the biological environment.

As was pointed out in the introduction of this study, several techniques have
been applied to the measurement of sodium level such as flame photometry, atomic
absorption spectrophotometry, flow cytometry, ion selective electrode and neutron ac-
tivation [94-98]. However, in spite of their reasonable ability to determine sodium level,
all these options have quite a few shortcomings which may affect clinical applications
adversely. These shortcomings comprise inadequate accuracy, indirect measurement,
destructive to the integrity of the sample under investigation, laborious sampling and
complicated machinery. In addition, Sodium MRI offers non-invasive quantification of
sodium content [99], but demands compact tissues in a magnetic field and long scan-
ning time (10-30 minutes). The low physiological amount of intra and extracellular
sodium ion (10-15 mmol/L and 140-150 mmol/L, respectively) result in low resolution
(2-10 mm) and low signal-to-noise ratio (around 20-40) [99]. In light of all these, using
SAM would be a very worthy addition for sodium concentration imaging and monitor-
ing. In this study, we claimed that time-dependent acoustic impedance measurements
of sodium concentration activity using SAM with 80 MHz ultrasonic transducer with
a lateral resolution of 20 um has a vast amount of benefits over previously aforemen-
tioned sodium analysis methods. Over clinically proven sodium monitoring tools, the
first advantage of SAM for imaging and monitoring of sodium ion dynamics is that it
is relatively fast technique in which data acquisition of 2D acoustic impedance images
with an area of 4.8 mm x 4.8 mm containing 300 x 300 sampling points takes about
2 minutes. Also, the attractiveness of SAM is that it offers micrometer resolution
(around 20 pum at 80 MHz) alongside easy-to-perform and direct monitoring. Further,
acoustic impedance measurement of sodium ion dynamics by SAM is a non-destructive
monitoring tool whereas sodium assays measuring total cell sodium level such as flame
photometry, atomic absorption spectrophotometry and neutron activation destroy the
samples. Accordingly, the non-destructive nature of SAM is an advantage when the
sample under investigation is desired to be used for following observations such as light
microscopy analysis. Another advantageous property of SAM is the ease of sample

preparation and hence it avoids inducing any mechanical changes in the samples due
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the specific sampling process (i.e. staining or fixation) [114]. Thus, to overcome arti-
facts caused by alterations due to sample preparation, acoustic impedance measurement
through SAM for the imaging and monitoring of sodium ion within biological media
such as tissue, cell populations or serum may be useful. With this study, we showed

that SAM shows a promise as a sodium monitoring tool.

In this investigation, we focused on monitoring of sodium diffusion since sodium
is a vital component of living organisms and alterations in sodium ion homeostasis
are known to be fundamental indicators of cautious complications in the integrity of
ion and cellular balance. In light of this information, in future, the success of SAM
in quantifying sodium concentration activity by time-dependent acoustic impedance
measurements could be extended to the non-destructive, interference-free and easy-to-
operate marker to follow dynamic processes such as the interaction of chemotherapy

treatment with the tissue or cell populations in wvitro.
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3. ACOUSTIC DIAGNOSIS OF
RADIOTHERAPY-INDUCED EFFECTS ON ELASTICITY
OF HUMAN TEETH

3.1. Introduction

Head and neck cancers represent an inhomogeneous group of malignancies of the
upper aerodigestive tract. This kind of cancer is seen at high frequencies of 500.000
new cases in a year [126]. Radiotherapy is prescribed to treat individuals with head
and neck cancers. It is also used as a palliative together with chemotherapy drugs
for malignancies, which are not suitably operated on. Radiotherapy can result in se-
vere reactions of the oral cavity, though it aids healing and maintain the nature of
tissues [127]. Individuals are principally treated by the radiation doses up to 60 Gy
divided into 2 Gy fractioned daily doses, where the tissues of oral cavity, salivary
glands and mandible are being irradiated [128]. According to the studies, individ-
uals subjected to radiotherapy for head and neck cancers may encounter direct and
indirect outcomes [129]. Alterations in salivary gland composition, candidiasis, vas-
cular variations, oral mucositis and necrosis of soft tissues could originate during or
in the first days or within months or years after the radiotherapy [129]. Apart from
indirect effects, radiation is also known to directly damage the dental tissue to lose
its structural identity through the reactions of variations in microhardness of enamel
and dentin, elastic modulus, crystalline and dentin-enamel junction morphologies and
matrix metalloproteinases (MMPs) [130-132]. Literature comprises a vast amount of
investigations on histological, chemical, mechanical and morphological alterations on
teeth subjected to ionizing radiation to gain knowledge for the causes of radiation
therapy-induced effects [133-144]. Nevertheless, non-physiological conditions of these
investigations extensively have limitations which may be harmful to the nature of the
sample through exceeding the characteristics elastic limit [135]. However, the findings
are still controversial, and thereby pathomechanism of complications in human teeth

at microscale after radiation therapy is still ambiguous. In the last several years, re-
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searchers have focused on ultrasound for the inspection of hard tissues (i.e. teeth and
bone) with the benefits of non-invasive, non-ionizing and non-harmful design [145-147].
In our recent proceeding study, we have also tested the applicability of SAM in tooth
characterization after radiotherapy [148]. Current state of the art lacks diagnostic tools
and has not well-developed. Thus, this study was motivated by the desire to suggest
a hand-held tool which might enhance our understanding about micromechanicsm of
the human tooth. It aims to show the applicability of 320 MHz SAM in the evaluation

of the tooth alteration at the micrometer level following radiotherapy.

3.2. Methodology

3.2.1. Tissue Selection and Preparation

After review and approval of the proposed investigation through Ethical Commit-
tee of Kartal Doctor Lutfi Kirdar Education and Research Hospital, Ministry of Health,
Istanbul with an approval number of 2018/514/18/9, human third molars of individuals
18 to 50 years old were collected by informed consent from Yeditepe University Faculty
of Dentistry between September 2018 and May 2019. For this prospective study, of
the initial extracted 65 human molar teeth, we included 45 (n=45) teeth homologous
to each other due to structural similarities. The established inclusion criterion was
caries-free teeth. We excluded 20 teeth since they had cracks and fractures, presence
of caries, appearance of metallic restorations, endodontic treatment. The extracted
sound human teeth were stored in distilled water changed at 37C° to mimic mouth
moist. The roots and debris were removed. The teeth were bisected longitudinally by
saw microtome (IsoMet 1000, Buehler) and then the surface of the remaining sections
comprising enamel and dentin were polished (Phoenix Beta, Buehler) with a waterproof
abbrasive paper of 1200 grit to attain a smooth surface to avoid superficial scattering
of the sound waves. The thickness of the polished samples were approximately 1 mm.
In our study, there is no requirement for the tooth sample to be thin sliced (i.e. 10 m),
stained and fixed for the visualization. The teeth were distributed into 6 groups (n=9)

in accordance with the irradiation doses: control, 2 Gy, 8 Gy, 20 Gy, 30 Gy and 60 Gy.
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The samples for each group were saved for further investigation in Scanning Electron

Microscopy (SEM).

