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Abstract

The study presents a new method that uses laser trapping (LT) technique for measurement of
radiation sensitivity of untreated and chemo-treated cancer cells. A human mammary tumor cell
line (4T1) treated by herbal extract from traditional Chinese medicines (TCMs) were studied. We
used an anti-tumor compound, 2-Dodecyl-6-methoxycyclohexa-2, 5-diene-1,4-dione (DMDD),
which was extracted from the root of AverrhoacarambolaLl. A control group of 4TI breast
cancer cells and a two hour and a twenty four hour treated (by DMDD compound) groups of
4TI cells were used in this study. A high power infrared laser at 1064nm is used to trap single
and multiple 4T1 cells from the control and treated groups. The absorbed threshold ionization
energy (TIE) and threshold radiation dose (TID) were determined and analyzed using
descriptive and t-statistics. The relation of the TIE and TRD to the mass of the individual cells
were also analyzed for different hours of treatment in comparison with the control group. The

results showed both TIE (81.28mJ, 48.82mJ, and 23.76mJ) and TRD (32.62J/ug, 22.42Jug, and

9.35ug) -decrease with increasing treatment period. On the other hand, as the mass increases
the TIE increases but the TRD decreases regardless of treatment by DMDD. Analyses of the TIE
and TRD for single vs multiple cells ionizations within each group has also consistently showed
this same behavior for both TIE and TRD regardless of the treatment. The underlying factors for
these observed relations are explained in terms radio and hypothermia effects resulting from the
laser trap and chemo effects resulting from the treatment by the DMDD. The charges developed
on untreated, 2-h and 24-h treated cancer cell were 3.28x107"¢c, 4.31x10"¢c, and 4.93x10"c.
The period of ionization, charge, and charge per unit mass increase as the time of DMDD
treatment increase. When the cell ejected from the trap the charge decreases as it is away from
the trap.

The elastic property of sickle and sickle cell trait cell were analyzed for 49 red blood cell (RBC)
samples from each HbAS and HbSS groups. Laser trapping technique with computer controlled
piezo-driven stage (PS) was used to trap and stretch both HbAS and HbSS red blood cells. Laser
trapping force was formulated in a cylindrical model. Using this trapping force relative percent
difference, stiffness and the ratio of maximum (longitudinal) and minimum (transverse) radius
was taken to study the elasticity. The result shows that HbAS have higher elastic property than
the HbSS red blood cell samples.



Chapter One

1 Introduction

4Tl is a breast cancer cell line derived from the mammary gland tissue of a mouse BALB/c. In
preclinical research, 4T1 cells have been used to study breast cancer metastasis. 4T1 breast
cancer cells are known to be highly aggressive in live tissues [1].

Since its discovery in the early 80’s by Ashkin [2-3], Laser trapping (LT) technique has become
one of the great inventions of the 20™ century. In fact, this novel optical technique has recently
be recognized by the Nobel Prize in physics in 2018 [3]. LT technique combined with the
advancement of high resolution imaging techniques have created a wide range of novel
applications in experimental physics and biomedical research that included transporting a
gaseous Bose-Einstein condensate [4], elastic properties of the human red blood cells (RBCs) [5-
9] and cancer cells [10], protein unfolding and uncoiling of DNA strands [11-14]. The
application of LT technique in biomedical research primarily focused on the study of the
mechanical properties of micron or submicron size biological systems by creating Pico-Newton
magnitude force using single or dual laser trap either directly or indirectly via micron-size
dielectric force probes such as silica and polystyrene beads attached to the biological systems
using Biotinylation method.

The use of LT techniques in the study of the mechanical properties of the human RBCs is
primarily motivated by the significance of the mechanical properties of RBCs for its biological
functioning and the associated health crisis resulting from the abnormality of these cells. One of
the major health crisis that result from abnormality of the RBCs is sickle cell anemia (SCA).

Since its discovery in the western world by James B. Herrick [15] in the year 1910, SCA has



been identified as a genetic disease in which a point mutation in the pB-globin gene located on
chromosome 11 has one original nucleotide, adenine, replaced with thymine. This single
nucleotide substitution changes the codon from a GAG to a GTG, resulting in the substitution of
the amino acid valine for glutamic acid at the sixth position of the B-globin chain producing the
sickle hemoglobin (Hb S) [16-17]. This genetic mutation produces two distinct genotypes;
heterozygotes (AS) resulting in sickle cell trait (SCT) and homozygotes (SS) resulting in SCA.
In SCA, the normally round red blood cells (RBCs), change their shape and deformability under
deoxygenating conditions which occlude the blood vessels in the microcirculation [18]. As a
result, patients with SCA suffer with acute, painful vaso-occlusive crises that could lead to a
central nervous system vasculopathy causing impaired intellectual development and, in some
patients, devastating strokes [29-20]. Acute vaso-occlusive episodes cause tissue ischemia and
excruciating pain, while the resulting chronic multi-organ damage leads to disability and early
death [21]. These symptoms do not appear until after six months of age when the y—globin gene
expression has primarily switched to BS-globin gene expression resulting in the conversion from
predominantly fetal hemoglobin (Hb F) to sickle hemoglobin (Hb S) instead of to normal adult

hemoglobin (Hb A) [22].

Beside the common biomedical application of LT technique to study the mechanical properties
of the human RBCs, recently, it has been demonstrated that LT technique can be a promising a
more accurate optical tool in Radiotherapy to measure ionization radiation dose and charge at a

single cell level [23-25].

Recent studies have shown that LT can also be used as a technique for measuring ionization
radiation dose at a single cell level [23-25]. That could have a potential application in the
treatment of cancer in radiotherapy. Cancer is one of the leading causes of death in both

2



developing and developed nations in the world. According to the International Agency for
Research on Cancer (IARC) 2018 report, there are nearly 2.1 million new cases and 0.5 million
deaths of breast cancer worldwide [26-27] annually. As the main focus of this dissertation is on
breast cancer, we narrow our focus on this particular type of cancer that predominantly affecting
woman. Although breast cancer ranks second, behind lung cancer, in the number of new cancer
cases (12%), it has a relatively low death rate (7%), ranking fifth next to liver cancer. This higher
survival rate might be due all cancer diagnosis among women more than 40% at the age 40> year
and also might be credited to the advancement of traditional therapies such as radiotherapy [28-
29] chemotherapy [30-33], surgery [34] and to the development of relatively newer therapies
such as hypothermia and hyperthermia that uses nanotechnology [35-38] and immunotherapy

[39].

Radiotherapy (RT) is one of the effective tools used for different malignant tumors. It is used to
kill all the cancer cells in a tumor with a radiation energy that is enough to overcome the electron
binding energy in an atom or a molecule. In RT when such radiation energy to treat a patient, it
can cause unintended damage to the normal cells surrounding the tumor. Therefore, the goal of
RT must then be to maximize the radiation damage to the cancer cells with no or minimized
compromise to the integrity of the normal cells. It is well known that a combined modality
treatment, such as radiation and chemo therapies is better than RT alone as such treatment
enhances death of tumor cells through an inhibition of DNA repair processes [33]. Some
chemotherapeutic drugs can make tumor cell clonogens to be more susceptible to ionization
energy so that a reduced radiation dose is needed to kill the tumor cells. Cisplatinum and taxanes
are the standard chemotherapeutic agents that have been used for such improved therapeutic

outcomes in radiation and chemo combined modalities. However, using these agents in radiation



and chemo combined modalities limits the radiation dose as these agents are commonly
associated with considerable toxicity to normal tissues [33]. Other recently developed combined
modalities of treatment involve hypothermia, hyperthermia, and biocompatible nanoparticles.
Studies in 4T1 breast cancer cells in mice have shown hypothermia and hypoperfusion effects
induced by pacilitaxel (PTX) that maintain reduced body temperature may prevent tumor relapse
or metastasis after chemotherapy [36]. It has also been shown that biocompatible nanoparticles,
such as gold silica nanoshells (GSNs) designed to absorb light in the infrared which has a high
tissue transparency, have been used to treat prostate cancer [38]. Particles such as GSNs have the
ability to absorb the infrared light and to generate heat which induces highly localized
hyperthermia, a modality shown to be highly effective for photothermal cancer therapy. Thus,
strategies for combined modalities of cancer treatment that utilize radiotherapy, chemo, and
possibly hyperthermia effects could provide a new approach for better efficacy of such
treatments. Some recent studies have shown that Traditional Chinese Medicines (TCMs) used to
treat various types of cancer carry antitumor agents that increase the radio-sensitivity of tumor
cells [40-46] and protection against radiation induced damage in normal tissues [47-48]. We
have access to the resource of over 100 species of TCM that have antitumor, antioxidant, or
immune modulating agents that have traditional use. Testing the radio-sensitivity of some of
these compounds is significantly important for screening of natural bioactive components that
could be used as radio-sensitizer or radio-protector in developing effective drugs for chemo-
radiotherapy. It is well established that commonly used radio-therapeutic drugs influence tumor
outcome through reactive oxygen species (ROS) modulation. Testing how these compounds
affect ROS generation in cancer and normal cells will cast light on the mechanism of their

function in radiotherapy.



The biomedical application of LT technique to study the radio-sensitivity of cancer cells treated with
antitumor agents extracted from TCM and the elasticity of human RBCs from SCT and SCA patients
is the objective of this study. The study is divided into two parts. In the first part, the study focuses
on the radio sensitivity of 4T1 breast carcinoma cells treated by antitumor agents, 2-Dodecyl-6-
methoxycyclohexa-2,5-diene-1,4-dione (DMDD), which was extracted from the root of
Averrhoacarambolal.. AverrhoacarambolaL known as Star-fruit plant used for nutritional, medicinal
and toxicology. This plant used for preparation of juice, pickles and salads. In Brazil, china, India
and Taiwan used as fever, sore throat, cough, asthma, chronic headache, and skin inflammations
(Narmataa Muthu 2016). The radiosensitivity measurement is conducted by singly ionizing 4T1 cells
using infrared LT at high power. In the second part, we studied the difference in elasticity of RBCs
from two blood samples drawn from SCT and SCA patients. The elasticity is measured by exerting a
oppositely directed drag and trap forces. For the trap force, we used same infrared LT but at a low

power, that has minimal effect in compromising the integrity of the cells.

1.1 Hypothesis

1.1.1 Partl

We form three groups of 4T1 breast carcinoma cells. The second and the third groups are made
up from 4T1 cells treated by the antitumor agent 2-Dodecyl-6-methoxycyclohexa-2,5-diene-1,4-
dione (DMDD) for shorter and longer durations, respectively. The first group is a control group,
which consists of untreated 4T1 cells. Statistically significant numbers of 4T1 cells, from each of
these groups, are single trapped and ionized. The threshold ionization energy (TIE), the threshold

radiation dose (TRD), and the charge for each cells is determined. We hypothesize that:

1. The average TIE and the average TRD are different for the three groups.



2. The radiosensitivity of the treated groups is higher and therefore the average TIE and
TRD for the second and third group should be less than the control group.

3. The radiosensitivity of the group treated for longer duration is higher than the group
treated for shorter duration and therefore the average TIE and TRD for the third group

should be less than the second group.

1.1.2 PartlIl

We have two types of RBCs which are SCT and SCA. SCT is one sickle cell RBC gene
(HbAS) and SCA two sickle cell RBC genes (HbSS).
1. The elastic property of SCT should be higher than the SCA.



1.2 General objectives

Measuring the radio sensitivity of chemo treated 4T1 cancer cell and elasticity property of the

SCT and SCA red blood cells using laser trapping technique.

1.2.1

a)
b)

c)

b)

d)

Part I specific objectives

To study the effect of DMDD treatment using LT single cell ionization.
To measure the charge developed on single cell ionization using Newtonian mechanics.
To study the effect of electro-mechanical interaction on radiation dose in multi cell

10nization.

Part II specific objectives

To study the elastic property of RBCs from blood samples drawn from SCT and SCA
patients.

To determine the stiffness of these cells by creating reversible elastic deformation using
low power LT and drag force.

To develop a theoretical model in cylindrical to determine the trapping force.

To compare and contrast the stiffness of the RBCs from the SCT and SCA.



1.3  Outline of the thesis

In chapter 2, we explain the background of cell biology and its electrical properties with or
without an external electric field. In chapter 3, we describe the experimental methods for cell
culturing and treatment, experimental setup, materials used, mechanism of cell membrane
breakdown. In chapter 4, the single cell ionization, radiation dose energy density and the
hypothesis testing are described and also multi cell ionization and radiation dose for two, three,
four and five cells are analyzed and discussed. Single 4T1 cancer cell dynamics is also discussed
in two types of model in this chapter. Chapter 5 will be devoted to the second part of the study
which is the elastic property of RBCs in SCA and SCT. Finally, we conclude with the summary

and the major outcomes of the study in chapter 6.



Chapter Two

2 General back ground and Literature review
2.1 General back ground

The content of this chapter deals with the interaction of near infrared laser with biological cells
and the effect of electric field on them. A cell is the basic unit of life. Human cells are
surrounded by a cell membrane, which separates the intracellular compartment or cytoplasm

from the extracellular medium.

2.1.1 Normal cell

In our body cells are being born; grow, divide and being destroyed to maintain a healthy balance
called homeostasis [49]. Normal cell stops proliferating when enough cells are present. Normal
cells carry characteristics that are essential for normal body functions since the DNA and RNA
have normal function [50]. For example, if cells are being produced to repair an endured body,
new cells are no longer divide when enough cells are produced to fill the space. Normal cells are
constantly subject to signals that dictate whether the cell should divide, differentiate into another
cell or die. Normal cells have predetermined structure and they perform various functions such
as delivering nutrients like amino acids, carbohydrates, fats, vitamins, and minerals [50]. They
have large cytoplasm, single nucleus and single nucleolus. Each cell matures and performs a
particular function, they have not the ability to influence anything, have lower mutations and
genetic changes, operate at a normal metabolic level and reproduce themselves at a regulated

pace.



2.1.2 Cancer cells

Cancer can be defined as a disease in which a group of abnormal cells grow uncontrollably by
disregarding the normal rules of cell division. Cancer is a multi-gene, multi-step disease
originating from a single abnormal cell with an altered DNA sequence (mutation). Cancer cells
develop a degree of autonomy from these signals, resulting in uncontrolled growth and

proliferation [51].

Breast cancer like other cancer cells produced and spread without control. Breast cancers can
start from different parts of the breast. Most breast cancers start in the ducts that carry milk to the
nipple (ductal cancers) [52]. Some start in the glands that make breast milk (lobular cancers).
Breast cancer can spread when the cancer cells get into the blood or lymph system carried to
other parts of the body. The lymph system is a network of lymph vessels which carry lymph fluid
away from the breast. Lymph vessels found throughout the body that connects lymph nodes [52].
The clear fluid inside the lymph vessels is known as lymph that contains tissue by-products and
waste material, as well as immune system cells. In the case of breast cancer, cancer cells can
enter those lymph vessels and start to grow in lymph nodes. Most of the lymph vessels of the
breast drain into lymph nodes under the arm, lymph nodes around the collar bone and Lymph

nodes inside the chest near the breast bone [53]
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2.1.3 Cell Membrane

Cells are separated from the external environment by a thin, fragile structure called the plasma
membrane that is only 5 to 10 nm. Membranes are complex structures composed of lipids, pro-
teins, and carbohydrates [54].

