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ABSTRACT

Study was undertaken to introduce the novel optical tweezers method for exploring the electrical
charge developed and trap coefficient of pre-ionized 2 hour treated 4T1 breast cancer cells and to
assess how magnetic beads affect the ionization properties of BT20 breast cancer cells.
Specifically, the research focused on 4T1 breast cancer cells, which had been treated with the
chemotherapy drug DMDD extracted from Averrhoa carambola L., and BT20 breast cancer cells
mixed with 3.1 um diameter polymer-coated magnetic beads. The trapping was achieved using
an infrared diode-pumped Nd:YVO4 laser with a wavelength of 1064 nm, maximum output
power of 8W, beam diameter of 4 mm, and a highly focused, linearly polarized beam. In
experiments with the pre-ionized 2 hour treated 4T1 breast cancer cells, we recorded the
following average values; the charge generated on cells in Z-numbers of 432.60+688.77, angular
frequency of 72.12+30.12rad/s and trap coefficient of 8.32+4.55uN/m. As the cells
approached to the center of the trap, their motion was influenced by the opposing of the drag
force and the electrostatic force generated by the induced electric field, that resulted in their
deceleration. When magnetic beads inserted in BT20 breast cancer cells they affected their
ionization characteristics as the cells stayed in the trap.
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CHAPTER 1

1. Introduction

Cancer encompasses a range of diseases marked by the uncontrolled proliferation and
dissemination of abnormal cells throughout the body, which can lead to death if left untreated.
These abnormal cells are referred to as cancer cells, malignant cells, or tumor cells, and they
have the ability to invade healthy tissues. Various types of cancers are often named after the
tissues from which these abnormal cells originate, such as breast cancer or lung cancer [1].
While the exact causes of cancer development remain largely unclear, several factors are
recognized to elevate the risk of developing the disease. These include modifiable factors, such
as tobacco use and obesity, as well as non-modifiable factors, like inherited genetic mutations.
These risk factors can interact with one another, either simultaneously or sequentially, to initiate
and promote the growth of cancer [2].

Cancer continues to be one of the leading causes of death, impacting individuals of all ages
across both developed and developing countries. According to recent estimates from the
International Agency for Research on Cancer (IARC), there are approximately 12.7 million new
cases of cancer reported each year, resulting in 7.6 million deaths globally. A substantial portion
of this burden falls on developing countries, where 63% of cancer-related deaths occur [3-5].
Cancer is a complex, multi-genic, and multicellular disease that can originate from various cell
types and organs. Its development is influenced by a combination of genetic, environmental, and
lifestyle factors. Hanahan and Weinberg [6] identified six key characteristics of cancer,
including: cells with unlimited proliferative potential, growth that is independent of the
environment, resistance to programmed cell death (apoptosis), the ability to induce angiogenesis
(new blood vessel formation), and the capacity for invasion and metastasis to other parts of the
body. If uncontrolled cell growth or metastatic spread occurs, it can ultimately lead to the death
of the individual [7].

As cancer has many types, breast cancer is one of the most prevalent and aggressive cancer
globally and it ranks as the second most common cancer overall cancers. Among women, breast
cancer is the most frequently diagnosed cancer and the leading cause of cancer-related deaths. Its
high incidence and diverse types make it a major focus of medical research and public health
efforts. Breast cancer is a diverse disease with various subtypes, each having distinct
characteristics and implications for treatment. The main types of breast cancer cells include
ductal carcinoma in situ (DCIS), which is a non-invasive cancer where abnormal cells are
confined to the ducts of the breast [8], Invasive Ductal Carcinoma (IDC) [9], Invasive Lobular
Carcinoma (ILC) which arises from the lobules where milk is produced [10], Triple-Negative
Breast Cancer (TNBC) that lacks estrogen receptors, progesterone receptors, and HER2 protein
and often more aggressive and harder to treat due to the absence of targeted therapies [11],
HER2-Positive Breast Cancer that characterized by overexpression of the HER2 protein, which
promotes the growth of cancer cells [12], Luminal A and Luminal B subtypes (both subtypes are



estrogen receptor-positive, but Luminal B has a higher proliferation rate and worse prognosis
compared to Luminal A) [13], 4T1 breast cancer cell [14-15], and BT20 breast cancer cell [16].
4T1 breast cancer cell is a specific cell line derived from the mammary gland tissue of a BALB/c
mouse and BT20 is a human breast cancer cell line derived from a pleural effusion of a patient
with breast cancer. Both cell lines are used to study various aspects of breast cancer biology,
including metastasis, drug resistance, and tumor microenvironment interactions.