3.2.2. Irradiation Design

Teeth samples were irradiated with 2 Gy, 8 Gy, 20 Gy, 30 Gy and 60 Gy doses
in single fraction by a clinical linear accelerator (LINAC) (Elekta Versa HD, Elekta,
Crawley, UK). 6 MV flat which has a dose rate of 600 cGy/min at dmax and unflattened
photonbeams used which has a dose rate of 1200 ¢cGy/min. All teeth were located in the
35 mm polystyrene petri dish. Irradiations were conducted with the positioned samples
submerged in a custom-made rice phantom to achieve homogeneous dose distribution
to the dishes as well as to simulate body. Before irradiation, the rice phantom was
scanned through Computed Tomography (CT) with a slice thickness of 2 mm. The
petri dish was deliniated as a Gross Tumor Volume (GTV). The dose distribution of the
experimental design was acquired by Monaco Treatment Planning System. Figure 3.1
shows details of the irradiation procedure for the polystyrene petri dish which was

located within the rice phantom.

The polystyrene petri dish was determined as a Gross Tumor Volume. The GTV
was conformed 95/100 (95%) by prescribed doses using anterior-posterior/posterior-
anterior (AP/PA) radiation fields, and Motor Unit (MU) calculation was done by
collapsed cone algorithm by Treatment Planning System (Monaco 5.11.02v, TPS).
Using 10 cm x 10 cm fields the number of monitor units were calculated by collapse cone
calculation algorithm to consider heterogeneity to give the prescribed radiation doses
that were 2, 8, 20, 30 and 60 Gy to the dental tissues located in the polystyrene petri
dishes. Before irradiation of the dishes, output of LINAC was corrected to ensure dose
differences at dmax smaller than 2% differences according to TRS 398 [149]. Irradiation
doses of dishes were confirmed for each experiment setting through 0.6cc farmer type
ionization chamber. The position accuracy of the dishes within the phantom were
checked for each irradiation through comparing Digital Reconstructed Radiography
(DRR) images created by TPS and kilo-voltage (kV) images obtained by kV system
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Figure 3.1. Details of the irradiation procedure for the polystyrene petri dish located

within the rice phantom.

of linear accelerator. Before each treatment the position control of the phantom using
kV-kV images was controlled to ensure that the polystyrene petri dish was located

within the same region with the tomography planning.

3.2.3. Scanning Electron Microscopy (SEM) Analysis

For the SEM analysis, a sample from each irradiated group was used to image. In
total, 6 specimens were visualized from the enamel and dentin regions. These samples
were divided into groups in accordance with the radiation dose applied (control, 2
Gy, 8 Gy, 20 Gy, 30 Gy and 60 Gy). A sample from each group was used to obtain
images and employ qualitative analysis Samples were positioned on aluminum stubs,
covered by a thin layer of platinum for 15 minutes, and imaged using a FEI-PHILIPS
XL30-ESEM-FEG.
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3.2.4. Statistical Analysis

Statistical differences for acoustic impedance records were conducted through
using Student t-test succeded by Mann-Whitney U analysis in GraphPad Prism 8
(GraphPad Software, San Diego, California) (p < 0.05), while SEM images were as-

sessed qualitatively. All data were given as the average + Standard Deviation (SD).

3.2.5. Ultrasound Data Acquisition by 320MHz SAM and Analysis

For the measurements of acoustic characteristics of dental tissue before and after
in wvitro irradiation, we used 320-MHz SAM (AMS-50SI, HONDA ELECTRONICS
CO., LTD, Toyohashi, Japan) in pulse-echo mode to directly measure sample reflection
coefficient and, therefore acoustic impedance. The schematic of principle of SAM is
given elsewhere [70]. Distilled water was applied as a couplant between transducer
and the sample. A radio-frequency signal produced by way of a transmitter reaches to
the piezoelectric transducer of the 320 MHz acoustic lens yielding sound waves. The
sound waves move through a sapphire rod, and then are converted to spherical waves
and focused on the surface of the sample by the help of an acoustic lens. Reflected
acoustic waves by the sample are collected through the same acoustic lens and then
turned to a radio-frequency signal by the transducer, and transmitted to a circuit of
video-processor. The amount of reflected sound wave is directly comparable to the

reflection coefficient:

_Zt_Zw

R=——
Zt+Zw

(3.1)
in which Z; and Z,, the acoustic impedance of the teeth samples and the coupling agent
water, respectively. The acoustic impedance (Z) is related to the elastic features of the
sample and expressed as the product of mass density p and compressional wave ¢, and

commonly defined in MRayl ( 1 Rayl = 1 kg m~2s71).
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The acoustic impedance of the coupling liquid is used to confirm the calibration

curve in the following equation [70]:

Z = pv = [pC.]? (3.2)

where p is the density, C. is the elasticity coefficient, and v is the acoustic velocity of the
sample under investigation. If the density of the embedding material is kept constant
during measurement, the variations in acoustic impedance will give the variation of
tissue elasticity. The reflection coefficient is equivalent to the signal amplitude and
establishes the brightness of the image. Higher acoustic impedance of the dental tissue
sample accounts for a brighter image since the acoustic impedance of coupling liquid

water is unchanged.

This study was conducted using specially constructed SAM for biological appli-
cations. It enables observation of the morphology and provides quantitative measures
for biomechanical features of biological samples in the frequency range varying from 30
to 500 MHz. To visualize the samples, the microscope is equipped with a spherically
focused broadband transducer with a central frequency 320 MHz since the azimuthal
resolution has to be at least the same size of the sample for enamel prisms and dentin
imaging [64]. The resolution is about 4.7 pum sufficient to visualize the microstructure
details of dental tissue. The transducer includes a flat piezoelectric layer of ZnO with
crystallographic orientation connected with a sapphire lens. From the bottom of the
lens, its focal length was 0.50 mm with the spot size of 4 pm. The central frequency
was 320 MHz, and acoustic pulse wave ranging from 200 to 400 MHz was focused on
the junction between the tooth and the substrate, and passed through the substrate.
The 320 MHz transducer was positioned under the sample on the X-Y stage where
linear servo motors drove the both X-scan and Y-scan. Polystyrene petri dish holding
the tooth sample was placed above the transducer as shown in Figure 3.2 (created
by BioRender), in which the front surface of the tooth was in contact with the trans-
ducer. Acoustic impedance of tooth was figured out using water as a substrate. The

acoustic impedance of water as a substrate was 1.5 MRayl. Each tooth sample was
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irradiated and scanned along the X-Y axes in a frame with 300 x 300 pixels. pixels.
Two-dimensional distribution of the acoustic impedance was obtained and the field of
view was 4.8 mm x 4.8 mm with a 16 um scan step. The treatment time for each
tooth scan took 2-3 min. Eight pulse echo sequences were selected for each experiment

to reduce noise.