The intra and extracellular compartments are mostly aqueous saline solutions which are body
water, covers 45-75 % of the total body weight. About two thirds of body water corresponds to
cellular water (cytosol), which is the aqueous solution in the cytoplasm. The remaining 30 % of
body water correspond to extracellular fluid, which is further divided into interstitial fluid and
plasma [55]. The interstitial fluid bathes all cells and serves as an interface between blood and
cells necessary to carry out nutrients and waste materials interchange. Plasma in contrast
corresponds to the liquid content of blood. The saline content of these solutions is specified by
the presence of inorganic salts and charged ions, the most important of which are sodium (Na"),
potassium (K"), chloride (Cl") and calcium (Ca®") (56). Membrane lipids are amphipathic that
contain both hydrophobic and hydrophilic regions. The hydrophilic (polar) region is their
globular head and the hydrophobic (non-polar) regions are their fatty acid tails [56]. The
membrane lipids are organized into a continuous bi-layer (Fig.2.2) in which the hydrophobic
regions of the phospholipids are shielded from the aqueous environment, while the hydrophilic
regions are immersed in water. Proteins are found inserted into this lipid bi-layer and are

classified into integral proteins and peripheral proteins.
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Figure 2.1 Mosaic model of membrane structure and lipid bi-layer [57].

Integral proteins are anchored to membranes through a direct interaction with the lipid bi-layer.
Some of them span the entire thickness of the membrane, often traversing the membrane several
times [58]. Others are located more on the outside or inside of the membrane. Integral proteins
are amphipathic which consists of two hydrophilic ends separated by an intervening hydrophobic
region that traverses the hydrophobic core of the bi-layer. The hydrophilic ends of the integral
protein are found outside the membrane on both sides of external or internal surface. Integral

proteins serve as channels which permit the passage of selected ions through the membrane [59].

Peripheral proteins do not interact directly with the phospholipids in the bi-layer. They are
associated with integral proteins via electrostatic interactions. They are located on both surfaces
of the membrane. Peripheral proteins serve as cell adhesion molecules that anchor cells to

neighboring cells and to the basal lamina [58].
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2.1.4 Membrane transport

There are two types of membrane transport proteins: (i) carrier proteins which carry specific
molecules across the membrane. (ii) Channel proteins, which form a narrow pore through which
ions can pass. Channel proteins carry out passive transport, in which ions travel spontaneously
down their gradients. Some carrier proteins mediate passive transport, while others can be
coupled to a source of energy Adenosine tri-phosphate (ATP) to carry out active transport [60].
Active transport in which a molecule is transported against its concentration gradient to maintain
concentration gradient across the membrane which helps to balance the osmotic pressure on
either side of the membrane [61]. Active transport uses metabolic energy to transport molecule
across the membrane. Carrier protein binds with ATP, and uses the energy of ATP to pump ions
across the cell membrane in opposite directions and transporting large molecule such as sugar
and fat in and out of the cells [62].

The interior plasma membrane is negatively charged relatively to the exterior part of the cell.
This membrane potential determines the movement of charged particles. Potassium ion (K") is
attracted CI" and force out of the cell by the negatively charged interior part of the membrane
[63].

The membrane permeability to a substance depends on the molecule’s size, lipid solubility, and
electrical charge. Gases such as oxygen (O,), carbon dioxide (CO;), and nitrogen (N;) and
hydrophobic molecules such as steroid hormones and weak organic acids and bases readily
diffuse through the cell membrane. Small uncharged polar molecules like water and urea can
diffuse across the lipid bi-layer. Charged particles, whether large (amino acids) or small (Na®,
K™*,Cl™ and Ca®*ions), cannot diffuse across the lipid bi-layer. Ions cross the membranes, often

in large amounts, through membrane channels [63].
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2.1.5 Membrane potential

Under normal physiological conditions without exposing to the external electric field the cell
plasma membrane subject to resting transmembrane voltage (electric potential difference) due to
a system of ion pumps and channels [64]. For a cell at rest, the balance between the diffusion and
electric force leads to an unbalance in electrical charge between the intra- and the extracellular

media. This leads the membrane in a potential difference which is known as membrane potential.

Figure 2.2 Rest potential: Intra and extra cellular potential of a cell under normal conditions [65].

Most biological cells resting potentials range between -35mV and -90 mV [65]. The negative
sign is a convention used to indicate that the intracellular medium is negatively charged. Such a
negative charge is the consequence of the activation at rest of much more chloride (negative) ion
pumps than sodium or calcium (positive) ones [66]. As the membrane potential becomes less
negative, a cell is said to be depolarized. In contrast, as the membrane potential becomes more
negative a cell is said to be Hyperpolarized [65]. The changes in the value of the resting potential
due to depolarization caused by variations in ions concentrations but also due to changes in the
surface charge at the cell membrane [67] are responsible for the activation of so-called voltage-
gated ion channels. The resulting variations in intracellular ion concentrations cause membrane
polarization and channels closure. The temporary flow of ions down their concentration

gradients generates the action potentials and cause variations in signaling transduction pathways
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[68]. Such a variation is especially important in the case of Ca*', for which variations in the
intracellular ion concentration modify cellular processes such as migration, proliferation, cell

attachment, necrosis and apoptosis [69].

2.1.6 Electromagnetic interaction and Electrical properties of cells

Maxwell’s equations predict the propagation of electromagnetic wave that carries energy. Energy
can be transferred to objects placed in their path with the total energy density, u, carried by an
electromagnetic wave is,

u=j;€E”+ B2 22.1
There are different types of electromagnetic wave that differs only by their frequency or wave
length.
All materials contain ions and electrons experience Lorentz force when exposed to
electromagnetic fields. In dielectrics, electrons are not free which is bound to nuclei. However,
those bound electrons can still react to external fields, and induce microscopic current. In an
oscillating field, the effective permittivity becomes frequency dependent, and electromagnetic
waves in dielectrics are strongly dispersive in contrast to waves in free space.
The propagation of light in the tissue is governed by reflection, scattering, absorption and
fluorescence. When light strikes the surface of a material, portion of light reflected from the
interface due to the discontinuity in the real index of refraction and the rest will be transmitted
into the material. The fraction of the incident power that is reflected from the surface depends on
the polarization, angle of incidence of the light as well as the index of refraction of the medium
(n;) and the material (n) [70].
Most part of the laser energy penetrates into biological tissue. The penetration of laser light in

biological tissue depends on optical properties of biological tissue, such as index of refraction,
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scattering and anisotropic factor, and also the absorption of laser light in tissue. These optical
properties determine the mechanism of laser tissue interaction and the effect of these properties
in the penetration of laser light.

The actions of the laser on the interaction of the tissue are categorized by the wave length of
laser light. Lasers which are frequently applied in medicine are between x-ray and infrared (IR)
wavelength. The molecular absorption of light depends on its wave length. These absorptions are
mainly due to the presence of endogenous molecules that absorb heavily near 200nm such as
DNA, genetic material and protein. The mitochondria absorbs 630nm wave length, the oxygen
consumption is activate by 365nm light [70-71].

Most biological tissues are classified by strong optical scattering in 400-1100nm region. The
absorption and scattering of light in tissue are both much higher in the blue region of the
spectrum than the red, because in principle tissue chromophores (hemoglobin and melanin) have
high absorption bands at shorter wave-lengths, tissue scattering of light is higher at shorter
wavelengths, and furthermore water strongly absorbs infrared light at wavelengths greater than
1100-nm.

Chromophores are biological molecules responsible for UV and visible light absorption within
tissue. Most organic molecules are strong absorption in this region, and very weak penetration.
In the visible (blue, green and yellow), absorption is principally due to hemoglobin and melanin.
Red and near infrared (600 to 1200 nm) wavelengths are weakly absorbed and penetrate deeply
into the tissue (this penetration is, however, limited by optical scattering). Water is the absorber
inside the tissue for light intensity in the infrared region [72].

Near-infrared radiation (NIR) ranges between 750 and 2,500 nm. NIR radiation exerts multiple

effects on mammalian cells. NIR irradiation induces DNA double-strand breaks and apoptosis of
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cancer cells. Irradiation of pancreatic cancer cells using a 915-nm laser light significantly
induces caspase-3 activation and apoptosis. In addition, the combination of gemcitabine
treatment and a 915-nm laser synergistically increased the number of apoptotic cells which
indicate the use of infrared irradiation and chemotherapy may be a possible therapy for the

treatment of cancer [73].

2.1.7 Electroporation

When strong external electric field creates sufficiently strong polarization the cell membrane can
be destabilized and transmembrane voltage induced. This induced voltage superimposed to the
resting transmembrane potential makes structural change involving rearrangement of the
phosphor-lipid bi-layer [74-76]. The membrane rearrangement induces formation of aqueous
pores which lead to a very significant increase the membrane permeability. Poration increases
the conductivity of the membrane and its permeability to water-soluble molecules, otherwise
membrane transport mechanism would be deprived [77-78]. If the laser light switches of, the
membrane can return to its initial state. The phenomenon is known as reversible dielectric
breakdown or electroporation and also said to be electro permeabilization [79]. The main thing
electroporation is to induce the transmembrane voltage generated by external electric field due to
the difference of the electrical property of the membrane and the external medium. Nevertheless,
if the exposure to electric field is too long and the strength of the electric field is too high, the

membrane does rupture and not reseal, the breakdown will be irreversible [80-81]. .

2.1.8 Sickle cell Anemia and Sickle cell Trait blood cells

A person with sickle cell trait (SCT) has A and S gene and can pass either HbA or HbS to a
child. Sickle cell hemoglobin genes from sickle cell trait and normal parents have 50% chance to
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give birth to sickle cell trait offspring as shown in Figure 2.3 (b). If both parents have sickle cell
trait, they can pass sickle cell gene to the offspring with 25% SCA, 50% SCT or 25% normal
chances as shown in Figure 2.3 (a). Two SCA (SCD) parents always pass S genes from the

normal and SCA parent all the offspring are SCT.

SCTFather MothersSct e athar Mother™

5.

Children = 3 Children AS AA  AS
Normal SCT SCT SCA SCT Nommal SCT

(a) (b)

AS

Mormal

Figure 2.3 Sickle-cell disease is inherited from the recessive pattern.

People with SCT usually do not have any of the symptoms of sickle cell anemia (SCA) and live a
normal life. In SCA, the red blood cells become hard and sticky and look like a C-shaped farm
tool called a sickle. The sickle cells die early, which causes a constant shortage of red blood
cells. Also, when they travel through small blood vessels, they get stuck and clog the blood flow.
These can cause pain and other serious problems. It is inherited when a child receives two sickle
cell genes from both parents. A person with SCA can pass the disease or SCT on to his or her
children.

The disorders of RBCs such as sickle cell anemia (SCA) drastically change their shape and
elastic deformability in the micro circulation [82]. The Deformation and orientation of red blood
cells are governed by the cellular rheological properties, such as internal viscosity and
cytoskeleton elasticity. Rheology is altered genetically by diseases, parasitic invasion or by
change in microenvironment [83]. Erythrocytes referred to the red blood cells (RBC), are made

up of hemoglobin iron containing molecule. The biconcave discocyte RBC has a flexible
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membrane with a high surface-to-volume ratio that facilitates large reverse elastic deformation of
the RBC as it repeatedly passes through small capillaries during microcirculation. Pathological
conditions affecting RBCs can lead to significant alterations to the discocyte shape. This
genetically disorders of RBCs such as sickle cell anemia (SCA) drastically change their shape
and elastic deformability in the microcirculation [82]. Hemoglobin (Hb) is contained in red blood
cells and it is composed of heme which contains iron and globin made up of protein, referred to
us alpha (a) and non-alpha such as beta (f), gamma (y) and delta (d) chain. HbA (a2; £2) is
normal adult hemoglobin that is chain of alpha (a2) and beta (52) (82). Sickle cell disease is a
genetically inherited abnormality of hemoglobin in which amino acid replaces glutamine at the
sixth position on the beta chains of the hemoglobin molecule [84-85]. This hemoglobin is termed
Hemoglobin S (usually written HbS). Two types of sickle cell illness are described depending on
the genetic make-up. Everyone has 2 genes responsible for hemoglobin synthesis. A person who
has sickle cell anemia, both their hemoglobin is composed of HbS and forms homozygotes
(HbSS) but sickle cell trait person whose hemoglobin is formed from one HbA and HbS genes

and which can be written as HbAS (heterozygotes [86].

2.1.9 Laser Trapping Technique

James Maxwell proposed that light can exert force on matter by scattering, absorption and
emission of light and this force was demonstrated experimentally by Ashkin in 1986, after the
invention of laser. The study of the interaction between light and matter has been extremely
prolific, leading to the invention of serendipitous techniques that have had a profound impact in
many different fields [87]. The optical trap was created using gradient force radiation pressure
from a single laser beam [88]. The novel method would lead to an entirely new technique for

manipulating microscopic and sub-microscopic particles and individual atoms. Due to their
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ability to precisely manipulate microscopic particles, laser tweezers lend themselves to a wide
array of different applications in experimental physics, biophysics, experimental statistical
physics and nanotechnology [88]. Optical traps use light to manipulate microscopic objects as
small as 10 nm using the radiation pressure from a focused laser beam. In addition, measurement
of the light deflection yields information about the position of the object in the laser focus.
Potential energy well in which the particle is trapped can be well characterized by measuring the
force that is on the order of Pico-Newton. These two abilities, manipulation and force
measurement, can be used to accomplish many novel procedures.

The measurement of the force in Pico-Newton and nanometer ranges and the distance accessible
to optical traps make them particularly useful for studying biological systems [89]. Optical forces
have been used to investigate structural properties of biological polymers such as DNA,
molecular motors, membrane and whole cells [90]. Micro-rheological properties of these objects
can be probed through the application of forces either to the object itself, or to a small dielectric
sphere, or bead, to which the object is attached [91]. .

The gradient force is attractive when the refractive index of the particle is greater than the
surrounding medium. This force pulls dielectric particle to the center of the trap with the strength
proportional to applied electric field. The gradient force pushes the particle if the refractive index
of the particle is less than that of the medium.

The regimes of optical trapping are the ray optics (R>>A) and Rayleigh regime (R<<A). Ray
optics regime can only describe the limiting regime of particles that are much large compared to
the wavelength of the light field (R>>)L). And the Rayleigh regime is used when the particle is

very small compared to the wave length of light (R<<)A) [92].
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The optical rays have a different direction after the interaction; part of their photon momentum
(h/A) is transferred to the object. For a focused Gaussian beam, the net optical force is directed
such that it counteracts a displacement of the bead from its equilibrium position in the center of

the trapping beam [93].

2.2 Review literature

2.2.1 NIR laser irradiation of cancer cells and chemotherapy

In the previous study carried out in middle Tennessee state University on 2-dodecyl-6-
methoxycyclohexa-2,5-diene- 1,4-dione (DMDD) which inhibited the growth of human breast
cancer cells with little toxicity. The toxicity and efficacy of DMDD were also, investigated to
treat metastatic breast tumors using an in vivo mouse model of the 4T1 mammary carcinoma.
DMDD caused no observable toxicity and significantly extended the survival of 4T1 tumor-
bearing mice. DMDD effectively inhibited the growth of 4T1 cells in vitro, and suppressed the
growth and metastasis of mammary tumor in vivo. DMDD inhibits cytokine production in the
tumor cells in mice, which leads to deactivation of NF-kB (nuclear factor kappa-light-chain-
enhancer of activated B cells) pathway, and consequently inhibits the expression of many anti-
apoptosis and metastasis-promoting genes, such as Bcl-2 and MMPs. Collectively, the results
demonstrate the potential of DMDD as a safe and effective antitumor agent in the treatment of
late-stage breast cancer [94].