™
Microtome

Holding polystyrene 1 mm thickness sliced
material /" and polished tooth
sample
Zreference L ‘
Stage
4 g
320 MHz Ultrasonic \
Transducer
Z substrate
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Figure 3.2. (A) Scanning Acoustic Microscopy (SAM) System (B) Schematic
representation of tissue sectioning (cutting points from enamel and longutidunal
direction) and localization for the measurement. (C) Schematic representation of
acoustic impedance measurement mode. In this case, water is used as substrate.

Tooth sample is not necessarily thin sliced. Just front surface must be polished to be

very flat for the acoustic impedance measurement of the tooth sample
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3.3. Results

3.3.1. Acoustic Impedance Imaging

Figure 3.3 displays non-uniform biomechanical features of dental tissue show-
ing up alterations in the intensity of the reflected acoustic signal in bulk enamel and
dentin for non-irradiated and for each radiation dose applied in this study. It can be
seen that investigation at 320 MHz permitted to discern enamel and dentin as well
as many microstructure details to be visualized in acoustic images. In the acous-
tic impedance image, SAM clearly monitored two-dimensional color distribution of
the acoustic impedance of the caries-free human molars. The gradation color varia-
tions from control to 60 Gy two-dimensional images showed the course of the acoustic
impedance values with respect to radiation doses. Enamel and dentin regions for non-
irradiated group were composed of higher acoustic impedance values than those of the
teeth of irradiated groups of 2 Gy, 8 Gy, 20 Gy, 30 Gy and 60 Gy. The softened dental
tissue due to the ionizing radiation appeared in the image as bright orange areas of

various tints relating to regions with a lower intensity of the acoustic signal.

For acoustic impedance analyses, in total, 45 sound human third molar were used.
These samples were divided into groups, each of which contains 9 teeth, according to the
radiation dose subjected. Table 3.1 and Figure 3.4 demonstrate the acoustic impedance

data distribution of non-irradiated and irradiated enamel and dentin.

Before irradiation of the samples, acoustic impedance of both enamel and dentin
was measured. Enamel from sound teeth showed higher acoustic impedance value (Z =
12.94 + 0.67 MRayl, n=9) than that of dentin (7.94 £+ 0.69 MRayl, n=9), and therefore
appeared to have higher elastic modulus due to the structure and organic components.
The course of the acoustic impedance values with respect to radiation dose received can
be clearly seen from Figure 3.4. The teeth samples exhibited reduced values in enamel
and dentin starting from radiation dose of 2 Gy to 60 Gy. The mean acoustic impedance

value of enamel of the pre-radiation teeth group of 12.94 + 0.67 MRayl was the highest
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Figure 3.3. Two-dimensional acoustic impedance images of human tooth pre- and
post-radiation therapy application recorded by 320 MHz Scanning Acoustic
Microscopy. The resolution was defined through the field of view of 4.8 mm x 4.8
mm for each image with a 300 x 300 scanning points with a scan size of 16 ym. All
image were determined to visualize both enamel and dentin within a signal scan.
Gradation in color bar (red to yellow) represent the variation after subjection to
radiation doses which are clinically used to cure head and neck cancers. Sound dentin
shows up higher acoustic impedance (orange to yellow) than the softened dentin

through radiotherapy.
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Table 3.1. Mean and Standard Deviation of recorded acoustic impedance values for

each region and irradiation dose obtained by 320 MHz Scanning Acoustic Microscopy

(SAM). The statistically different groups were marked with the stars (p < .05.)

Group & Region Acoustic Impedance (MRayl)
Control | Enamel 12.94 £ 0.67
Dentin 7.94 + 0.69
2 Gy Enamel 12.65 4+ 0.43
Dentin 7.42 + 0.35
8Gy Enamel 11.88 + 0.35
Dentin 7.39 £ 0.27
20Gy Enamel 11.37 + 0.63
Dentin 6.52 + 0.43*
30Gy Enamel 7.24 £+ 0.18%*
Dentin 5.71 £+ 0.66*
60Gy Enamel 6.49 £+ 028%*
Dentin 4.82 + 0.53*
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Figure 3.4. Distribution of acoustic impedance values for enamel (A) and dentin (B)

for non-irradiated and irradiated groups (control, 2 Gy, 8 Gy, 20 Gy, 30 Gy and 60

Gy). Stars above the scatter plots show a statistically significant difference in mean

acoustic impedance relative to non-irradiated group (*) (p < 0.05).
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among the groups. The acoustic impedance values compared to non-radiated control
group displayed significant variations after accumulated radiation doses of 30 Gy and
60 Gy, while irradiation doses lower than 30 Gy showed no significant effect on acoustic
impedance distribution of the enamel (Figure 3.4). For enamel, after applying 30 Gy
in vitro irradiation, the acoustic impedance was measured 7.24 4+ 0.18 MRayl, which
was lower than the acoustic impedance value of pre-irradiation group of 12.94 + 0.67
MRayl. The difference from the control group was found statistically significant (p =
.0002). After 60 Gy radiation dose application, the mean acoustic impedance value
of 6.49 £ 028 MRayl was measured, which was statistically lower than that of the
non-irradiated teeth group (p < .0001). Lower mean acoustic impedance values than
that of the non-irradiated teeth group were also observed after 2 Gy, 8 Gy and 20 Gy
in vitro irradiation which were figured out 12.65 + 0.43 MRayl, 11.88 4+ 0.35 MRayl,
11.37 4+ 0.63 MRayl, respectively (p > .05).

For dentin, a trend of varying acoustic impedance values was also obtained as the
teeth affected by radiation dose received. The average acoustic impedance value of 9
sound dentin, which were not irradiated, was higher than those of radiated dentin (7.94
+ 0.69 MRayl). Under radiotherapy doses of 2 Gy and 8 Gy, irradiation obviously had
a minor effect on the biomechanical characteristic of the dentin. The recorded acoustic
impedance values for 2 Gy and 8 Gy were 7.42 £+ 0.35 MRayl and 7.39 + 0.27 MRay],
respectively. These differences were not reported as significant. Compared to control
group, the effect of in wvitro subjection of the radiotherapy dose of 20 Gy towards the
teeth was measured as the acoustic impedance of the dentin diminished from the mean
acoustic impedance value of 7.94 4+ 0.69 MRayl to 6.52 4+ 0.43 MRayl. The variation in
the acoustic impedance was stated as a significant difference at the p = .0296 level. The
comparison between 30 Gy radiation dose group and the pre-irradiated group revealed
a significant change from 7.94 4+ 0.69 MRayl for the sound dentin group to 5.71 +
0.66 MRayl for post-irradiation teeth group (p = .0006). For dentin, 60 Gy irradiation
had the highest level of influence on the human teeth in terms of difference in mean
acoustic impedance value. Non-irradiated group had the mean acoustic impedance of

7.94 £+ 0.69 MRayl on the other hand, 60 Gy radiation dose received group had the
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average acoustic impedance of 4.82 £+ 0.53 MRayl exhibiting a significany change (p <
.0001).