In in vitro study, five kinds of cultured cancer cell lines (MCF7 breast cancer, HelLa uterine
cervical cancer, NUGC-4 gastric cancer, B16F0 melanoma, and MDA-MB435 melanoma) were
irradiated using the infrared irradiation, and then the cell proliferation activity was evaluated by

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
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(MTYS) assay. The proliferation of all cancer cell lines was significantly suppressed by infrared
laser irradiation.

Using high power NIR laser (0.8W/cm?) induced photo-thermal therapy (PTT) through near-
infrared agents has demonstrated the great potential in solid tumor ablation. However, the non
uniform heat distribution over tumors from PTT makes it insufficient to kill all tumor cells,
resulting in tumor recurrence and inferior outcomes. To improve the tumor treatment efficacy, it
is highly desirable to develop the combinational treatment of PTT with other modalities,
especially with chemotherapeutic agents. It was reported that a smart DOX/IR-780-loaded
temperature-sensitive-liposome (DITSL) which can achieve NIR-laser-controlled drug release
for chemo-photo-thermal synergistic tumor therapy. In this system, the liposoluble IR-780 was
incorporated into the temperature sensitive lipid bi-layer and the soluble chemotherapeutic
doxorubicin (DOX) was encapsulated in the hydrophilic core. The resulting DITSL is proved to
be physiologically stable and can provide a fast and laser irradiation-controllable DOX release in
the PBS and cellular conditions. This research further employed nanoparticle for tumor
treatment, demonstrating significantly higher tumor inhibition efficacy than that of DOX-loaded
temperature-sensitive-liposome (DTSL) or IR780-loaded temperature-sensitive-liposome (ITSL)
in the in vitro cells and in vivo animals [95].

B16F10 cells were irradiated a total of three times (once a day for three consecutive days) in a 96
well culture plate for the MTT method and in a 12 well plate for Trypan blue and cytometric
assays. Irradiation was performed with a 660 nm, 50 mW Continuous Wave (CW) laser, beam
spot size 2 mm?, irradiance 2.5 W/cm?. The seeded wells were spaced 5 cm apart in all directions
and a thin aluminum sheet was placed halfway (2.5 cm) between them to prevent unintentional

light scattering between the wells. The wells were randomly divided into a control group which
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received no irradiation, and a treatment group which received an LLLT dose of 150 J/cm?® with
an irradiance of 2.5 W/cm? for 60 seconds (3J), while a second group received sessions with an
LLLT dose of 1050 J/cm? with an irradiance of 2.5 W/cm? for 420 seconds (21J). Total energy
delivered after all three sessions was 9J and 63J respectively in the irradiated groups. The Trypan
Blue dye and MTT colorimetric exclusion test showed no statistical differences in proliferation
or cell death numbers among irradiated groups and control group in the different times analyzed.
Cell cycle analysis in BI6F10 cells showed no statistically significant differences in the cell
numbers at 24 h, 48 h and 72 h among irradiated groups and control group. There was
statistically a significant difference (p < 0.05) in hypodiploid cells (possible cell death) at 72 h
between the irradiated and control groups (8.48 £ 1.40% and 4.26 = 0.60%). The increase in
apoptosis was most prominent in the low dose 150 J/cm? groups [96].

Proliferation of all the cancer cell lines was significantly suppressed by infrared irradiation. Total
infrared output appeared to be correlated with cell survival. Increased temperature during
infrared irradiation appeared not to play a role in cell survival. The maximum temperature
elevation in the wells after each shot in the 20 and 40 Jem? culture was 3.8 °C and 6.9 °C,
respectively [97].

The study no BT20 breast carcinoma cells cultured and harvested and a total of 50 cells, was
trapped and ionized by a high intensity infrared laser at 1064 nm at single cell level. The
threshold radiation dose and the resultant charge from the ionization for each cell were
determined. With the laser trap serving as a radiation source, the cell underwent dielectric
breakdown of the membrane. When this process occurs, the cell becomes highly charged and its
dielectric susceptibility changes. The charge creates an increasing electrostatic force while the

changing dielectric susceptibility diminishes the strength of the trapping force [23]. Hemoglobin
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(Hb) of normal (HbAA) and trait (HbAC) cells were identified by the amount of ionization
energy and the charge developed using laser trapping technique. RBCs from the blood sample
with HbC have higher ionization energy and charge than those RBCs from a normal blood

sample HbA [24].

2.2.2 Elastic property of RBC

A number of explorations carried out on the deformability of sickle cell red blood cells. Such
investigations were studied elasticity of sickle cell disease (SCD) by comparing with the normal

RBC.

Sickle cell patients were divided into two groups depending on whether they were receiving
Hydroxyurea (HU) (39 patients) or not (43 patients). They were matched with 50 healthy
individuals (control) regarding age and gender. The deformability of HU group was better and
closure to the healthy red blood cells. Such LT techniques with optimal power are effective to
study the RBC characteristics and deformability [98]. One study shows the elastic property of
sickle cell trait (SCT) and sickle cell anemia (SCA), in SCA, the red blood cells (RBCs) fail to
change its shape and deformability normally under deoxygenating conditions resulting in
occluding the blood vessels in the microcirculation. By manipulating the RBCs using LT studies
have been made on the mechanical properties differences of RBCs with different types of
Hemoglobin [SCT (HbAS), SCA (HbSS), normal adult (HbAA), and normal infant (HbFF)]

[99].

Direct stretching experiments involving optical tweezers of normal red blood cells and cells
infested in a controlled manner with malaria parasites have revealed quantitative correlations

between loss of membrane deformability and exposure to the parasite, at force resolutions on the
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order of tens of picoNewtons. Such results offer appealing possibilities for further extensions of
the present work for diagnostics and drug treatment of diseases [100]. In dual optical tweezers
stretching, the targets investigation RBCs were taken from patients with type 2 diabetes mellitus
(T2DM) who exhibit diabetic retinopathy (DR), and from patients with birdshot
chorioretinopathy (BCR). Statistically significant change was found in the deformability for
RBCs from DR patients compared to a control group, but no significant change for BCR patients

[101].

The drag force on RBC was much larger than the optical gradient force to result in a poor
trapping efficiency. At an optimal flow rate of 100~170 um/s and the highest optical trapping
efficiency with the Bessel-like beam power of ~40 mW. By measuring the drag force on a RBC
[102], the equilibrium gradient force (Fg.q) acting on the RBC was estimated to be 3.55~6.03 pN

at an optimal flow rate of 100~170 pm/s [102].
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Chapter Three

3 Materials and Methodology

In this chapter we will discuss the experimental for cancer cells and red blood cells. The

experimental set up, materials and mechanism of membrane breakdown also will be explained.
3.1 4T1 breast cancer cell culture and treatment

The sample was cultured and treated in the International Ginseng Institute, Tennessee Center for
Botanical Medicine Research and laser trapping experiment was done in the department of
Physics and Astronomy, Middle Tennessee State University.

4T1 cancer cells were cultured in RPMI1640 medium with 10% fetal bovine serum (FBS) in a
5% CO; and 37 °C incubators. Cells were trypsinized i.e the process of cell dissociation
using trypsin from the vessel (container) in which they are being cultcured. The passaged (a
subculture is a new cell culture made by transferring some or all cells from a previous culture to
fresh growth medium) every 2-3 days. After 4T1 cells were trypsinized, they were diluted with
RPMI1640 medium, and seeded in a 96-well plate with an intensity of 5,000-7,000 cells per well
(100 puL/well). After the cells were attached to the bottom of the wells for 24 h, cells were treated
with DMDD at 100 uMol for 2 or 24 h. Each of the untreated group, 2-h treatment group, and
24-h treatment group had six replicate wells. Following treatment, the culture medium in each
well was transferred to an Eppendorf tube. Subsequently, wells were rinsed with PBS and 50uL

trypsin was added to each well, the detached cells were transferred to the same Eppendorf tube.
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3.2 SCT and SCA red blood cells

The blood samples from individuals with a person HbAS and HbSS patients were obtained from
the Meharry Sickle Cell Center (MSCC) in an Ethylene Diaminet Tracetic Acid (EDTA) tube
which had anticoagulant properties to prevent blood clotting. All samples used in the study were
stored at 2 °C at the MSCC. The blood sample of SCT and SCA were diluted in FBS. The FBS
provided a suitable environment for the cells to be suspended in while the dilution provided a

large concentration of cells in the viewing range of the microscope.

3.3 Experimental setup and materials

Laser
W
P

M
M1
Lump
Beam Expander sampie stage
L3 L4 objective
lense
L1 M5
| dichroic Mikror
L2 p CD camera
vy,

Olympus Ix51 Microscope

Figure 3.1 A Schematic of the laser trap experimental set-up.

For experiment conducted in trapping and ionizing a cell, the power was measured at two positions.
One is before the beam is incident at the get of the microscope after L4 (~4.34W) and at the trap

point after exiting the objective lens (as shown Figure. 3.1) (~0.806W).
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3.3.1 Laser

The Nd:YVO4 diode laser has a maximum power output of 8 W.

FPhotodiode

1
Output Coupler M,
1.064 pm i I
- (] I
Beam Aperture
Splitter
Beam Delivery Arm Z-Head

Dichroic M

MNd:¥WO, Gain Media

HR M

Figure 3.2 Schematic of the Millennia IR Laser Head from [103]

In the diode-pumped laser neodymium yttrium vanadate (NdYVO4) is gain medium as shown in
Figure 3.4. Telescopes are used to focus the pump light through dichroic fold mirrors M, and M;
and into the laser crystal where 1064 nm infrared intra cavity light is generated. M, and M3 are
highly trans-missive at the diode pump wavelength and highly reflective at 1064 nm. High
reflector mirror M; and output coupler M4 define the cavity. The aperture maintains the beam at
a size that is optimal for beam overlap in the Nd:YVO4 crystal, thus ensuring efficient cavity
light generation in the TEMyy mode. Virtually all the 1064 nm infrared light is transmitted by the
output coupler and directed out of the Z-head. A beam splitter is used to sample the output and a

photodiode provides feedback to the pump diode drivers to provide a constant output in power

mode.
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3.3.2 Polarizer

When linearly polarized light pass through polarizer as shown in the Figure 3.3, the inensity is
given by I = I,cos?8, where I, is the input intensity and 0 is the angle between the beam’s
initial direction of polarization and the axis of the polarizer. The combination of the polarizer and
half-waveplate is shown in the Figure 3.1, and can control the attenuation by varying the angle 6.
Rotation of the !> wave-plate by an angle of ¢ results in a polarization rotation by an angle of 2¢,
thus the intensity at the output of the attenuator is given by, I = I,cos?2@. If the > wave plate

rotated by 45° the polarization plane changes by 90°.

Figure 3.3 The combination of 2 wave plate and polarizer.

3.3.3 Beam expander

Beam expansion or reduction is a common application requirement in most labs using lasers or

light sources and optics.

wil w2
f1 )

Figure 3.4 Beam expander

In two lens beam expander, the focal length and aperture of the first lens is smaller than the

second lens. The first lens should have a diameter larger than the maximum expected input
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diameter of the beam. For a 20x beam expander the original input beam size 4mm diameter
becomes 8cm beam diameter out of the expander. The output beam from the beam expander was

resized by lenses L1 and L2 to 2cm as shown in Figure. 3.1.

3.3.4 Lenses and Mirrors

The output beam size of the expander resized to 2cm by the two lenses L1 and L2. separated by
distance of the sum of the focal length of the two lenses 25cm. The lens L; focuses the beam at
the focus of L; which is the focus of L, hence the beam will emerge as a parallel beam

[Figure 3.5 A] and similarly for Lsand L, [Figure 3.5B].

25cm

A

L1 L2
B 40em

L3 L4

Figure 3.5 Setup of lens to keep the beam target

Mirrors M1 and M2 [Figure. 3.1] direct the beam to the 20X beam expander. The position of M5
was 20 cm away from the third converging lens L3 that is positioned from another converging
lens L4 (with the same focal lengths of 20 cm) that was placed 20cm from the back of the

objective lens
The Beam steering collimates the beam at the back aperture of the objective lens. The beam

steering has two mirrors; each of them can be rotated in both x and y direction perpendicular to
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the optical axis. The beam propagates in the z-direction, each mirror provides vertical and lateral
adjustment. During the alignment, Mirror M4 is used to adjust height of the optical axis to the
desired point at the surface of mirror M5. Mirror M5 is used to point the beam in the required
direction. The alignment precision was done by measuring the power after L4 and at the tip of

the objective lens.

" o Power meter
1

Lateral beam

adjustmeny-' T
M| — i

Laser i :
4% Beam height

b adjustment

Figure 3.6 Beam steering mirror and lens position

The two lenses have the same focal length of 20cm separated by 2f=40cm from each other. x1 is

the distance between mirror M5 and lens L3 and x2 is between lens L4 and the objective lens.
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3.3.5 Dichroic mirror

Dichroic mirror is a mirror with significantly different reflection or transmission properties at
two different wavelengths. It allows light of certain wavelength to pass through while other
wavelengths are reflected. Laser beam coming to dichroic mirror was reflected to the objective
lens by arranging 45° from its propagation direction; however, it transmits the lump light passing

through the specimen which propagates towards the camera.

Laser light Dichroic Mirrar

) 45“{- Lump light

Figure 3.7 Function of dichroic Mirror

3.3.6 Numerical aperture (N.A)

The numerical aperture of a microscope objective is the measure of its ability to gather light and
to resolve fine specimen details while working at a fixed object (or specimen) distance.
Numerical aperture can be calculated as N.A =n.sina, Where n is refractive index of immersion
medium used between objective lens and cover slip (n=1.51 for oil) and (a=55.87°) as shown in

the Figure.3.8.

nl
n

|
e Objective

lens

Figure 3.8 Numerical aperture of the objective lens.
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3.4 How the trap works?

After the laser pass through the objective lens it focuses at the focal point. The bead suspended in
water and the laser attracts at its focus. When the index of refraction of the bead is greater than
the refractive index of medium direction the force is intensity gradient. If the particle is displaced
axially below the focus (f) rays ‘a’ and ‘b’ are refracted and the new focus is formed below the
focus f and is more convergent on the bead. The refocusing of the laser pulls the bead upward to
f which is shown in Figure 3.9A. Although, when the particle is above the focus and the ray
becomes more divergent, the gradient force pushes the bead downwards and refocuses it at the

center of mass [105].

Figure 3.9 The axial displacement of the bead in an optical trap.

Axial displacements of a bead in an optical trap change the relative amount of divergence of the
focused laser light. In the absence of the bead, two rays are focused through the objective lens to
position of laser focus f, the true laser focus. [Figure 3.9A] Refraction through the bead, which is
displaced below the laser focus, causes the new focus to lie below f. Rays ‘a’ and ‘b’ on the bead
are more convergent and bend down to the right for ‘a’ and to the left for ‘b’. F, and F, are the
forces on the bead by the ray ‘a’ and ‘b’, the resultant force of ‘a’ and ‘b’ is Ft directed upward.
[Figure 3.9B]When the bead is displaced above the laser focus, the deflected rays ‘a’ and ‘b’ are

more divergent, and the resultant force points downward [105].
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3.5 Mechanism of Membrane breakdown

External electric fields can induce formation of pores in membranes, and can move cells by
dielectrophoresis. The polarization of a membrane material results from the fundamental
interaction of electric field with charges. Electric fields exert forces on charges which can either
move if they are free to do so or accumulate if they are limited in their motion. The free motion
of charges depends on the conductivity of the material while the charge redistribution in a
limited space is characterized by its polarizability. Figure 3.10 shows how cells can be polarized

due to the restricted motion of ions imposed by the plasma membranes.
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Figure 3.10 Polarization of cell by external electric field.
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Figure 3.11 (A) Bilayer without pores, (B) with a hydrophobic pore, (C) its reversible transition

into a metastable hydrophilic pore, and (D) its irreversible transition into an unstable self-
expanding hydrophilic pore [106].

The interaction of the external electric fields with the polarized material results in forces

which can then induce motions inside cell or motion of the cell as whole. The motion of ions
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inside the membrane can result in structural rearrangements or even mechanical fracture in the
membrane, can subsequently lead to electroporation. The motion of the cell as a whole can occur
even in the absence of a net charge, but only in non-uniform electric fields. It is a consequence of
the interaction of the redistributed charges which have zero net charge but locally interact with
electric fields of different strengths, which leads to a net force exerted on the cell. This
phenomenon is termed dielectrophoresis [107-108]. Dielectrophoresis can also occur in
homogeneous external fields as shown in (Figure 3.12) if there are other cells yielding local non-
uniform electric field. This leads to mutual attraction of the cells, to their approach and
eventually to adhesion [108].

Force

Force
+
Appled
Applicd Electric field
Electric field - —_—t

Figure 3.12 (A) homogeneous and (B) inhomogeneous electric field [107].

The magnitude and the type of motion depend on the electric field, the nature and geometry of
the cell. Cell membranes have low polarizability and conductivity surrounded by a medium of
high conductivity.

4T1 breast cancer cells membrane first damaged by the drug treatment to some extent. The
importance of the treatment is to decrease the irradiation energy that breakdown the membrane.
After the treatment the cell was exposed to the high-power laser irradiation by trapping

technique. The high intense electric field at the focus point breakdown the membrane.
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Chapter Four

4 Single and multiple 4T1 cells ionization and post ionization dynamics

The 4T1 cancer cell sample culture which we have discussed in section 3.1 was further diluted
with fetal bovine serum ratio to ratio 1:20. The diluted sample of untreated (control), the 2-h and
24-h treated groups were then put on the slide and was covered with cover slit and was mounted
on the micro-driven mechanical stage of the microscope. Using the digital camera, we took an
image of the cell when free and lying on the bottom of the slide. We then opened the gate at the
laser port of the microscope to trap the cell. Successive images of the cell were taken by the
digital camera at a fixed frame grabbing rate of 8 frames until the cell is fully ionized and ejected
from the trap and disappeared from the field of view of camera. Real live successive images
illustrating this process are shown in Figure 4.1 a & b for untreated, Figure 2 ¢ & d for 2-h
treated, and Figure 2 f & g for 24-h treated. Our objectives were to study the radiation sensitivity
of the 2-h and 24-h treated in comparison with the untreated control group by calculating and
analyzing the threshold radiation dose (TRD) for the 4T1 cells. The TRD depends on the
corresponding mass and the average radiation energy absorbed by each cell and then the
membrane breakdown due this absorption. As shown in the Fig. 4.1(a), (c) and (f) the membrane
damaged in different levels. Figure 4.1 (f) were more damaged than Fig. 4.1 (c¢) and Fig. 4.1 (a)

looks normal.
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Figure 4.1. The images captured for 4T1 breast cancer cells before and after trapping (a) and (b)
for the untreated control, (c) and (d) for 2h treated, (f) and (g) for24h treated

4.1 Threshold ionization energy and radiation dose

Spherical models for 4T1 cells in all the three groups were considered and the diameters, area,
time of ionization, displacement were measured, and velocity and acceleration of each cell were

calculated using the software Image Proplus6 in pixels [www.imagepro-office.com]. A conversion factor

of 7.27x 10 meter / pixel , was found using a 3.1um silicon beads. This conversion factor was
used to determine the cross-sectional area, 4., , and the volume for each cell, V. The mass of

each cell is given by,

My =pV. 4.1
was determined by using the widely accepted density of cancer cells, p= 1081 kg /m’[109-111].
TRD was determined using the mass calculated for each cell and the average radiation energy
absorbed. The average power [P1=0.806W] incident on the cell was kept constant throughout the

ionization of each cell, and the average transmitted power was found to be, P1=0.64W. In order to

measure the transmitted power, we had to cover the slide with a power meter, which blocked the
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imaging light while the cell was trapped. We then determined the average threshold ionization

energy for each cell, disturb cooperation

TE="%1 (p_p)T 4.2

beam

where T is the ionization period which was determined using the digital camera image grabbing rate
and the number of images captured during the time from the instant each cell entered and the instant
it got ejected from the trap. Apeqm 1S the beam size determined at the trap location using the
numerical aperture of the objective lens [112]. The TRD was then calculated for each 4T1 cells

using

TRD=TIE/M 4.3
Here the TIE is the minimum radiation energy absorbed by the cell that creates a significant
amount of charge through ionization that leads to irreversible damage to the cell. When the cell
riches to this threshold charge it experiences a stronger electrostatic force than the trapping force

that results in the ejection of the cell from the trap [23-25].

4.1.1 Results and discussion

4.1.1.1 Single cell ionization

A total of 89, 86, and 128 4T1 cells for the control untreated, 2h, and 24h treated groups were
studied, respectively. For each of these groups, the basic statistical parameters for the average
ionization time (7 ), cross-sectional area (Zcell), volume (Vceu), mass (A_lceu), , TIE, and TRD

are given in Table 4.1. The values for the average ionization time calculated in Table 1 clearly
show that as treatment period increases the ionization time decreases. On the other hand, the

average cross-sectional area and the volume calculated using a spherical model do not display
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significant differences. This also results in similar values for the calculated average masses in the
three groups. These close values indicate any variations in response to radiation for the three
groups primarily affected by inherent biochemical structural differences caused by the dose and

period of treatment by DMDD.

Untreated 4T1 control group (89 Cells

Quantities Mean SD
T (sec) 341.2 145.8
Acen (um)’ 204.2 72.1
M. (ng) 2.3 1.3
Ve (um)’ 2291.6 1290.5
TIE (mJ) 81.3 63.5
TRD (J/ug) 32.6 14.8
2-h treated 4T1 group (86 Cells)

Quantities Mean Std. Dev.
T (sec) 225.4 112.3
Acen (um)” 193.6 76.0
Mcell (Ilg) 2.1 1.2
Ve (um)°’ 2142.1 1239.5
TIE (m)]) 48.8 37.7
TRD (J/ug) 22.4 11.4
24-h treated 4T1 group (128 Cells)

Quantities Mean | Std. Dev.
T (sec) 102.5 70.0
Acen (um)” 209.8 68.5
M, (ng) 2.4 1.1
Ve (um)° 2377.0 1144.1
TIE (m)]) 23.8 20.4
TRD (J/pg) 9.4 6.4

Table 4.1 Basic statistical parameters for the measured and calculated quantities: Area, Mass,
TIE, and TRD.

Using the ionization time, the area of each cell and the beam at the trap location, the power
incident and power transmitted, we have calculated the absorbed threshold ionization energy
using Eq. (4.2). The average values, for the untreated control, 2h, and 24h treated groups, the
average absorbed threshold ionization energy, were found to be, TIE =81.3+63.5 mJ,

48.8+37.7 mJ, and 23.8+20.4 mJ, respectively. The higher standard deviation for the three

groups is due to the wide range of the size of the cells that is one of the factors affecting the
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magnitude of the ionization energy. The statistical distributions for TIE for all cells in each
group are displayed using pie-charts, box plot and histograms in Figure 4.2 (a)-(c). In each
graph the data coded red represents the untreated control, green is for the 2h treated, and blue is
for 24h treated 4T1 cells. From these distribution graphs and the calculated average values, we
can clearly see that the TIE for the treated groups is less than the untreated control group. This
effect is amplified with increase in the duration of treatment as we can see from the lower TIE
for the 24 h treated than the 2 h treated as shown in Figure 4.2 (b). The comparison of TIE in the
three groups and TRD was also explained by using pie chart. In the pie chart in Figure 4.2 (c) the
TIE for untreated 4T1cells makes up 52.9% of the pie, while for 2 h and 24 h treated 4T1 cells
covers 31.9% and 15.2%, respectively, as we have used different number of cells in each group.
The absorbed TRD for each cell in each group is calculated using the masses in Eq. (4.1) and the
TIE in Eq. (4.2). The results for each group, using the same color coding, are also displayed in
Figure 4.3 (a)-(c). For the untreated control, the 2-h treated, and 24-h treated groups, the average

absorbed TRD were found to be, TRD=32.6+14.8J/ug, 22.4+11.4J/ug,and
9.4+6.4 J/ ug,with 50.7%, 34.8% and 14.5% making up the pie chart as shown in Fig. 4.3 (c),

respectively. This also shows lower radiation dose in the 4T1 cells treated with DMDD than the
control group and this effect is also amplified with treatment period increase as shown in Figure

4.3 (b).
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Figure 4.2 The statistical distributions for the TIE for untreated control group (red), 2h treated
group (green), and 24h treated group (blue) 4T1cells.

41



Control 5
2 h treated 5 (c)
24 h tre ated

B6%
3483
| | 1
| R
100 ‘ T Range with 1.5 IR r
J — Medan Line
20 4 o Memn [b} -
g"‘ | 4 Oullers
S 60 L B
o L 4
|
i
—

[
| -
T

i
¥

-1|:||:| . L L t L L r

s

sl

=

60 -

=
= ]
(=]
C 404 ‘n
20. g
4 ;E?‘:
J e
o4 4 e s
0 20 40 60 80 100

TRD (J/pg)

Figure 4.3. The statistical distributions for the TRD for untreated control group (red), 2h treated
group (green), and 24h treated group (blue) 4T 1cells.

Further validity of the results obtained for TIE and TRD is also confirmed using independent
two-sample t-statistical analyses using Origin2018 [www.originlab.com] software. Generally, in t-
statistics the t-Test procedure automatically provides two sample tests of the mean difference.
One is based on the assumption that the variances of the two samples are equal and the other is
not. These tests are often referred to as "unpaired" or "independent samples" t-tests, as they are
typically applied when the statistical units underlying the two samples being compared are non-
overlapping which is the case for the results obtained for both the TIE and TRD. The results for
t-test statistics for the TIE and TRD are given in Table 4.2. These results show that there was a

significant difference between the control group and the 2-h treated, the control group and the
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24-h treated and also the 2-h treated and 24-h treated groups. At 0.01significant level (99%
confidence), in all the three independent two-sample t-test for both equal and not equal variance
assumptions the mean values for both TIE and TRD in the two-samples are significantly
different. This is, in fact, supported by the significantly smaller p-values than our 0.01significant
level and the t value that confirms the significant difference between the three samples. In fact,
from the results in Table 4.1 for the mean TIE and TRD differences for the lower and upper
limits in the two-sample for the three confidence levels, we can conclude that both the mean TIE
and TRD for 24-h treated significantly less than 2-h treated which has a smaller value than the
control group. Therefore, t-test statistics analyses further confirms the treatment has significantly

increased the radio-sensitivity of the 4T1 cells.

Control group vs 2h treated group
TIE TRD
t Stat. DF Prob>|t| t Stat. DF Prob>|t|

Equal Variance 4.12 173.0 4.9E-05 5.1 173.0 9.4E-07
NOT Equal Variance 4.2 136.1 4.7E-05 5.1 165.0 8.9E-07

Two-sample mean values difference
Confidence level M.Dif | L. Limits U. Limit | M.Dif | L. Limit U. Limit
99% 323 12.1 52.5 11.1 54 16.7

Control group vs 24h treated group

Equal Variance 9.7 215.0 1.5E-18 158 | 215.0 7.7E-38
NOT Equal Variance 8.3 100.4 4.4E-13 14.0 | 111.0 3.6E-26

Two-sample mean values difference
Confidence level M.Dif | L. Limits U. Limit | M.Dif | L. Limit U. Limit
99% 58.0 424 73.6 253 21.1 294

2h treated group vs 24h treated group

Equal Variance 6.9 212.0 5.9E-11 10.7 | 212.0 1.3E-21
NOT Equal Variance 6.3 124.8 5.4E-09 9.6 120.9 1.2E-16

Two-sample mean values difference
Confidence level M.Dif | L. Limits U. Limit | M.Dif | L. Limit U. Limit
99% 25.7 16.0 354 14.2 10.7 17.6

Table 4.2. Hypothesis testing by two-sample t-test

In order to study the relationship between the ionization radiation energy and mass of the 4T1
cells, we have analyzed the TIE and TRD as the function of the mass of the individual cells. The
results in Figure 4.4 (c) and (f) displays the TIE and TRD versus mass for all 4T1 cells in the
untreated control (red), 2-h treated (green), and 24-h treated (blue) groups. In order to establish a
clear relationship between the TIE and TRD with the mass of the cells, we have made
statistically valid data reduction using graphical data analysis program software, Origin
2018[www.originlab.com]. The reduced data is shown in Figure 4.4 (a) and (b) for the TIE and in
Figure 4.4 (d) and (e) for the TRD. In this statistical reduction method, we first sort each data by

the TIE or TRD in ascending order and eliminated the two minimum and the two maximum
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values from each of the three groups. We then made another sorting by mass in ascending order
and eliminated the two minima and the two maxima values. The reduced data obtained following
this procedure is shown in Figure 4.4 (b) for the TIE and in Figure 4.4 (e) for the TRD. Further
reduction was made by sub-grouping the data in Figure 4.4 (b) and (e) with 0.2 ng mass
increment and calculating the average mass, TIE, and TRD for each subgroup. These results are
shown in Figure 4.4 (a) and (d) for TIE and TRD, respectively. Figure 4.4 (a) predicts an
increase in TIE with the increase of the mass of the cells for all the three groups. It also
consistently reconfirms the reduced TIE for the treated 4T1cells with the lowest for the 24-h
treated group. On the other hand, although the TRD vs mass in Figure 4.4 (d) consistently
confirms the low TRD for the treated group of cells, it predicts an inverse relationship between

the TRD and the mass of the 4T1 cells in all three groups.
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Figure 4.4. The TIE (a-c) and TRD (d-f) vs mass for untreated control (red), 2h treated (green)

and 24h treated (blue) 4T1 breast cancer cells: (c) and (f) for all cells (b) and (e) for the reduced
data, and (a) and (d) is further reduced data with a linear fit.
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4.1.1.2 Multi cell ionization

In TIE and TRD studies for single cell, during the trapping process, we had to keep the cell isolated
from the other cells until it is fully ionized and ejected from the trap. This was challenging as the
ionization period is relatively longer for cancer cells compared to other small cells such as RBCs
[24-25]. During this period, other nearby cells are attracted by the strong gradient force and jump
into the trap at different times, which results in having multiple cells in the trap. Although these cells
enter at different times into the trap, all the cells eject at the same time after ionization. In this
section we wish to estimate the TIE and TRD when there are multiple cells in the trap for the
untreated control, 2-h and 24-h treated groups. The purpose of this analysis is to study whether the
TIE and TRD are affected by the addition of one or more cells while the cell that entered first
undergoes membrane breakdown and charges continue to build up due to radiation damage. To
accomplish this objective, in each of the untreated control groups, the 2-h and the 24-h treated
groups, we formed five subgroups based on how many cells present in the trap during the ionization
period: 1-cell, 2-cells, 3-cells, 4-cells, and 5-cells. The first group (1-cell) is what we already studied
in the previous section and it is included here for comparison purposes. The images displayed in Fig.
4.5 show untreated 2-cells, 3-cells, 4-cells, and 5-cells ionization. Figure 4.5 (a) is the image
captured when one cell is already in the trap (T) and the second is being accelerated towards the
first. Figure 4.5 (b) is the image captured when both cells are inside the trap (T). Similarly, Figure.
4.5(c) is when there are two cells in the trap and the third is moving towards; Figure. 4.5 (d) is when
all three cells are in the trap (T); Figure 4.5 (e) is when there are three cells in the trap and the fourth
is on its way, and Figure 4.5 (f) is when all four cells are in the trap (T). Next, Figure 4.5 (g) is when
there are three cells in the trap and two cells are on their way, and Figure. 4.5 (h) is when all five

cells are in the trap (T). In multiple cell ionization, as we can see from Figure 4.5, the cells do not
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always enter the trap at the same time, but all cells do eject from the trap at the same time.
Therefore, the ionization period (T) is estimated for all subgroups using the images captured when
the first cell enters the trap and the image when all cells eject from the trap. Then, the absorbed TIE
is calculated using Eq. (4.2), following the same procedure we used for single cell ionization. In
multiple cell ionization, the mass of the cells in the trap are also estimated using Eq. (4.1). However,

because the mass of the cells in the trap is the sum of the masses of the individual cells in the trap

with the same density, we replace V,, by the V., which is the sum of the volume of the individual
cells in the subgroups; hence, Eq. (4.1) becomes M .., = AV.,.,. For example, for subgroup-2 (2-

cells in the trap), we have Vyy =V; + V> and M, . = /O(V1 +V2)Then by replacing M,.; with

Mubgroup, We calculated the TRD for each subgroup in the untreated control, the 2-h, and 24-h treated

groups.