3.3.2. Scanning Electron Microscopy

The enamel of pre-irradiation teeth showed the presence of regular normal enamel
at all depths with the well-organized prisms as it can be clearly seen in Figure 3.5.
Similar characteristics were also observed after subjection of radiation doses of 2 Gy,
8 Gy and 20 Gy on enamel surface. On the other hand, following exposure to 30 Gy,
a slight micro-morphological variation was visualized in the prismatic structure of the
enamel with all of the inspected regions of the treated tooth (Figure 3.5). With an
increasing dose of radiation to 60 Gy, micro-morphological variations appeared more
evident. Exposure to 60 Gy hindered the observation of interprismatic structure and

hydroxypatite crystals making the enamel surface amorphous.

As for dentin, the pre-irradiation group demonstrated well-defined intertubular,
peritubular and dentinal tubule together with an normally ordered collagen network.
The SEM photomicrographs of the groups subjected to radiation doses of 2 Gy and
8 Gy showed similar micromorpholocial properties. In comparison to sound dentin
images, treatment of the teeth by 30 Gy and 60 Gy radiation doses caused a progressive
variation in the morphology in all of the assessed parts. Due to the increasing radiation
doses, intertubular dentin, peritubular dentin and dentinal tubular illustrated unregular
structure compared to non-irradiated group. The dentinal tubules started disappearing

for the 60 Gy irraditation 50000x magnification.

3.4. Discussion

Though the radiotherapy efficaciously cures individuals with head and neck can-
cers, it may bring several side effects lowering the quality of life. The deterioration
of the elasticity of the human tooth after radiotherapy has not well developed. Ac-
cordingly, this study was motivated by the desire to suggest a hand-held tool which
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Figure 3.5. Electron micrographs of the enamel and dentin of the human molar teeth.
The images were obtained by Scanning Electron Microscopy (SEM) at 50000x.
Left-hand side images represent enamel, while right-hand side show dentin. (A) No

irradiation (B) 2 Gy, (C) 8 Gy, (D) 20 Gy, (E) 30 Gy and (F) 60 Gy, respectively.
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might enhance our understanding about the micromechanical properties of the hu-
man tooth. Our aim was to show the applicability of 320 MHz Scanning Acoustic
Microscopy (SAM) in the evaluation of the tooth alteration at the micrometer level
following radiation therapy. The radiation dose dependence of the acoustic impedance
variations on the extracted human teeth was quantitatively identified using 320 MHz
SAM in the acoustic impedance mode. The outcomes suggest that SAM is a promising
tool to analyze the elasticity and its distribution in the targeted tissue in situ. Based
upon the principle of acoustic impedance measurement, a hand-held acoustic probe,
which establishes a relationship between acoustic impedance variations and the radi-
ation doses, may be designed in future. Hence, acoustic impedance measurements in
situ could pave the way to follow dental tissue at the microscale resolution to guide
and ensure the safety of individuals treated by radiotherapy with a non-invasive and

non-ionizing approach in clinical settings.

Findings in the proposed study showed that the average acoustic impedance
values of non-irradiated sound dentin were lower than those of non-irradiated sound
enamel. This difference was as anticipated, since enamel differs from dentin in the form
of structure and orientation. A link between structural variations and elastic features
of enamel and dentin was formely documented through determination of elastic mod-
ulus [150]. Results imply that SAM could be used to distinguish enamel from dentin

through the acoustic impedance quantification.

The study further demonstrated that enamel behaved rather differently from
dentin as a function of the irradiation dose. The findings of the method gave that
ionizing radiation resulted in a dose-dependent reduction in the enamel microhardness
for cumulative doses of 30 Gy and 60 Gy. For the doses, a conformable relationship
between the variations in acoustic impedance and prismatic structure of enamel was
established. SEM images showing the prismatic structure of enamel appeared more ev-
ident with the radiation doses of 30 Gy and 60 Gy, which matched the literature [151].
This observation was also in agreement with the previous study of teeth indicated that

microhardness of irradiated human teeth was lower compared to non-irradiated human
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teeth groups [141]. Radiotherapy can lead to restructuring of the crystal structures of
mineralized tissues, and accordingly makes changes in the structural elasticity. The
enamel is organized by prisms, and the structural orientation defines the non-isotropic
appearance of the enamel and reflects it mechanical features [152]. SEM investiga-
tions for 30 Gy and 60 Gy irradiation doses unclosed morphological variations in the
enamel marked through progressively disorganized interprismatic structure, as previ-
ously studied [152]. The elasticity and the integrity of the teeth were affected, and
the radiogenic damage was observed as a lower microhardness in enamel proved by
acoustic impedance. This may occur because of decarboxylation of the tissue [131].
The lower acoustic impedance value and the change in enamel crystalline structure
might be the reason for the increased risk of dental deterioration after radiotherapy.
The lack of statistical differences in the acoustic impedance after 2 Gy, 8 Gy and 20 Gy
dose exposures has to be clarified, as the enamel mechanical structure and composition
might be affected through ionizing radiation; yet those modifications may be incipient
evidences of slight micro-morphological alterations in the enamel. This result should be
regarded for the establishment of protocols to hinder or weaken deleterious influences
during radiotherapy. The elastic properties of dentin undergone radiotherapy appeared
to be much more than those of enamel. Following cumulative irradiation with 20 Gy,
decreasing trend in acoustic impedance values of dentin was observed. As for SEM
images, it was observed irradiated teeth by cumulative radiation doses of 20 Gy, 30 Gy
and 60 Gy presented an increasing morphological deterioration. Starting with 20 Gy,
presence of fissures, cracks and obliteration in dentinal structure became notable. The
reduction in dentin elasticity evidenced by the acoustic impedance measurements may

be expressed by the variations in organic components in dentin tubules.

The literature has also reported ionizing radiation may lead to reduction in mi-
crohardness [151]. Enamel and dentin responded differently to the radiotherapy, which
is possibly due to the water content. Dentin has higher water content equal to 10%
whereas enamel has 4% by weight [153]. Resulting from the physical interaction of
ionizing radiation in water, radiotherapy causes production of free radicals and hydro-

gen peroxide [154]. Thereby, in terms of water content, dentin may be more unstable
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and susceptible to the radiotherapy, and a substantial influence on the microhardness
of dentin structure was observed. Acoustic impedance of dentin was progressively re-
duced with the increasing radiation doses. SEM images reflecting micro-morphological
alterations such as obliteration and fissures in dentinal structure may also confirm the
progressive differences in elasticity of dentin. The proposed study was employed in
vitro, therefore it has constrains on the reproduction factors (i.e., alterations in oral

microflora and hyposalivation) that cannot be taken into account.

Determination of acoustic impedance values made a reliable technique for quan-
tification of microhardness characteristics of dental tissues with no mechanical harm
to the samples. Our findings support the evidence of a direct radiogenic-related in-
fluence on enamel and dentin at the micrometer level. Scanning Acoustic Microscopy
(SAM) was suggested as a feasible method which enables detection of alterations in
the microhardness due to the radiation therapy through the acoustic impedance values
of enamel and dentin. As a future study, we plan on applying a dose of 2 Gy/fraction
up to a cumulative dose of 60 Gy. The measurements of post-irradiation enamel and
dentin acoustic impedance are aimed to be measured after every 2 Gy of irradiation
till completing 30 irradiation cycles. Based upon the principle of acoustic impedance
measurement, a hand-held ultrasonic stiffness checker establishing a relationship be-
tween acoustic impedance variations and the radiation doses may be designed. The

link between micro-mechanical to morphological variations needs further assessments.
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4. QUANTIFYING THE INFLUENCES OF
RADIOTHERAPY ON DEFORMABILITY OF HUMAN
ERYTHROCYTES BY DUAL-BEAM OPTICAL
TWEEZERS

4.1. Radiotherapy Treatment and Red Blood Cells

Radiation therapy is widely used as a treatment tool for malignancies since it is
capable of killing cancer cells and shrinking tumors using ionizing radiation. However
ionizing radiation, typically face issues not only because of the target tumor action
but also because of the adverse influences of radiation exposure on non-target cells
or tissues [155]. In recent years, there has been an increasing amount of research on
the use of ionizing radiation due to the high targeting capacity and therapeutic effect.
Though radiation therapy brings many advantages in the application, radiation-related
complications are still unavoidable risks for off-target cells. Accordingly, decreasing its
adverse consequences on the off-target cells is a critical problem, and remains a signifi-
cant research area for radiation biology. Radiotherapy can promote biological damage
at the molecular level and cellular DNA chains as single- or double-strand breaks. On
the one hand, DNA in the nucleus was marked as the initial and fundamental target of
radiation exposures directly by deposition of energy or indirectly by the production of
reactive oxygen/nitrogen species. Thus, the primary adverse effects are attributed to
DNA deterioration in target cells which have not been properly brought back through
processes of metabolic repairment [156,157]. On the other hand, radiotherapy also
acts directly on the membrane, confirming that plasma membrane shows an alter-
nate path to DNA in radiation-modulated cell reactions [90]. Previous studies have
documented the direct influences of cellular death caused by human tissue irradiation
in particular attention to chromosome rearrangement and genetic mutation resulting
from the radiation-induced deposition of energy [158-161]. Also, cellular immunity,

free hemoglobin level, sodium ions (Na™), potassium ions (K*) and chloride ions (C17)
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concentrations, cell outline variations, a reduction in the production and alterations in
the aggregation state of platelets have been researched studies on the irradiation of red
blood cells [162-171]. Mostly, these investigations reveal that there is an association
between the irradiation dose and the loss of the erythrocyte function. However, little
is known about the possible effects on mechanical features of the red blood cells ex-
posed to radiation therapy. Measurement of mechanical properties such as elasticity,
deformability, and stiffness in biological specimens are extensively regarded to reflect
variations in biological function, and can demonstrate the mechanical principles of or-
ganism units in numerous physiological or pathological states [172,173]. Both morphol-
ogy and cytoskeleton meshwork regulate red blood cell deformation and impairment.
Abnormalities in the biconcave disc shape, the membrane, and the cytoskeleton closely
pictures some red blood cell-related diseases [174]. They give rise to characteristic
illnesses such as diabetes mellitus [175], sickle cell anemia [176], malaria [177] and can-
cer [178]. It is also well-known that radiotherapy leads to many complex and dynamic
variations in cell outline along with cell membrane damage. To illustrate, changes in
the membrane permeability and the membrane-cytoskeleton structure may induce dif-
ferences in the membrane, containing metabolic and behavioral changes, giving rise to
cell dysfunction [179-181]. Therefore, knowledge of the cell mechanics at the whole-cell

level contributes to the further understanding of radiation-related damage.

Different methods assess elasticity and deformability of cells AFM, micro-needle
manipulation, cell poking, and magnetic tweezers [182-187]. However, they encounter
fundamental obstacles to generalized application. The tools have a high spring constant
relative to the modulus of elasticity of the sample, and they are not capable of resolving
small differences in cell elasticity. Some of these methods can only reach a limited
fragment of the cell due to the contact area. Accordingly, whole-cell elasticity cannot

be directly measured.

Laser traps enable holding, manipulation, and characterization of a diverse variety
of microscopic and nanoscopic materials [28-31]. Optical forces, exerted through light

due to the momentum transferred, have been applied to investigate elasticity of ery-
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throcytes using two optical techniques: optical tweezers method and optical stretcher
method [21,188-191]. The dual-beam optical tweezers in stretching mode produces
forces which bridge those produced through conventional optical tweezers. The whole-
cell cortex elasticity can be directly quantified by the measurements of deformation
in this method. Without microbead handles simple set-up also has the benefits of a
large amount of whole-cell mechanical determinations. Non-physiological handling by
surface-attached microbeads can also result in measurement artifacts. Besides, these
methods necessitate quite complicated experimental preparations such as microbead
attachment to the cell membrane, and a considerable amount of cells cannot be mea-
sured in a limited life cycle of live cell cultures. Up until now, the ability of dual-beam
optical tweezers in stretching mode producing a measurable deformation of the ery-
throcytes exposed to radiotherapy has never been tested. For this reason, we probed
whether definitive or subtle changes in the deformability of the erythrocytes in response
to radiotherapy can serve as a sensitive biomarker by dual-beam optical tweezers mea-
surements. To test this, blood samples were irradiated with 2 Gy (n=109), 12 Gy
(n=112), and 25 Gy (n=118) radiation doses. Also effects of radiation therapy on red
blood cells were investigated through hemogram analysis for each irradiation dose in

the study.

4.2. Methods

A commercial dual-beam tweezers (Zeiss PALM Micro Tweezer) with 1064 nm
laser wavelength, 3W output power, and 100X oil immersion (NA=1.518) objective
was used to perform the stretching experiments, see Figure 4.1A (Created with Bioren-
der.com). The set-up was operated in stretching mode to record the deformability of

the red blood cells, as cartooned in Figure 4.1B.