Figure 4.5 Multi cell ionization: untreated 2-cell, 3-cells, 4-cells and 5-cells ionization, the
letter (T) represented the trapping point, for 2-cells (b) trapped and (a) one trapped the other is
free, for the 3-cell (¢) two trapped and one free (d) trapped, for 4-cell (f) three trapped and one
free (e) trapped and for 5-cell (g) three rapped two free, (h) all trapped.

The results for the TIE and TRD for multiple cells along with single ionization are displayed using a
histogram and the box-and-whisker plot in Fig. 4.6. The histograms on the left side of Figure 4.6 are
for the TIE, whereas the right side is for the TRD. In both left and right sides of Figure 4.6, (a) is for
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the untreated control group, Figure 4.6 (b) is for the 2-h treated group, and Figure 4.6 (¢) is for the
24-h treated group. In each of these histograms, the subgroups 1-cell, 2-cells, 3-cells, 4-cells, and 5-
cells are represented by pink, yellow, orange, navy, and cyan, respectively. From the distribution
curves in the left side of Figure 4.6 (a)-(c), the shift in the peak values to the right indicates that the
TIE increases as the number of cells increases in the trap consistently for control, 2-h, and 24-h
treated groups. This is clearly shown in the box-and- whisker plot in Figure 4.6 (d). The summary
for the values for the basic statistical parameters for the TIE is given in Table 4.3. The results clearly
show that the average TIE for the five subgroups (1-cell to 5-cells) increases as the number of the

cells increases consistently regardless of the treatment.
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Figure 4.6. TIE in single and multiple cell ionization. The statistical distribution displayed by

the Histograms (a) Untreated control group, (b) 2 h treated, and (c) 24 h treated. In each of these
histograms the number of cells in the trap is represented by the color coded legend: 1-cell
(magenta), 2-cells (yellow), 3-cells (orange), 4-cells (navy), and 5-cells (Cyan). (d) displays the
range of the TIE in each subgroup (1, 2, 3, 4, and 5) for Control (red), 2h (green) and 24 h (blue)
treated groups. The solid lines in (d) connect the average TIE for each subgroup in each group.

It is important to make a quantitative comparison within the subgroups (1-5 cells) and between the
three groups by analyzing the relative TIE percentage increase. For any of the three groups, putting
aside any effects resulting from intracellular electrical and thermal interactions mediated by the

49



radiation field, theoretically we expect 200-500% relative increase in the TIE for corresponding to 2-
5 cells compared to the single cell. However, the calculated values were found to be 13.4%, 20.7%,
24.0%, and 29.3% (for untreated), 15.8%, 38.1%, 46.8% and 54.3% (for 2-h treated), and 18.8%,
35.3%, 54.1% and 59.8% (for 24-h treated). Although our estimation for the TIE in multiple cells
ionization is by no means perfect, the results indicate an astounding intracellular electrical and
thermal effect due to the infrared radiation used to trap the cells. We have also made a relative
comparison between the treated groups with that of the control group for the corresponding multiple
cells (2-5 cells) TIE. The calculated results were 42.3%, 37.9%, 35.6% and 26.5% for the 2-h treated
and 47.7%, 45.1, 38.8% and 30.7% for the 24-h treated group, less than the corresponding values in
the control group. These results reconfirm the increase in the radio sensitivity due to the treatment by

DMDD that we discussed for single cells in the previous section.
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Figure 4.7. TRD in single and multiple cells ionization. The statistical distribution displayed by

the Histograms (a) Untreated control group, (b) 2 h treated, and (c) 24 h treated. In each of these
histograms the number of cells in the trap is represented by the color coded legend: 1-cell
(magenta), 2-cells (yellow), 3-cells (orange), 4-cells (navy), and 5-cells (Cyan). (d) displays the
range of the TIE in each subgroup (1, 2, 3, 4, and 5) for Control (red), 2h (green) and 24 h (blue)
treated groups. The solid lines in (d) connect the average TIE for each subgroup in each group.

The corresponding calculated TRD for multiple cells and for single cells is displayed using
similar graphs and the same color coding on the right side of Fig. 4.7. Unlike the TIE, however,

the distribution curves in all three groups- control (Figure 4.7 (a)), 2-h (Figure (4.7 (b)), and 24-h
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(Figure 4.7 (c)) treated shifts to the left, which indicates a decrease in TRD with an increase in
the number of cells in the trap. This is clearly displayed in the box-and-whisker plot in Figure 4.7
(d) for control (red), 2-h (green), and 24-h treated (blue). The values for the basic statistical
parameters in the TRD are also summarized in Table 4.3. The results show that as the number of
cells in the trap increases from 1-5 cells, the average value for the TRD decreases consistently:
32.6 - 14.74 J/ug for the control: 22.4 - 7.1 J/ug for the 2-h treated; and 9.4 - 6.0 J/ug for the 24-
h treated group. The relative decrease in multiple (2-5) cells’ average TRD as compared to single
cells was found to be 13.9%, 51.1%, 51.7%, and 54.8% for untreated; 29.5 %, 35.4%, 38.4 %,

and 66.7 for 2-h treated; and 20.1%, 25.9 %, 32.8%, and 35.7% for 24-h treated.

Untreated 4T1 control group
TIE (mlJ) Mass (ng) TRD (J/ug)
SG N Mean SD Mean SD Mean SD
1 89 81.3 63.5 2.5 1.4 32.6 14.8
2 54 86.8 37.7 3.5 1.1 28.1 17.2
3 34 99.7 34.8 5.1 1.4 16.0 6.5
4 23 106.0 21.4 6.9 1.0 15.8 39
5 23 107.4 11.1 7.7 1.9 14.7 3.8
2-h treated 4T1 group

TIE (m)J) Mass (ng TRD (J/ug)
1 86 48.8 37.7 2.3 1.3 224 114
2 49 50.1 20.7 4.2 34 15.8 9.1
3 30 61.9 14.9 4.9 24 14.5 5.6
4 20 70.4 19.9 5.5 2.7 13.8 4.1
5 23 78.9 14.7 8.2 2.7 7.1 3.1

24-h treated 4T1 group

TIE (mJ) Mass (ng TRD (J/ug)
1 128 23.8 20.4 2.6 1.2 9.3 6.4
2 56 26.2 11.9 3.9 1.5 7.5 44
3 30 34.0 144 5.1 1.6 6.9 2.8
4 21 43.1 18.3 7.7 2.6 6.3 3.8
5 20 54.7 19.9 9.5 2.0 6.0 2.6

Table 4.3. The values for the basic descriptive statistical parameters for the TIE, the mass, and
TRD for the five subgroups in the control untreated, 2-h treated and 24-h treated groups of 4T1
cell-line.

The results found for both the TIE and TRD multiple cells ionization (2-5 cells) in comparison with
that of single cell predicts interesting physical processes that could have significant implications for
radiation dosimetry, especially for combined modalities of cancer treatment that include chemo and

possibly hyperthermia therapy. In order to explain these observed effects, following a similar
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statistically valid data reduction, we have examined how both TIE and TRD changes as a function of
mass when multiple cells (2-5 cells) inter the trap. These results are shown using double-y axis
graphs in Figure 4.8 for the control ((a) and (b)), 2-h ((c) and (d)) and 24-h ((e) and (f) treated. In
each of these graphs the left and the right axes represent the TIE and the TRD, respectively.
Furthermore, in all these graphs the data points for TIE and the TRD for the number of cells in the
trap are described by same color coding (2- cells (yellow), 3-cells (orange), 4-cells (Navy), and 5-
cells (Cyan)) using different symbols (rectangle, circle, triangle, and star). These symbols are filled
with the corresponding color for the TIE but not for the TRD. The graphs in the bottom row (b), (d),
and (f) display all the calculated data for the TIE and TRD vs mass whereas the graphs in the top
row (a), (c), and (e) display the reduced data with the linear fit that is obtained following a similar
procedure we used for single cell. The linear fit (TIE and TRD) to the reduced data in Figure 4.8 (a),
(c), and (e), consistent to the results for the single cell in Figure 4.4, predicts an increase in the TIE

and a decrease in the TRD with mass in multiple cell ionization in all three groups.
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Figure 4.8. Multiple cell TIE and TRD vs mass for untreated control (left (a) & (b)), 2-h treated
(middle (c¢) & (d)), and 24-h treated (right (¢) & (f)). The number of cells in the trap is represented
by the color coded legend: 2-cells (yellow), 3-cells (orange), 4-cells (navy), and 5-cells (Cyan)

Each of these graphs are double-y axis graphs where the left axis represent the TIE and the right axis
represent the TRD. The bottom graphs (b), (d), and (f) displays the complete data for each case of
multiple cell ionization (2-cells (yellow), 3-cells (orange), 4-cells (navy), and 5-cells (Cyan)) for the
TIE vs mass (Filled: : rectangle, circle, triangle, star) and the TRD vs mass (unfilled: rectangle,
circle, triangle, star). The top row graphs display the corresponding reduced data with linear fit are
for TIE (solid lines) and TRD (dotted line).

The low TRD we observed in multiple cell ionization could primarily be due to the gradual
charging of the cell and elevated temperature resulting from the infrared laser. Laser radiation kills
cancer cells by damaging their DNA. This can happen when the laser incident on the cancer cells
delivers enough amount of ionization energy resulting in the dielectric breakdown. It is well known

that this minimum energy (TIE) or minimum radiation dose (TRD) can be affected when it is used
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along with chemo or hyperthermia. In the absence of the laser radiation, a simplistic physical model
of a cell (in this case, a 4T1 cell) is a dielectric sphere filled with a collection of different electric
dipoles. When it is exposed to a rapidly oscillating electric field like that of the laser radiation, these
various dipoles respond differently by creating a stronger oscillation that aligns with the polarization
direction of the radiation field. This leads to a stronger oscillating global polarization in the cell
which, otherwise, is zero in the absence of the field. When the electric field becomes strong, the
dipoles with weak strength start to break and free charges begin to develop in the cell. As the cell
consists of different types of molecules characterized by different dipole strength, the different types
of dipoles require different energy and break at different times. Consequently, the charge buildup is
a gradual, time-dependent process. Furthermore, due to the Gaussian nature of the laser beam,
different parts of the cell receive different electric field strengths (with the strongest at the center of
the beam waist). This field gradient also contributes to the gradual charge buildup in the cell. This
process could have a significant impact in the threshold radiation dose in multiple cell ionization
when cells enter the trap at different times. When the first trapped cell undergoes dielectric
breakdown by the radiation and the charge continues to build, any other cells entering the trap face
the electric field of the charge on the first cell in addition to the rapidly oscillating electric field from
the radiation. The electric field due to these free charges on the cell(s) that is (are) already in the trap
causes extra damage in multiple cell ionization. Consequently, the TRD becomes smaller as the
number of the cells increases. We have seen this consistently in all three groups. For example, in the
untreated control group, the TRD which is measured by the ionization energy from the radiation (the
laser): 5-cells (14.7£3.8), <4-cells (15.8+3.9), <3-cells (16.0+6.5), < 2-cells (28.1£17.2), <I cell

(32.6£14.8) in J/pg.
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The second major factor that could contribute to the lower TRD in multiple cell ionization is the
hyperthermia effect. The laser used to trap the cells is in the infrared (1064 nm). The absorption of
this wavelength by water molecules in the cell or in the surrounding suspension medium at such
power could be significant and it can significantly elevate the temperature in surrounding medium
and the trapped cell. Therefore, when other cell(s) enter the trap, they face this elevated temperature.
Studies have shown that at elevated temperature, 42-46 ° C, cancer cells can die due to lack of

glucose or the change in structure and enzymatic proteins [113].
4.2 Post ionization dynamics

Membrane breakdown build up more charges on the cell and the electrostatic force becoming
stronger and stronger until it’s overcomes the gradient trapping and drag forces. At this instant
the ionized cell gets ejected from the trap. As we have seen in our study of threshold ionization
energy in the previous section, membrane breakdown is facilitated by the DMDD treatment. The
charge resulting from such membrane breakdown in the untreated vs treated is not known. In this
section we wish to study the magnitude of the charge developed in the untreated, 2 hr treated and
24 hr treated by analyzing the post ionization dynamics of each individual cell. The post
ionization dynamic quantities such as displacement, velocity and acceleration depend on the
charge. Using two different approaches we have analyzed these quantities to determine the
charge developed in each cell. In the first approach first we solve the equation of motion for r(t)
and using Nonlinear curve fitting model we fit the displacement vs time data for the equation of
r(t) and then the charge determined by assuming unknown electrical susceptibility for each
treated or untreated cells. For the second approach we differentiate the displacement vs time data
using origin pro and determined the velocity and acceleration. The trapping force calculated

numerically using the refractive index calculated in the first approach, finally the charge was
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calculated. In this section we discuss, compare, and contrast the methods used and the results

obtained using these two approaches.
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4.2.1 The Forces

The cells are suspended in FBS and trapped by the laser gradient force until it becomes ionized
and ejected from the trap due to an electrostatic force resulting from the charge developed. At the
instant it gets ejected it also experiences a drag force. Thus the post ionization dynamics is
determined by Newton’s equation of motion,

d*F
dt’

m =F —-F, - F, 4.4
where m is the mass, 7 is the post-ionization position of the charged cell from the center of the

trap, I:"L JF ,,and ]:"[ are the electrostatic, the drag, and the trapping forces, respectively.