First of all, the traps were positioned on the two sides of a single red blood cell
with the trap separation of 5 pm. In this configuration, they were off. Then, they
were activated, and one of the traps was moved with the velocity of 0.5 pum/s for 20 s

time duration. During that time, with the movement of the trap, the RBC first started
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Initial positioning of the
two laser beams on a RBC
when the traps are on at
t=0s

- &

Rotated RBC when the
traps are on when t>0 s

Figure 4.1. (A) Dual-beam Optical Tweezers Set-up used to quantify deformability of
red blood cells (RBCs) after radiotherapy treatment, (B) Initial positioning of the
traps on a RBC in stretching mode.

stretching and then after reaching to a certain length, it escaped from the moving trap
and began to relax. In the shape analysis of each single red blood cell, we used an
analysis script that was written in MATLAB. This script first converted the frame from
an RGB image into a grayscale image. Then, this grayscale image was converted into
a binary image. This binary image was sent to MATLAB’s Maximum Feret Diameter
(MFD) function, which gave the extreme edges of the cell boundary and was used to
track the change of axial length of the RBC. This script offered the initial (minimum)
and final (maximum) lengths of the RBCs over 20 s. From this, we extracted the

deformability index (DI) by the following equation [191]:

Lma:r - LO

DI =
Ly

(4.1)

where, Lg is the unstretched (initial) size, L4, is the maximum (final) stretched size

of the RBC.
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4.2.1. Sample Preparation

Blood samples were collected by puncturing a fingertip using a sterile lancet
needle. Blood smear on the tip of micropipette was mixed with a solution consists of
1 mL PBS and 100 uL. BSA (Bovine serum albumin). For preventing RBCs to adhere
to the cavity well microscope slide, 15 ul. BSA was dried on a coverglass inside an
incubator at 24.5° C for 2 hours [192]. Prepared sample of 70 ul. was placed onto the
microscope slide and BSA-dried cover glass was placed on top of it (Figure 4.2). The
borders of the cover glass was sealed using a nail polish. All the experiments were

performed at room temperature.

=3 |

\

Glass Slide

Nk

Figure 4.2. Blood sample + Bovine serum albumin (BSA) + Phosphate-buffered

saline (PBS) solution on a glass slide with a well at the center.

4.2.2. Irradiation Protocol

The blood samples stored in EDTA tubes were irradiated by a total and single-
dose application of 2 Gy, 12 Gy and 25 Gy in a single fraction by LINAC (Elekta Versa
HD, Elekta, Crawley, UK) in Istanbul Oncology Hospital. This study used 6 MV flat

with a dose rate of 600 ¢cGy/min used in dmax and unflattened photon beams with a
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dose rate of 1200 ¢cGy/min. The EDTA tubes were submerged in a custom-made rice
phantom in an attempt to distribute radiation homogeneously and mimic the body.

The remaining details of the irradiation protocol was the same as the sub-chapter 3.2.2.

4.3. Results

The results of the current study evidenced significant differences in initial (un-
stretched) cell size, final (stretched) cell size and DI of RBCs, among the control and
the experiment groups. Statistical differences were calculated by using Student’s t-
test, one-way ANOVA and Dunnett’s multiple comparisons tests for the groups (i.e.
the control and an experiment group). Results were accepted statistically different
when p < 0.05 for each analysis. The behavior of red blood cell diameter in stretching

experiment is shown in Figure 4.3.

The stretching experiment was performed with different laser trap powers (oper-
ating at 40%, 60%, 80% and 100%) on the control group (0 Gy) to characterize the
dependence of DI on the trapping laser power. According to the Figure 4.4A; a linear
increase was observed in DI with an increasing trap power [193]. Since the maximum
stretching of the RBCs (without rupturing) was preferred, the experiments were con-
ducted with the laser traps operating at 100% power for all the data groups. The
relation between the unstretched size of RBCs and DI was analyzed by using a linear
regression as given in Figure 4.4B. When all the dose groups along with the control
group were considered, an inverse relation between the unstretched cell size (L) and
DI was observed for each data set. RBCs in the experiment groups were viewed to be

more deformable compared to control group.

Table 4.1 shows the comparisons among control and experiment groups (2 Gy,
12 Gy and 25 Gy). Lg, Ly and DI parameters for all the groups were compared
and statistically different groups were determined through one-way ANOVA and Dun-

nett’s multiple comparisons test. A p < 0.05 value was considered statistically different.
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Figure 4.3. Stretching of a RBC by dual-optical traps, (A) The traps were positioned
on the two ends of the RBC with the trap separation of 5um, corresponding the
starting point of the stretching, (B) Just before escaping from one of the traps, RBC
was reached to the maximum length, showing the peak of the Maximum Feret

Diameter (MFD) vs time graph, (C) Contracted RBC after escaping from the traps.
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Figure 4.4. (A) Change in the mean DI of the control group with respect to the laser
trap power operating at 40%, 60%, 80% and 100%, (B) The scatter plot of DI vs.
unstretched RBC size with the corresponding linear fit lines are presented for the four
data groups. R-squared values of the linear fit lines: 0.170, 0.235, 0.167, 0.344 for the
data sets of 0 Gy, 2Gy, 12 Gy, 25 Gy, respectively.

Besides, Kernel density estimation plots, given in Figure 4.5, revealed that the
initial cell sizes (Lg) for each experiment group were found to be significantly (p < 0.05)

elevated relative to the control group, see also Table 4.1.
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Figure 4.5. Kernel density estimations for pairs of initial and final RBC lengths in
the control group, 2 Gy, 12 Gy and 25 Gy groups.
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Table 4.1. Comparisons of the control group and experimental groups in accordance
with the one-way ANOVA and Dunnett’s test. A p < 0.05 value was considered

statistically different. ns shows no significant difference among groups.

p-value
Dose Groups (Gy) | Lo(pm) | Liae(um) DI

0-2 0.0042 | 0.0953(ns) | 0.9312(ns)
0-12 0.0004 | 0.4883(ns) | 0.2194 (ns)
0-25 0.0424 9e-08 0.0068
2-12 0.9233(ns) | 0.7815(ns) | 0.5264(ns)
2-25 0.8361(ns) 0.0040 0.0005
12-25 0.4481(ns) | 0.00005 2e-06

The calculated deformability indices for each data set are demonstrated in Fig-
ure 4.6A and the corresponding Kernel distributions given in Figure 4.6B shows that,
compared to the 0 Gy, mean DI was significantly increased in 25 Gy group, while a

decrease was observed for 12 Gy group.

On the other hand, between the control group and 2 Gy group, no significant
difference was recognized in DI (p=0.9312, Table 4.2). Among the all data sets, the
highest variance in DI was observed in 25 Gy group with the corresponding Kernel
bandwidth of 0.0518.

Table 4.2. Number of the RBCs, mean of L, L,,.,. and DI values for each data set.

Dose (Gy) | # of RBCs | Mean L, (um) | Mean L,,,, (um) | Mean DI
0 97 7.87 £0.44 10.51 £ 0.66 0.33 £ 0.08
2 109 8.11 £ 0.44 10.74 £ 0.44 0.33 £ 0.08
12 112 8.14 £ 0.43 10.65 £ 0.43 0.31 = 0.09
25 118 8.05 £ 0.52 11.06 £ 0.76 0.38 £ 0.11

Table 4.3 tabulates the hematological parameters in the non-irradiation (control)
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Figure 4.6. (A) The box plot shows the summary of the four data sets. The gray dots
show the data points, and the gray line in the boxes show the mean values of the
corresponding data sets, respectively. (B) Kernel density estimations
(kernel=normal) for deformability index are demonstrated for each dose groups.
Kernel bandwidths were found as: 0.0362, 0.0278, 0.0379, 0.0518 for the groups 0 Gy,
2 Gy, 12 Gy, 25 Gy, respectively.
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and treated groups by 2 Gy, 12 Gy and 25 Gy, respectively. 12 Gy and 25 Gy radio-
therapy doses got higher values with an increasing trend compared to control and 2
Gy groups in the number of white blood cells (WBC) and platelet (PLT). However,
with the increasing doses (12 Gy and 25 Gy), the decrease in the number of red blood
cells and the decrease in the amount of MCHC (mean cell hemoglobin concentration)
was observed compared to the control group. The values for WBC, PLT and red blood
cells were all in the reference range but they showed a different values compared to the

non-irradiated group in that range.

Table 4.3. Whole blood count comparisons between the non-irradiated group and
irradiated groups at 2 Gy, 12 Gy and 25 Gy. WBC: White Blood Cell, RBC: Red
Blood Cell, HCT: Hematocrit, MCH: Mean Corpuscular Hemoglobin, RDW: Red Cell
Distribution Width, MCHC: Mean Cell Hemoglobin Concentration, MCV: Mean Cell
Volume, PLT: Platelet, RDW-CV: Red Blood Cell Distribution Width.

Parameters (unit) | Reference | Control | 2 Gy | 12 Gy | 25 Gy
WBC(x10°/uL) 40-100 | 4.98 | 4.93 | 6.64 | 6.78
Neutrophil(x10°/uL) | 2.00-7.00 | 1.89 | 1.98 | 3.68 | 3.71
Lymphocyte(x10%/uL) | 0.80 - 4.00 2.61 2.50 2.36 2.42

Monocyte(x10%/uL) | 0.12 - 1.20 0.32 0.31 0.48 0.49

Eosinophil(x103/uL) | 0.02-050 | 014 | 013 | 010 | 0.12
Basophil(x10%/uL) | 0.00-0.10 | 002 | 0.01 | 0.02 | 0.04

RBC(x10°/uL) 350-550 | 4.50 | 5.06 | 4.53 | 4.50
HGB(g/dL) 11.0-160 | 13.7 | 14.8 | 13.9 | 13.7
HCT(%) 37.0-54.0 | 438 | 457 | 440 | 438
MCV(fL) 80.0-100.0 | 972 | 90.3 | 97.1 | 972
MCH(pg) 27.0-340 | 296 | 292 | 30.6 | 305
MCHC(g/dL) 32.0-36.0 | 329 | 323 | 31.5 | 31.4
RDW-CV (%) 11.0-16.0 | 127 | 11.8 | 128 | 12.7

PLT(x103/uL) 100 - 300 259 252 276 282
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Figure 4.7 indicates effects of radiation therapy on red blood cell morphology
for the control and three experimental groups (2 Gy, 12 Gy and 25 Gy). The images
revealed prominent morphological variations for 12 Gy and 25 Gy. The number of

crenated red blood cell was increased per image area with the increasing dose.

Figure 4.7. Morphology of red blood cell sample for non-irradiated and irradiated

experimental groups at 2 Gy, 12 Gy and 25 Gy, respectively. Yellow arrows indicate

morphologically differentiated red blood cells after radiotherapy exposure.
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4.4. Discussion

We showed a feasibility study of radiation therapy effects on the mechanical prop-
erties of cells using dual-beam optical tweezers in stretching mode by the measurements
of optical deformability. The method was first tested on a red blood cell model as proof
of concept. Up until now, no study has measured the deformability of erythrocytes as
a determinant factor to assess cell reactions to radiotherapy. Healthy red blood cells
were irradiated by 2 Gy, 12 Gy and 25 Gy cumulative radiation doses. Deformation,
which is a function of time and equated to the elasticity of cells, permitted the sen-
sitive distinction between non-irradiated and irradiated red blood cells. The findings
reported that irradiation of red blood cells by 2 Gy, 12 Gy and 25 Gy quantified by the
dual-beam optical tweezers showed a dose-dependent variations (increase or decrease)
in the stiffness of the erythrocyte membrane. The relationship may be mainly emerged

due to the following explanations.

Radiobiology has been studying the biological responses of cells or tissues to ion-
izing radiation. It is well-known that ionizing radiation provokes damage directly by
deposition of energy or indirectly by production of reactive oxygen /nitrogen species in
DNA double helix in the nucleus. However, the origin of molecular events triggered at
the plasma membrane, which are caused by radiation, is unclear. Erythrocytes were
used as primary test objects since they are nucleus-free, and have smooth membrane
surfaces maintaining their integrity. Also, they are off-target cells circulating all over
the body, and thus a good model to study the biomechanical effects on the structure
following radiation exposure. Taken together, we focused on any potential radiation-
related effects on the deformability of the red blood cortex to distinguish adverse effects
from DNA damage using the dual-beam optical tweezers in stretching mode. Healthy
red blood cells have good biomechanical characteristics that build upon the biconcave
disc shape, the cytoplasm viscosity, cytoskeleton and the stiffness of the phospholipid
bilayer membrane. Current literature represents variation of any of these contributors
may induce differences in the membrane morphology, cytoskeletal network, and me-

chanical features of RBCs and thus create morphologically distinct signals [194,195]. As
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previously mentioned, these are responsible for both the deformability of red blood cells
and variations in biolgical function. More specifially, notable variations in red blood
cells arise from a coupled dynamic response of the membrane and spectrin meshwork.
Spectrin, a fundamental component of cytoskeleton proteins, not only has a crucial
role in the preserving the outline of the cell and cytoskeleton network but also reflects
deformability or responses to exterior perturbations [196]. Our investigation presented
that different radiation exposures lead to various degrees of damage to the membrane
of red blood cells. Radiation exposure of red blood cells by 25 Gy generated the highest
deformability among the irradiated groups. Based on statistical analysis, the red blood
cell population for 25 Gy was significantly distinguishable with 95% confidence from the
non-irradiated population. One of the reasons underlying this finding can be explained
by the rearrangement of lipids, fatty acids, and spectrin-al protein and collapse of the
membrane skeleton due to the radiation effects on the plasma membrane [197]. A link
between cell stiffness and radiotherapy treatment was formerly documented, therefore
this difference was as anticipated [198,199]. A slight change in the outline of the red
blood cells was observed for 25 Gy radiation exposure, which is shown in Figure 4.7.
Red blood cell with damaged morphology was most frequently found in this radiation
dose group. Namely, the number of crenated red blood cells was the highest per image
area with 25 Gy exposure. Moreover, the hemogram results showed the highest values
for the number of WBCs and platelets for 25 Gy. The reason behind the increase in
the platelet number can be explained and verified by changes the aggregation state of
platelets after radiotherapy exposure [171]. As for WBCs in hemogram, the dose was
an influencing factor in the count that lead to a greater increase after radiotherapy ex-
posure by 25 Gy. However, in the study of Sanzari et al. [200], radiotherapy decreased
the number of white blood cells. Also, Taqi et al. reported no significant variations
in the whole-blood count, and hence white blood cell counts [200]. Any differences
between the current investigation and the literature reports can be attributed to the
differences in the in the deposited amount of the irradiation doses in the cells. Further-
more, the mean hemoglobin concentration level was decreased in 25 Gy dose exposure.
This can be because the plasma membrane of red blood cells consists of unsaturated