The _electrostatic _force: While the cell is in the trap and undergoes ionization by the

electromagnetic field radiation, there is a charge buildup due to membrane breakdown. This free

charge density depends on both position and time and can be represented by p(7#,7). Let the
magnitude of the electric field for a laser beam polarized along §, direction on the x-y plane and

propagating along the z-direction, as shown in Figure 4.9a, be £(7,r). Then the corresponding

magnetic field for this laser beam is given by

B(F,t)=2EF,1)(£x3,), i
C

where 7 is the refractive index of the cell and c is the speed of light in vacuum.
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Figure 4.9 (a) The blue double cone is a schematics for a focused linearly polarized laser beam
along the direction §, on the x-y plane and propagating along the z-direction. This beam has a

diameter of 2w, at the trap location. The red sphere represents a 4T1 cell before ejection (big)
and after ejection (small). The vector 7 is the position of the center of the cell as measured from
the center of the trap, 7'is the position of an infinitesimal free charge, dg’, from the center of the
cell. (b) A schematics for the position at a given instant of time for an ionized and ejected 4T1

~

cell along the direction of polarization §_, 0 is the angle between the polarization direction and
the vector 7'

It is important to note that the refractive index of the cell, n in Eq. (4.5) depends on time as the
cell is undergoing dielectric breakdown due to the ionization taking place while the cell is in the
trap. Suppose a free charge, dg’, has developed in an infinitesimally volume, dV”, of the cell

which we can express in terms of the free charge density as,

dq'= p(F +7",0)dV", 4.6
and this charge has a velocity,
d(r+r' 7
o der) _drt 47
dt dt

Note that we have neglected the change in position of the center of mass of the cell, 7, while the

cell is in the trap. Then the Lorentz force on the total free charge that the cell possess can be

determined using,
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E.(7,0) =ij(f+7',z)E(7+7',t){§o +2(Fx2x8, ) dV a8

Next we shall make two physically valid approximations. First the speed of the free charge, v’
is negligibly small compared to the speed of light, ¢, and therefore we neglect the magnetic
contribution to the Lorentz force. The second approximation that we make is for the time

dependent charge density po(7,t). suppose the time laps from the moment the cell gets trapped to

the moment it got ejected is 7. During this time significant amount of the free charge is created
when the membrane is significantly ruptured and this happened at time ¢t=t). If we neglect the
free charge developed prior and after this time and represent the total charge on the cell by ¢, at

the position of its center of mass, 7, we may approximate the charge density using the Dirac-

Delta function,

p(F+7'\1)=q 56 —F)TS(t—t,). 49

Then the time average Lorentz

- | T —
E(F)=%[ Fd, 410

under these two approximations

E.(7)= (qo [ _[OTE(F+F', S (7'~ F)é(t—to)dV'dt)ﬁo, 411

becomes

E(F)=q,E,(27F,,)S,. 412
For a Gaussian Electromagnetic wave propagating along the positive z-direction the electric field

can be expressed as
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E(27,t,) = E, exp| - = |exp[ i(kz - o, | 4.13

where w is the beam radius at the trap location. For the post-ionization dynamics, we set the
initial time at /=ty =0, the center of mass of the cell at this initial time be at the origin, and
assume the cell remains confined to the x-y plane throughout its post-ionization motion so that,
z=0. Then setting these values in Eq. (4.13) and substituting the resulting equation into Eq.

(4.12), one finds for the electrostatic force

- p—s 2 N
F,(r)=q,E, CXP(—ﬁ)SO- 4.14
The amplitude of the electric field, £y, can be determined from the power, P, measured at the

trap location, using

_ [2r _ /ZP%
Eo - Aezv - A S, 4.15

where p, is the magnetic permeability of a free space, v is the speed of light in the medium that

2

the cell is suspended in, and A=zw” is the beam size at the trap location determined from the

beam radius at the back of the objective lens and it’s numerical aperture [1.25 ].

The drag force: As we saw in Figure 1b, the 4T1 cancer cells are modeled spherical in shape

with radius, R, and the drag force can be determined using

. dar
F,=6m1uR—, 4.16
d H p

where p is the viscosity of the fluid that the cell is suspended in, which is FBS.

Trapping force: In estimating the trapping force on the cell, we use electromagnetic energy

change in the region occupied by the cell. To this end, let’s consider a cell (a dielectric sphere)

with radius R. After the cell is ejected, as shown in Figure 4.9(b), let the position of the center of
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mass of the cell from the center of the trap, assuming the cell is confined on the x-y plane, be 7
which is directed along the direction of polarization of the field, §,. We consider an infinitesimal
volume, dv’, inside this cell at a position, 7', that makes and angle 0" as measured relative to the
direction of the vector , §, as shown in Figure 4.9 (b). Then electric field of a Gaussian laser
beam propagating along the z-direction at the position of the infinitesimal volume can then be

expressed as

E(r,r0")=E,e [Wf v ]s 4.17

where 7, =7 +r'cos'

E(r,r,0")=E, exp[ (r2+2rr'cosﬁ'+r'2)}§o, 4.18

1
4w?

where E, is the amplitude of the field which was calculated from the power and w is the beam

radius of the laser at the trap location.

As we stated earlier, we are interested in finding the trap force using the electromagnetic energy
change in the micro space occupied by the cell. Thus, one must find the energy before and after

the cell is exposed to the laser field. In the micro volume, V, with electrical permittivity constant,
&, , (space which later be occupied by the cell), the electric field and the corresponding electric

displacement of the laser field were E(r,r',0") and D(r,r',6"), the electromagnetic energy in this

volume of space, W}, can be determined using
W, :%jE(r,r',e')-Db(r,r',a')dV'. 4.19

Similarly, the energy after the cell, with electrical permittivity constant, €,, occupying this same

volume of space,
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W = % j E(r,r',0"D, (r,r',0"dV". 4.20

Then the change in electromagnetic energy in the micro volume, ¥, occupied by the cell is given
by,

AW:WH_W,):(ga—g,))%J.Ez(r,r',H')dV', 4.21

where we used, D = ¢E(r,r',0"), for a linear medium. Then using the electric field in Eq. (4.18),

one can write

27

AW = %(5 —eb)Efﬁ‘[exp[—ﬁ(rz +2r7'cos @'+ 1" )]r'Z dr'sin(6')d6'dy'. 422
000

Upon integrating this equation, we find

w (R (R
AW:(%_%)”EZE _ e 2%2 _e 2)12
r

The trapping force given by

| R e

F=-V, (AW), 4.24

using Eq. (20) is found to be

2. 02

- Pt R,
F.(r)=-8(¢,—¢,)7 ::V e ™ R—Zcosh(R—’;J—smh(R—’;j 7, 425

w w w

or in terms of the refractive indices of the cell (&, = g,n,”) and the medium (&, = &,n,) that the

cell is suspended as p

) Bt TR R . (RA].
F,(r)= —8(na2 -n,’ ) EyTT ozv e —Zcosh (—Zj —sinh (—’;j r. 4.26

r
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The refractive index for the cell (n,=1.545) is higher than that of the medium (n,=1.33) and the

trapping force is an attractive force.

4.2.2 Results and discussion

A sample of selected successive images of the cell describing the post ionization trajectory of the
cell is shown in Figure 4.10. The horizontal red line connects the trapping point of the successive
images. After the cell is ejected from the trap, its trajectory follows the polarization direction of
the trapping laser for a perfectly aligned trap, which is shown by the green line. This trajectory is
defined by the trap, the drag, and the electrical forces acting on the cell according to Eq. (4.4).
For the post-ionization dynamics, we are interested in two electrical properties for the 4T1 cells
in the untreated control, 2 h and 24 h treated groups. These are the net charge developed on the
cell and the refractive indices change due to the dielectric breakdown resulting from the
ionization of the cells. We use two different approaches to study these properties. In the first
approach, we determine both the charge and the refractive indices of each cell. In the second
approach, we determined only the charge based on two assumptions for the refractive indices of
the cells. In the first assumption we considered negligible change for the refractive indices and in

the second assumption we used the refractive indices we determined in the first approach.

Figure 4.10 The motion of the ejected cell.

4.2.2.1 First approach:

The post-ionization displacement of the 4T1 cells for the three groups as a function of time is

shown in Fig. 4.11. Based on the average maximum displacement and also on the average size of
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the cells traveled, we shall make an approximation to the electrostatic force in Eq. (4.14) and the

trapping force in Eq. (4.26). The average measured radius of the 4T1 cells is R =8.2um and the

average measured maximum displacement is less than » = 50um (see Figure 4.11).
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Figure 4.11. The radial displacement, r, as function of time.

On the other hand, the beam radius calculated at the trap location using this average size of the cells

is w=282.26um. Using these values we found,»’/w’ =0.03, Rr/w’ =0.005<<]1, and

(> +R*)/w* =0.03 so that applying the series expansions

e = l—x+lx3....,xcosh(x)—sinh(x) = lx3 +Lx5...., 4.27
2 3 30
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In Eq. (4.14) and (4.26), by keeping only the first order terms, we can make the approximations for

the electrostatic force

F,(r)=q,ESs, 4.28
and for the trapping force
F,(r)=—krs,, 4.29
where
k=8zR*(n -1, )e,(E,/w) /3, 4.30

is a constant that depends on the electric field amplitude at the trap location (or the power), the
beam radius, the radius of the cell and the difference in the refractive indices between the cell
and the medium. The equation of motion for the cell in Eq. (4.4), using the results in Eq. (4.16),
(4.28) and (4.29), can then be written as

2 E
d f+27ﬂ+w2r(t)=—q° e, 4.31
dt dt m
where
y=3muR/m 4.32
and
a)=\/87rE02(nﬂ2 -, )R, 1 3mw’ . 4.33

equation (4.31) describes an electrically driven damped harmonic oscillator. Under the
approximation that the cell has no initial velocity and is positioned at the center of the trap, the

solution to Eq. (4.31) is given by

r(t)=(qE, | mor ){l—exp(—yt) [cosh(«/)/2 - a)zt) +(;//\/;/2 -’ )sinh(\/}/2 —(ozt)]} . 4.34

as we can see in Fig. 4.11, the post ionization trajectory of the cells must be characterized by an

over damped harmonic oscillator, which therefore requires y* > »*. Due to the ionization from the
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radiation damage, the cell underwent a structural change that in turn caused an electrical
susceptibility change. This leads to a new lower refractive index, n <1.545, that must be greater

than the refractive index of the surrounding medium (FBS, n, =1.33). In order to find this new

refractive index and the total free charge, first the maximum value, ¢ =y, was determined using
the values for m and R for each cell and p for FBS [1.02x10-3 Ns/m]. The electric field

amplitude, E,=42.72 kV/m, determined from the measured power and the beam radius,
w=282.26um at the trap location. The numerical model fitting function NonlinearModelFit in
Mathematica was used to fit Eq. (4.34) to the displacement versus time data shown in Fig. 4.11
for each cell. The NonlinearModelFit function started looking for the charge, ¢, and the
refractive index, n, at several orders of magnitude below, 7,,,,. The results for ¢ measured by the

z-number (z=g/ (1.6x10™"° C)) and n are shown in Fig. 4.12.

The average z number for control, 2h treated and 24h treated are 119.86+92.30, 149.53+111.03
and 168.05+114.60 respectively. And also the refractive index of these three groups were
determined to be 1.39+0.04, 1.37+0.04 and 1.35+0.03 respectively. The average charge increase
as the period of treatment increase however, the refractive index decreases as the treatment
period increase since the charge and refractive index are inversely proportional. Larger period of

treatment has larger charge and smallest refractive index.
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Figure 4.12. The calculated charge (a) and refractive index (b) vs size measured by the radius
for each cell along with the corresponding distributions displayed using histograms: control
(red), 2-h treated (green), and 24-h treated (blue). The charge is measured by the z number

Figure 4.12 shows the z-number vs radius and refractive index vs radius for the whole data of
the control, 2h treated and 24h treated groups. The charge and the refractive index vs radius are
not clearly show the difference between the three groups thus we use the data reduction method

to explain the variance among them.
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Figure 4.13. Reduced data for the charge vs R: control (red), 2-h treated (green), and 24-h
treated (blue). The charge is measured by the z number.

In Figure 4.14b the charge of the three groups clearly shows that the charge of control (red) is
smallest and 24h treated (blue) is largest. The treatment makes the cell sensitive to ionize and
when the treatment period increases the cell becomes more sensitive. More sensitive cells
developed larger charge hence the untreated cells have smaller charge than the treated one. When
the breakdown of the cell membrane increases the conductivity and charge density increases.
This result is in conformity with Golombeck, Penman and Hao [117-119] who have observed
that the relation between the electric permittivity and conductivity of materials, when the
conductivity of material increases it permittivity decreases. Stogryn, A [120] showed that when

the temperature of the sodium chloride solution increased, the dielectric constant also decreased
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which supports our result. Finally, we confirm that the charge and refractive index has inverse

relationship.
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Figure 4.14. Reduced data for the refractive index vs R: control (red), 2-h treated (green), and
24-h treated (blue). The charge is measured by the z number.

The distribution of the size of the cell shown at the top axis of Figure 4.15 does not show
significantly different but the distribution of the refractive index shown in the left side display
the pick of the distribution shift up. This means, generally, the reduced data seams to predict the
refractive index decrease with increasing period of treatment. However, the variation in the

refractive index due to the variation in size of the cells seems to be negligible in particular for the

treated groups.
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Figure 4.15. The calculated charge per unit mass vs size measured by the radius of each cells

along with the corresponding distributions displayed using histograms: control (red), 2-h treated
(green), and 24-h treated (blue).

The data shown in the Figure 4.15 displays the charge to mass ration ratio vs the size of each 4T1
cells in the three groups. In order to see the effect of the treatment on the charge to mass ratio,
we had carried out a similar statistically valid data reduction. Figure 4.16 (a) displays the
reduced data obtained from Figure 4.15 by eliminating data points which are far off from the
majority of the data for the values to the charge to mass ration and to the radius. For the radius
value, three form the top and three from bottom for the control group, five from the top and five
from the bottom for the 2 h treated, and nine from the top and nine from the bottom for 24 h
treated were eliminated. Similarly, for the charge to the mass ratio values eliminated six maxima
and three minima for control groups, seven maxima and five minima for 2h treated and three
maxima and three minima from 24 h treated groups. This reduced data, which is displayed in
Figure 4.16 a, is then further sorted by the radius in ascending order and sub-grouped. The
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calculated average for the charge to mass ration and the corresponding radius for each subgroup is

displayed in Figure 4.16b
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Figure 4.16. Reduced data for the charge/mass vs Radius: control (red), 2-h treated (green), and
24-h treated (blue). The charge is measured by the z number.

These results showed in Figure 4.16 (b) shows that the charge to mass ratio is higher for the treated
groups as compared to the control group. However, the results seem to predict negligible change in

the charge to mass ration due the change in the size of the cell.

The charge and the refractive indices determined for the three groups have also be analyzed in
relation to the threshold ionization energy (TIE) and threshold radiation dose (TRD) that we have

analyzed in detail in the previous section. The results are displayed in Figure 4.18.
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Figure 4.17 The calculated charge and refractive index vs TRD (a) & (b) vs TIE (c¢) and (d)

along with the corresponding distributions displayed using histograms: control (red), 2-h treated
(green), and 24-h treated (blue). The charge is measured by the z number.

The z number versus TIE in shown in Figure 4.17 a & b and versus TRD in Figure 4.17 ¢ & d for the
untreated, 2- treated and 24-h treated using the same color coding. Clearly these graphs show a
decrease in TRD as the treatment period increases which we already discussed in details in section
4.2.1. However, it seems hard to predict the relationship between charge and TRD or refractive index
and TRD. Thus, it is necessary to make further analyses by making a similar data reduction we used
previously. The reduced data displayed in the Figure 4.18 (c) obtained from Figure 4.17 (a) first
sorted by TRD in ascending order and eliminating the top four for the control untreated, the top six
and five for the 2 h and 24 h treated, respectively. And then we sorted this reduced data by z-number
in increasing order and removing seven maxima and one minima for control groups, ten maxima

from 2h treated and eight maxima from 24h treated groups. Finally using origin pro the average for
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each subgroup were calculated and the resulting data for z vs TRD is shown in Figure 4.18 (d).

According to the result in Figure 4.18 (d), the z-number is larger for longer period of treatment.
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Figure 4.18 The calculated charge vs TRD (a) & (b) vs TIE (c) and (d) along with the

corresponding distributions displayed using histograms: control (red), 2-h treated (green), and
24-h treated (blue). The charge is measured by the z number.

This reduced data for the z number vs the TIE displayed in Figure 4.18 (a) was obtained from the
data in Figure 4.17 (c) using a similar procedure where we eliminated those data points which are far

off from the majority. The resulting data were also sorted by the TIE and sub-grouped so that the
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averages for each sub-group were calculated. The results obtained following this procedure is shown

in Figure. 4.18 (b) and it clearly indicate that the treated 4T1 cells develop higher as compared to the

untreated control group.
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Figure 4.19. The calculated refractive index vs TRD (a) & (b) vs TIE (c) and (d) along with the
corresponding distributions displayed using histograms: control (red), 2-h treated (green), and
24-h treated (blue). The charge is measured by the z number.

We have also made further analyses for the refractive index versus TIE (Figure. 4.17 (d) and
TRD (Figure 4.17 (b)) for all the 4T1 for the control untreated, 2 h and 24 h treated groups that is
based on a similar data reduction procedure. The results are shown in Fig. 4.19. The results,

unlike the charge, the refractive indices for the treated 4T1 cells displays lower values as
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compared to the untreated control group. This characteristic of the refractive indices is common

to both n vs TIE Figure 4.19 (b) and n vs TRD (Figure 4.19 (d)).
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Figure 4.20. The refractive indices vs z number (a)-(c).

The charge and the refractive indices for the 4T1 cells determined from the post-ionization
dynamics, whether the cells are treated or untreated, must show some correlation or dependency
as both are a consequence of the membrane breakdown due to the radiation absorbed. Therefore
it is worth examining the variation of the refractive indices with the charge which is displayed in
Figure 4.20. Figure 4.20 (a) displays the refractive index versus charge of all 4T1 cells in the

control untreated, 2 h treated and 24 h treated groups. The results in Figure 4.20 (b) and (c)
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displays the reduced data obtained using a similar procedure we discussed earlier. The result in

Figure 4.20 (c) clearly shows the refractive index decrease as the charge on the cell increase.

4.2.2.2 Second approach

In the second method we use directly the displacement, velocity and acceleration and the

refractive index of the cell (n,) after ionization which is discussed in the first approach and the

refractive index of the medium, n,=1.33. Using these values for the trap force in Eq. (4.26), the
electrostatic force in Eq. (4.14) and the drag force in Eq. (4.16), the equation of motion in Eq.
(4.4) can then be written as
2
d’r d

m? =q E exp(—”é) — 67z,uRE:

2]

B 29T Re (R (R

—(n,—n,) €, m*5—e * | —cosh| — |-sinh| — , 49
v

W)

The charge for the untreated samples is smaller from the treated ones. The charge determined by

the NonlinearModelFit has an approximate value the charge calculated from the second

approach.
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Figure 4.21 The statistical distributions for the charge measured by the z-number (a-c) and
refractive index (d-f): control (red), 2-h treated (green), and 24-h treated (blue).

The charge measured in terms of z number by dividing the charge developed on the cell to the
electron charge. The average charge in z-number calculated using Eq.4.35 was 124.4+88.55,
137.97+ 86.29, 158.35+ 101.80. The pie chart in Figure 4.21 (b) shows the charges developed on
cells are 29.57 %, 32.79 %, and 37.63% for untreated, 2-h treated and 24-h treated. The
histogram also shows the average values shifted to the right as the treatment period increased.
The relation between the charge and treatment time for each the three groups tell the radio

sensitivity of the cancer cells increase by the DMDD treatment.
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Figure 4.22. z number versus radius (a-c) and the charge of the ejected cell as function of time.

The data distribution of the whole untreated, 2- treated and 24-h treated data for the three groups
Fig. 4.22 (a) displays the data reduction first sorted by radius in ascending order and eliminated
three from the top and bottom and then sort by charge in increasing order and deleted three from
the minimum and maximum. Finally, Figure 4.22 (c) shows the reduced data displayed in (b)
resort by radius in ascending order and reduced by grouping with 0.20 x- increments by Origin
Pro. As clearly shows in the Figure 4.22(c) the charge increases as the radius of the cell
increases. In the Fig. 4.22 (d) display the charge as function of time for each individual cell of

untreated, 2h treated and 24h treated. In the Figure 4.22 (f) we sort by charge and removed the
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charge of three cells from the top and bottom and then the data reduction by grouping was done
by sorting in time and which is clearly shows the charge on the cell decrease after ejection as the
time increase. The decreasing of charge on the cell is due to the interaction of cells with the

environment outside the trap.

4.2.3 Discussion

As mentioned in chapter 3, TIE increases as the size of the cell increased since the trans-membrane
voltage is proportional to the TIE. Zimmermann [121] observed that the value of induced trans-
membrane voltage depends on the cell size, shape, and the position of the cell with respect to the
direction of applied electric field which supports our result. M. Pasquerilla [25] found that the
ionization energy (IE) calculated at 0.345W incident power for RBC had average TIE for single cell
as 900+/-500 mJ which is greater than our result. It may be argued that M. Pasquerilla used incident
power to calculate TIE M. Kelley [23] showed that the ionization energy has positive correlation
with the size of the cell. Larger cell spends longer time in the trap than the smaller one hence TIE is

larger for larger cell than the smaller cells.

The multi cell ionization energy increments were in small steps and radiation doses dropped
rapidly as the number of cells increased in the trap. The decreasing effects of radiation dose were
due to the mechanical and dipole-dipole interaction of nearby cells in addition to the applied

field.

When two biological cell membranes approach one another they simultaneously experience
many different interactions. These interactions include in large and short range separation, the
long range interaction include attractive force acting on the intervening aqueous space and short-

range interaction involving molecular contact between components Rand [122]. The interaction
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between the two membranes can contribute to their destabilization due to an increase in the intra-
membrane electric field strength Dimitrov [123].

Numerical simulation result shows variations in the intracellular and extracellular electric field
which is due to the cell-to-cell interactions, superposition of individual electric fields generated by
equivalent dipole moments. Vanegas Acosta [124]. The experimental and numerical simulation
results obtained are in agreement with our result the interaction between cells decrease the TIE and

TRD.
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Chapter Five

In this chapter we will study the elastic property of sickle cell trait and sickle cells anemia. Sickle
cell trait is RBC gene constructed from one normal (HbAA) and one sickle cell (HbSS) genes.
Sickle cell trait is person who inherited one sickle gene from one of the parents but they are
carrier not sickle cell anemia patients. Sickle cell anemia patients inherit sickle genes (HbSS)
from both parents. In this chapter we will study the rigidity (stiffness) of sickle cell trait (SCT)
and sickle cell patients (SCA) by compressing with trapping force and stretching by drag force.
This study will be used as an initial point for researchers those will investigate the treatment of

SCA to increase the elasticity of it and for medical doctors to prefer medicines for SCA patient.

5 Elasticity of SCT and SCA red blood cells

To study the elasticity of red blood cells, the blood samples were taken from the persons with
SCA and SCT and the samples were diluted by the fetal bovine serum (FBS) in the ratio 1:1000.
The diluted sample was put in a slide and mounted it on the piezo-driven stage (PS). Three snap
shots were taken before the RBC being trapped. The RBC was trapped by the LT with the power
of ~30 mW at the tip of the objective lens by opening the laser port for the laser beam. The cell
was subjected to different magnitudes of drag force while it was being confined by the laser trap
at a fixed power. We create drag force by setting the PS moves with a given velocity to sheer the
trapped RBCs. During the period of PS movement, a live image of the cell was continuously
captured by the CCD camera. The exactly same procedures were carried out on seven different

RBC groups for both the SCA and SCT blood samples.
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5.1 Trapping force

We consider a simplified physical model for the RBCs to determine the trap force which is
proportional to the magnitude of the drag force. We model a RBC as a thin cylinder with radius,
R, and thickness, t, where t<<R. A RBC is predominantly made of polar water molecules with
inherent unusually high dipole moment by Ernest Z Truong-Son N, p =6.1x10™"C.m . In the
absence of an external electric field the dipole moment of these polar molecules is randomly
oriented and the total dipole moment per unit volume, the Polarization, P(7,r) is zero. Let’s
consider an infinitesimal volume dv’ in the cell as shown in the Figure 5.1. Let the magnitude of

the polarization in this infinitesimal volume be 4P and the direction is #' from the positive z-
axis. Suppose a laser beam that propagates along the z-direction and linearly polarized along the
x-direction is turned on as shown in the Figure 5.1. The cell is due to the electric field of the

laser, E(7,t), it experiences an electrical torque given by

N = [[[B(7.0)v < E(7¢). 5.1

Let’s assume there are N molecules in the cell the magnitude of the dipole moment be p. Then

we may write the net torque on the cell resulting from turning the laser on can be approximated

by

fj I (cos(go'))2+sin((p')j/+f)xidz's’ds’d(p', 5.2

which leads to

where we used for the volume of the cell, v = zR* .

83



Focal plane
—Y

~RBC

Focused laser beam

Beam waist, 2w

(a)
Zz
Focused laser beam
Beam waist, 2w
-z
S — +
4
= - v
orag FOre °
—Y
Streched RBC
Focused laser beam |
Beam waist, 2w
(c)

Figure 5.1 A simplified thin-cylinder model for a RBC; (a) before exposed to before the laser
beam turned on; (b) when a linearly polarized laser beam propagating along the z-direction is
turned on and the cell is trapped; (c) A cell acted upon by trap force and a drag force created by
moving the stage with velocity v along the direction of polarization.
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Because of this electrical torque, an RBC initially sitting at the bottom of the slide with its
platelet side facing the x-y plane is forced to rotate about the y-axis and the cell remains trapped
at a position in which its plat late side facing the x-z plane parallel to the beam propagation
direction as shown in Fig. 5.1b. After the cell is trapped if one oscillates the staging with a
constant velocity v along the polarization direction the cell experiences and a drag force equal in

magnitude but opposite indirection to the trap force as shown in Figure 5.1 (c).

Next, we determine the trap force when the cell center of mass is moved from the center
of the trap and the cell is stretched due to the two opposing drag and trap forces. To this end we

note let the electric field of the laser beam be, E(7,7). Due to this electric field the polarization
inside the cell be P(7,7). Then for an RBC with center of mass position at 7 as measured from

the center of the trap located at the origin as shown in Figure 5.2, the trap force can be obtained

from

F=[(P(F+7)-V)E (F+7")dV" 54
Due to the electrical toque in the bipolar water molecules, when the cell is trapped, as shown in
Figure 5.1 (b), the axis of cell becomes normal to the polarization direction of the laser beam.
This essentially creates a positive on one side and negative bound surface charges on the other
side. This is a physically reasonable approximation comparing the beam radius, w, of the laser
beam at the trap location with the average radius of a human RBCs, R. Since R<<w, we can
approximate a uniform electric field over the cell. A closer look at the trapped and dragged cell is

shown in Figure 5. 2.

Suppose the total dipole moment due to the positive and negative bound surface charges on the

two opposite sides of the cell is ;Tm, the electric field inside the cell can expressed as
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E’ _ 1 pTo}ta/ 55
4dre, R

net

Using the electric field inside a dielectric cylinder with an electrical permittivity & placed in a

region with electrical permittivity, & and an external electric field, £

FE =f£-¢ F 56
& + &,

one can write the total induced dipole moment as

. E—-&, -
pTotal = _472-80133 1 E 5.7
& + 51

and dividing this with volume of the RBC, V=mp?t, the polarization is,

P=-

4e R ¢ — ¢, =
- LE 5.8
t &+¢g

Introducing the refractive indices n* = ¢ / ¢, andn,* = ¢, / ¢, for the cell and the medium

and also the parameter m=n/n;, the polarization can be expressed as

2_ —
P:_450R m2 lE 5o
t m+1

Now substitute Eq. (5.9) into Eq. (5.4) and yield, we find

17:—45;’R Z;H(E-V)Ed% 5.10
Using the relation
V(Z-E):2x(Vx§)+§x(Vx2)+§(z-V)+2(§-V) 5.11

And noting that the electric field is irrotational, one can easily find

(E-v)E=(v(E-E)) 5.12
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and the force in Eq. (5.10) becomes

—~ 2R m’-1
F=- ‘9: Zzﬂjv(Ez)dV 5.13

In terms of the intensity of the laser at the trap location

(=g o MM 5.14
2 2n, ce,
we may rewrite Eq. (5.13) as
4R m2 -

F=-

j(VI)dV 5.15

Upon taking the inner product of the force in Eq. (5.15) and the beam propagation direction Z,

ct m*+1

we may write

— _ 4R m’
ct m® + 1-[ ( )
So that using the Divergence theorem,
[v()dv = iz-da 5.17
Eq. (5.16) can be rewritten as
- . 4R m* -1
Fet=-"2"0 = I2edd 5.18
ct m*+1
and there follows that
2 2
F =-— AR m - Cﬁ]d*— AR m_- Cﬁ]das 5.19
ct m’>+1 ct m*+1

§ 1s the unit vector for the infinitesimal area da on the curved part of the cylinder (the RBC).

There is no contribution from the platelate sides of the cell as they cancel each other.
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We now proceed to evaluate the integral in Eq. (5.19). To this end, it is important to make a

closer look at the stretched cell by the drag and trapping forces. This is shown in Figure. 5.2.

R

X %

P
7 s
S

a5

Draged RBC

Figure 5.2 The dragged cell.