lipid, and hemoglobin, being a free radical reaction source, may cause peroxidation of
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lipid, which can influence fluidity and state of hemoglobin. The average deformability
index for 12 Gy radiation dose was not significantly different to the average deforma-
bility index of 0 Gy but it showed a decreased deformation trend. Red blood cells in
12 Gy became less deformable compared to the non-irradiated group. However, this
result did not match the literature reported earlier [198]. The increase in stiffness of
red blood cells evidenced by the mean deformability index might be related to the
slight increase in spectrin expression which was observed for values lower than 4 Gy
in the study of Zhang et al.. Also, the maturity of erythrocytes for 12 Gy dose group
may be the contributing factor to the mean deformability index. It is because erythro-
cytes become stiffer as they age, and consequently less deformable [201]. As for 12 Gy,
slight variations in the morphology of the red blood cells were visualized. However,
the number of morphologically deformed red blood cells was less than 25 Gy, as ex-
pected. Furthermore, as in the case of the irradiated group of 25 Gy, higher values were
observed in the counts of WBCs and platelet whereas lower values were recorded for
RBCs and hemoglobin concentration compared to control and 2 Gy groups. Contrary
to published studies [198,199], this study did not find a significant difference between
0 Gy and 2 Gy in terms of elasticity of red blood cells. Overall, the deformability
indices obtained by dual-beam optical tweezers application proved there was no linear
dependence between irradiation dose and stiffness of the red blood cells. Red blood
cells responded to radiotherapy treatment differently because of the amount of the

absorbed dose and cell features.

The dual-beam optical tweezers approach creates forces that bridges those ob-
tained through conventional optical tweezers. A significant benefit of the technique over
the conventional optical tweezers is that there is no requirement to attach and position
microbeads to the cortex of the erythrocytes for stretching measurements. With this,
we were able to measure the whole-cell elasticity of a large number of red blood cells in
a life-span of cultured live-cells by eliminating the time taken to attach and locate the
microbeads. Dual-beam optical tweezers also allowed us to probe definitive and sub-
tle variations in the deformability of the red blood cells after radiotherapy treatment.

Therefore, the findings of the present study provided the following insights for future
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research: Dual-beam optical tweezers may be used as a biomarker to follow changes in
response to radiotherapy treatment in a cell’s mechanics, that is showed up in plasma
membrane and cytoskeleton network in radiobiology investigations. Thus, this method
may offer further knowledge in cellular function after radiotherapy with a more unifying
view, containing mechanical properties from the membrane. Deformability measure-
ments by the dual-beam tweezers may put a new emphasis on radiotherapy-induced

effects in the future.



103

5. CONCLUSION

In this dissertation, biomechanical characteristics of living cells and tissue-mimicking
materials were quantified by SAM and dual-beam optical tweezers set-ups by the mea-
surements of acoustic impedance and deformability index to characterize the influences
of external stimuli and biomarkers in cancer. This thesis covers three achievements.

The conclusion from each achievement is given in the following.

We proposed the study in which we used NaCl diffusion in the agarose phan-
tom and proved the feasibility of SAM equipped with 80 MHz which has a lateral
resolution of 20 pum to track variations in the agarose phantom’s acoustic impedance
maps in time in Chapter 2. With this study, it was concluded that acoustic impedance
measurements of sodium content by SAM in a micrometer resolution have a variety of
benefits over other sodium determination techniques (flame photometry, flow cytome-
try, atomic absorption spectrophotometry, ISE, neutron activation and sodium MRI)
owing to non-contact and non-destructive mechanism without special sampling and
rapid observation capability corresponding to 2 minutes for 4.8 mm x 4.8 mm imaging
area. Furthermore, we validated the sodium diffusion by means of time-varying acous-
tic impedance quantifications. Through these, we proposed a novel sodium content
determination which may be employed not only in static image obtaining but also used
for sodium ion dynamic investigations (e.g. the interaction of chemotherapeutic agents

with the biological matter).

Chapter 3 gave the third major subject of this thesis that showed the potential of
SAM in the quantification of radiation therapy effects on extracted and sound human
third molar teeth by the acoustic impedance measurements. In accordance with the
results, structure of the human teeth was apparently visualized in the form of acoustic
impedance distributions. Thus, it was shown that 320 MHz SAM can measure direct
radiogenic-related effects on enamel and dentin at the micrometer resolution by the

acoustic impedance measurements. This study established a relationship between pre-
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scribed radiation doses and acoustic impedance variations in human teeth. Besides, we
were able to resolve enamel and dentin by the differences in acoustic impedance values.
Hence, SAM was recommended as a feasible technique to evaluate micromechanical
variations by the acoustic impedance measurements in enamel and dentin due to the
radiotherapy treatment for head and neck cancer patients in pre-clinical settings. In
the future, the potential of SAM can be implemented to a hand-held ultrasonic stiff-
ness checker, which may be constructed based on the acoustic impedance measurement

configuration.

The final achievement of this thesis was given in Chapter 4. Dual-beam opti-
cal tweezers for estimating the deformability or stiffness variations after radiotherapy
treatment on the cell cortex of erythrocytes was studied since the origin of molecular
events triggered at the plasma membrane, which are caused by ionizing radiation, re-
mains unclear. The output obtained from this study indicated the in vitro exposure
of human blood to radiation doses of 2 Gy, 12 Gy, and 25 Gy represented the different
amount of effects, which was quantified by the measurements of deformability indices
and account for definitive and subtle variations of erythrocytes. Detrimental impacts
on the morphology of the red blood cells were found to be much more apparent with the
increased dose. The number of deformed cells per image area was increased in the mor-
phological analysis. Accordingly, the results of this study provided that deformability
indices obtained by dual-beam optical tweezers in stretching mode may be used as a
biomarker to follow variations, which cannot be detected by the whole-blood count and
morphological investigations, in response to radiotherapy treatment in a cell’s mechan-
ics, that is showed up in plasma membrane and cytoskeleton network in radiobiology
investigations. With this research we concluded that deformability measurements by
the dual-beam optical tweezers may put a new emphasis on radiotherapy-induced ef-

fects in future.
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