The intensity assuming to be Gaussian beam on at a point on the curved part of the cylinder can

be expressed

I(r) =1 exp [—2((r+ Rcos g0)2 + R’ sin’ go)/wi}

5.20

where w 1is the radius of the beam waist at z = 0. Most of the total power concentrated within in

this circle (in the beam waist) one can write

_ 1 2
P—Eloﬂ'w

so that in terms of the power one can rewrite the intensity as

2P

2
TwW

I(r)z

Noting that for the unit vector normal to the curved part of the cylinder one can write

exp[—Z ((r+ R cosgz))2 + R’ sin? (p)/wz} :
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S=X+Ccos@x+singz 5.23

Substituting the infinitesimal area da = Rd@dy, Eqgs. (5.3) and (5.23) into Eq. (5.19), one finds

- 8PWR2 m2_1 2 t/2
F=-— pp— (mz +1} J; _;[/zexp[—Z(rz +R*>+2rR cosgo)/wz] .

x (X +cosgx+sing z)depdy

After the integration of dy we can write the next equation as,

. 2 (m?_ 2(r* +R?) |27
F:—SPWR2 (mz 1jexp —Q J.exp[—4chos¢)/w2}
ctw” \m”+1 w S 595
x(X+cospi+singz)de

which results in

2 2 2,2
F__16n1PWp m —lefé(/o +4)J 0. 4
- 2 2 I I 5.26
cw, m"+1 b
for 4r—2p <<1,the J, (0“—”) ~ 1, using this approximation the force can be written as,
" :
16n,P,p> m*> -1 ~3(p’+’
F=-20P ¢ ) 5.27

2 2
cw, m-+1

Where Py, p , n;, m, ¢, w, and r; are power, the radius of RBC, refractive index of the medium,
the ratio of the refractive index of the cell to the medium, minimum spot size and the distance
from the trap to the center of RBCs respectively. The trapping force in Eq. (5.27) was used to

calculate the numerical data of the trapping force using the measured parameters.
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5.2 Results

This study presented two types of RBC, sickle cell trait (SCT) and sickle cell anemia (SCA).
Each of the two RBCs consists of 49 samples cells. In this section we will analyze and compare
the elasticity property of sickle cell trait (HbAS) and sickle cell anemia (HbSS) in two different
methods. The first method was studied by trapping and compressing. The trapping force
calculated using Eq. (5.27) and the % difference in free radius and area versus trapped radius and
area for 98 individual cells were calculated. In the second method each SCT and SCA samples
divided into seven different subgroups. Individual cells in the same subgroup were stretched by
moving the piezo-driven sample stage (PS) with same velocity. However, the velocities of
different subgroups oscillate in different velocity. The average drug force for each subgroup was
1.48 pN, 1.26 pN, 1.10 pN, 0.853 pN, 0.635 pN, 4.31 pN and 3.23 pN. The average percent
difference in stretched radius and area versus trapped radius and area was calculated.

To conduct this analysis, we used the maximum and minimum radius and area of HbAS and
HbSS samples when it is free, trapped and stretched. The stiffness, relative change of free radius
and relative change of free area from trapped and stretched from trapped cells were calculated.
These methods of analysis presented to show the elasticity property of the HbAS and HbSS. The
radius and area for the free, trapped and stretched HbAS and HbSS red blood cells was measured
by Image Pro plus6 software.

Stiffness 'k’ is the change of stretching force over relative change of radius for the individual
HbAS and HbSS which expressed as k = AF /AR, where AR = Rsicer — Rtrap.

The radius of HbAS ranges from 3.84 um to 5.38 um with average of 4.67 um was less than the

average of HbSS 5.24 pm which ranges from 4.45 pm to 6.12 um. The mean value of the
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trapping force 0.26pN and 0.33pN for the HbAS and HbSS respectively. While the drag force
1.20 pN for HbAS and 1.27 pN for HbSS. HbSS is stretched with higher force but it has lower

relative percent difference than HbAS as shown in table 5.1.
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49 HbAS Red blood cell sample

Quantities Mean Std. Dev Min Median Max

Radius(um) 4.67 0.39 3.84 4.75 5.38

HbAS % difference in free 8.78 1.91 3.90 8.94 12.84

radius from trapped radius

Trapping Force (pN) 0.26 0.04 0.18 0.27 0.35

Drug force (pN) 1.20 0.56 0.39 1.19 2.23

HbAS % difference in trapped 8.23 3.62 1.57 8.10 17.83

radius from stretched radius

Stiffness (UN/m) 0.08 0.01 0.06 0.08 0.09
49 HbSS Red blood cell sample

Radius (um) 5.24 0.33 4.45 5.27 6.12

HbSS % difference in free 8.07 2.37 3.83 7.81 12.56

radius from trapped radius

Trapping Force (pN) 0.33 0.04 0.24 0.33 0.45

Drug Force (pN) 1.27 0.54 0.43 1.26 247

HbSS % difference in trapped 6.78 5.39 0.48 5.75 32.44

radius from stretched radius

Stiffness (UN/m) 0.09 0.01 0.07 0.08 0.10

Table 5.1 Statistical parameter for the HbAS and HbSS red blood sample

5.2.1 Free and trapped radius and area for SCT and SCA cells

Radius and area of the cell were measured before trapped. The relative change of can be

calculated

%DR :(R’R;RT)xloo 528

f
Where (%DR) is percentage difference in radius. The cell shrinks when it was trapped, so the

difference will be AR = R, - R, . The percentage difference for both SCT and SCA was calculated

using Eq. (5.44).

%DA :(A’A;AT)xloo 5.29

/

Where (%DA) is percentage difference in area.
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Figure 5.3 (a) —(c) for radius percent difference vs trap and (d)-(f) for area percent difference vs
trapping force HbAS (green) and HbSS (red).

In Figure. 5.3 the analysis was done from the trapped radius and area relative to the free radius
and area of HbAS (green) and HbSS (red)) respectively. The Figure 5.3 (a) and (d) shows the 49
HbAS (green) and 49 HbSS (red) samples, the radius percent difference versus trapping force of
HbAS (green) and HbSS (red). The reduced data shown in the Figure 5.3 (b) and (e) was
obtained first sorting by trapping force and deleted two from the minimum and maximum and
then sorting by maximum radius or area percentage difference and removed three maximum and

two minimum. Finally data displayed in the Figure 5.3 (¢) and (f) were reduced using by

grouping OriginPro [www.originlab.com]. The result clearly shows that the value and the slope of the

HbAS samples are greater than the HbSS.
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Figure 5.4 The fraction of Max radius over Min radius and stiffness versus radius for the HbAS
(blue) and HbSS (red) red blood cells.

The Figure 5.4 (a)-(c) shows the ratio of maximum radius over the minimum radius versus
trapping force. Figure.5.4 (a) the whole data of HbSS (red) and HbAS (green) red blood cell
samples displayed. A similar procedure with (Figure 5.3) was used to manipulate the data
reduction. The result displayed in Figure 5.4 (c) shows HbAS is higher magnitude than HbSS.
Figure 5.4 (d)-(f) showing the data distribution for HbSS (red) and HbAS (blue) for stiffness
versus force. All the data for stiffness versus stretched radius of HbAS (green) and HbSS (red)

are displayed in the Fig.5.4 (d). Figure 5.4 (f) clearly shows the HbSS (red) is stiffer than HbAS

(green).
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5.2.2 Trapped and stretched Cells

The relative change of stretched radius from the trapped can be calculated as,

%DR =(RSR;RT)x1oo 5.30

N

Where (%DR) is percentage difference in radius. The cell stretched by the drug force, so the
difference will be AR =R - R, . The percent difference for both SCT and SCA has been calculated

using Eq. (5.27).

(AS_AT)
A

S

%DA = %100 5.31

Where (%DR) is percentage difference in area.
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Figure 5.5 Show the relative percent difference vs drug force for HbAS (green) and HbSS (red).

95



The Figure 5.6 (a) and (c) have 49 HbAS and 49 HbSS sample were displayed. Each HbAS and
HbSS divided in seven groups with seven different velocities. Figure 5.6 (b) and (d) show the
average from the seven groups’ relative percentage difference in radius and area vs drug force
for HbAS and HbSS data respectively. The results confirm that the relative change of HbAS has
higher value than the HbSS red blood cells.

Using independent two-sample t-statistical analyses is based on the assumption that the variances
of the two samples are equal and the other is not. The results for t-test statistics for the radius
percentage difference and stiffness are given in Table 5.2. These results show that there was a
significant difference between the HbAS and HbSS groups. At 0.05 significant level, the
percentage difference in radius (free from trapped) and (trapped from stretched) in the HbAS and
HbSS. The two-sample t-test for both equal and not equal variance assumptions the mean values
for both (free from trapped) radiuses and (trapped from stretched) radiuses are significantly
different. The stiffness of the HbAS and HbSS are also significantly different at 0.01 level. We
can conclude that the mean relative percentage difference for HbAS is significantly greater than
HbSS and the mean stiffness for HbAS is significantly less than HbSS. Therefore, t-test statistics

analyses further confirms HbAS has more elastic property than HbSS.

HbAS vs HbSS
Radius % Diff stretched vs Trap

t Statistic DF Prob>t|
Equal Variance Assumed -2.22 96 0.03
Equal Variance NOT Assumed -2.22 90.68 0.03

HbAS vs HbSS
Equal Variance Assumed Radius % Diff Free vs Trap

-2.36 98 0.02
Equal Variance NOT Assumed -2.36 94.26 0.02

HbAS vs HbSS
Equal Variance Assumed Stiffness

-3.20 96 0.0019
Equal Variance NOT Assumed -3.20 61.40 0.0022

Table 5.2 Hypothesis testing by two sample t-test.

96



5.3 Discussion

The elastic property of the HbAS and HbSS RBCs was studied in laser technique in this
research. In table 5.1 the value of the trapping force for HbAS was 0.26 pN with %DF in radius
of (8.78%) which is less than for HbSS (0.33 pN) with %DF in radius (8.07%), and also the
stretching drag force of HbAS (1.2 pN) with %DF (8.23%) is less than HbSS (1.3 pN) with %DF
(6.70%). the stiffness of the HbSS has higher value (0.08uN/m) than HbAS (0.07uN/m).

Branddo [125] observed that RBC elasticity from sickle cell trait (AS) units stored for 1 day
(median =0-84 x 10-3 dyn/cm), 14 days (0-81 x 10-3 dyn/cm) and 21 days (1-48 x 10-3
dyn/cm). It was significantly greater than that of normal cell (AA) cells stored for 1 day (0-58 x
10-3 dyn/cm),14 days (0-65 x 10-3 dyn/cm) and 21 days (0-66 % 10-3 dyn/cm). Since sickle cell
trait RBC contain sickle cell, the normal RBC needs less force per centimeter than that of the

trait. In all three different storage time sickle cell AS have larger dyn/cm than AA.

Solomon [86] showed by laser trapping method the relative changes in longitudinal (maximum)
and the mean diameters when the cells are trapped or trapped and dragged by different speeds
with respect to the corresponding diameters when the cells are free, appear to be higher for SCA
than SCT. Byun [126] studied the optical tweezers and micropipette aspiration techniques
subject the RBC directly to mechanical deformation and yield shear modulus of sickle RBCs in
the range of 820 uN m™'. Maciaszek [127] observed that AFM measurements have found that
the Young's modulus of SCA RBCs is stiffer than normal RBCs with a widely distributed

Young's modulus ranged from 3 kPa to 50 kPa.

All the results cited [86,129-131] are in agreement with our result explained in the first

paragraph of the discussion.
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Chapter Six

6 Conclusion

In this section we want to summarize, highlights, and make some important remarks about the
studies we have presented in this dissertation. The studies presented in two parts focused on the
application of LT technique in biomedical application. In the first part, which is actually the
major component of the study, we have demonstrated a new alternative way to measure radiation
dose in in vitro chemo treated 4T1 breast cancer cells. In the second part, we have shown how a
LT technique were used to quantitatively demonstrate the distinct difference in elasticity of
human RBCs in SCA and SCT.

In our study on 4T1 breast cancer cells, we have studied the radio-sensitivity of these cells
treated by a naturally occurring antitumor compound, 2-Dodecyl-6-methoxycyclohexa-2, 5-
diene-1, 4-dione (DMDD) extracted from the root of Averrhoa carambola L. The radio-
sensitivity was studied by measuring and comparing the TIE and TRD for in vivo 2-h and 24-h
treated groups with an untreated control group of 4T1 cells. The TIE and TRD were determined
using a new approach that uses laser trapping technique for single and multiple cell ionization.
The results obtained and confirmed by t-test statistical analyses show that TIE and TRD
decreased as the period of treatment increased. This clearly demonstrates the increase in radio-
sensitivity of the 4T1 cells due to the antitumor compound DMDD. The most interesting and
significant part of the results is the TRD and its relation to the mass observed, in particular, in
multiple cell ionization. These results demonstrate the significance of the effect of induced
charges and hyperthermia resulting from radiation mediated electrical and thermal interactions

within the cells. The results, regardless of the treatment, showed TRD decreased as the mass of
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the cell increased. This decrease in TRD becomes more significant in multiple cell ionization as
we observed in TRD vs the number of cells entering the trap. In addition to the effect stemming
from the antitumor compound used to treat the cells, the significant reduction in the TRD in
multiple cell ionization is associated with the chain effect of ionization by the radiation field and
the absorption by water molecules at 1064 nm.

The charge developed inside the trap which forced out the cells have been calculated. The
charge developed in the time the cell in the trap for 2-h and 24-h treated were studied by
comparing the charge developed in the control group. The charge developed per unit mass also
studied in all the three groups using the normal distribution, pie chart and descriptive statistics.
The charge and charge per unit mass increase as the period of DMDD treatment increase. The
mean values of the charge for the untreated and 2-h treated and 2-h treated and 24-h treated
groups were not significantly different. The charges in all the groups increase as the size of the
cell increase. The acceleration also increases when the charge increases. The cell loses its charge
as the displacement increases away from the trap. The charge over mass decreases as the radius
of the cell increase The result obtained in the NonlinearModelFit have similar behavior as with
the first model for the charge with radius relation and in both models the motion of the ejected
cells are over damped. The two models developed have significant difference in the magnitude
of the charge since we use unchanged electric permittivity in the first model.

It is important to point out that; generally, the results reported in this study highlighted the effect
of combined modalities in radiotherapy, chemo, and hyperthermia useful only in vitro cancer
treatment. However, with the recent advances made in the development of biocompatible
nanoparticles for combined modalities in cancer treatment, the method used and the results

reported in this study could be applied for in vivo cancer treatment. Based on the results reported
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here, it is possible to develop a theoretical/computational model that predicts the TRD for in vivo
treatment by extrapolating the TRD determined using multiple cell ionization if we have accurate
information about the size and density of the tumor. However, this requires more advanced
studies that integrate prior, during, and post ionization dynamics in both single and multiple cell
ionization as well as the dose and period of the treatment by the antitumor compound, DMDD.
One important prospective study is an accurate measurement of the charge and the temperature
elevation that occurs when the cell(s) interact with radiation after a treatment.

By developing a theoretical model for the trapping force we have also studied the elasticity
of RBCs in SCT (with hemoglobin type HbAS) and in SCA (with hemoglobin type HbSS). We
studied by comparison of the elasticity property using radius and area relative percent difference
and stiffness versus trapping force. The validity of these results were also studied using
descriptive statistics. The sizes of the RBCs in SCA were found to be larger than those in SCT.
The results for the quantities describing the elasticity of the cells had consistently showed that
the RBCs in the SCT display lower rigidity and higher deformability than the RBCs with SCA.
This behavior, in particular, is distinctly shown by the stiffness constant versus size (measured
by the radius) results. This property in elasticity is also shown in the results for the relative
change of the percent difference of individual RBCs in SCT (HbAS) and SCA (HbSS). The
results for the ratio of Maximum to minimum radius also show the same behavior in the

elasticity of the RBCs in the two blood samples.
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7  Future Prospects and Recommendations

In this study ionization energy and radiation dose measured for single and mass cells showed
clear difference between untreated, 2-h treated and 24-h treated. This study reveals significant
difference of TIE and TRD between control and treated groups. The recent advances made in the
development of biocompatible nanoparticles for combined modalities in cancer treatment, the
method used and the results reported in this study could be applied for in vivo cancer treatment.
Based on the results reported here, it is possible to develop a theoretical/computational model
that predicts the TRD for in vivo treatment by extrapolating the TRD determined using multiple
cell ionization if we have accurate information about the size and density of the tumor.
However, this requires more advanced studies that integrate prior, during, and post ionization
dynamics in both single and multiple cell ionization as well as the dose and period of the
treatment by the antitumor compound, DMDD. One important prospective study is an accurate
measurement of the charge and the temperature elevation that occurs when the cell(s) interact

with radiation after a treatment. We propose to develop the research line as above.
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