As it reported from the International Agency for Research on Cancer (IARC), over 2.3 million
new cases and 685,000 deaths from breast cancer occurred in 2020 [17] and in 2022, there were
2.3 million women diagnosed with breast cancer and 670 000 deaths globally [18]. In our
continent Africa, breast cancer continues to be the most commonly diagnosed cancer among
women, with incidence rate approximately 50.0 per 100,000 women [19] and mortality rate 27.0
per 100,000 women due to late-stage diagnoses and limited access to advanced treatment [20],
according to the Global Cancer Observatory (GLOBOCAN) 2024 data. Similarly, according to
the Global Cancer Observatory (GLOBOCAN) 2024 data the incidence rate of breast cancer in
Ethiopia is approximately 37.8 per 100,000 women [19] with mortality rate 21.4 per 100,000
women [21]. This high incidence makes it one of the most commonly occurring cancers
worldwide. These statistics highlight the critical need for ongoing research, early detection, and
effective treatments to manage and reduce the impact of breast cancer globally.

Despite being the second most common cancer overall cancers, breast cancer has a relatively low
death rate. This lower mortality rate places it sixth in terms of cancer-related deaths, behind
cancers such as liver cancer. The discrepancy between its high incidence and lower death rate
can be attributed to advancements in early detection, established treatment improvements on
traditional treatment modalities like radiotherapy [22-23], chemotherapy [24-27] and surgery
[28] and recent developed treatment modalities like nanotechnology and immunotherapy, and
better management strategies. These advancements collectively contribute to the improved
survival rates and better management of breast cancer [29]. This focus on breast cancer allows
for a deeper understanding of its dynamics and continued progress in reducing its burden on
public health.

One of the advancement that improved cancer treatment modality was the invention of the laser
trapping [LT] technology which was first discovered in the early 1980s [30-31] by Ashkin. The
term ‘LASER’ is an acronym for Light Amplification by Stimulated Emission of Radiation.
Light is generally accepted to be electromagnetic radiation and laser is an instrument that
amplifying the light through radiation stimulation. Laser has many medical applications
including treatment of cancer through laser therapy and laser trapping technology offers a
powerful set of tools for cancer research and treatment by enabling precise manipulation and
analysis of cancer cells and particles.

Another basic method used in enabling precise manipulation and analysis of cancer cells is
attaching the cells with magnetic beads. Magnetic beads are small, spherical particles coated
with various surface ligands that can be attracted to or repelled by magnetic fields. They are
often used in conjunction with cell lines such as BT20 in various biological and biomedical
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applications, including cell separation, enrichment, and analysis due to their ability to selectively
isolate and manipulate cells or molecules [32-33].

Generally, the breast cancer cell lines used in this study to explore the electrical properties of the
two hours treated 4T1 breast cancer cell lines that are treated by chemotherapy medication using
an anticancer drug 2-Dodecyl-6-methoxycyclohexa-2, 5-diene-1, 4-dione (DMDD) that was
obtained through multi-step extraction from the root of the star fruit plant Averrhoa carambola
L., which is one of the Traditional Chinese Medicines (TCMs) [34-37]. Averrhoa carambola L.
plant is the family of Oxalidaeae and native to Southeast Asia and was developed in Sri Lanka,
India, and the Moluccas. Additionally, it is grown in French Polynesia, Guyana, Ghana, and
Brazil. The plant looks like figure 1.1 below. Because of its chemical makeup, which includes
the following: protein 0.38g, lipids 0.08g, carbs 9.38g, fiber 0.80-0.90g, water 80%, vitamins A,
E, group B, and C, and minerals like Ca, Fe, Mn, Mg, P, Na, Zn, and high concentrations of K, it
is utilized for a variety of purposes, including nutrition, medicine, and toxicology.

Figure 1.1 shows (a) Averrhoa carambola (star fruit) plant full description, (b) its leaves and flowers on
parts of its branches.

On the other hand the BT20 breast cancer cell lines we used were those mixed with 3.1um
diameter polymer coated spherical magnetic beads in investigating the effect of magnetic beads
on the ionization properties of BT20 breast cancer cells.

1.1. Objectives of the study

The objective of this study contains general and specific objectives.



1.1.1 General Objective:

To explore the electrical properties of pre-ionized 2h treated 4T1 breast cancer cells and examine
the effect of magnetic beads on the ionization of BT20 breast cancer cells using optical tweezers.

1.1.2 Specific Objectives

1. To assess and measure the charges developed on 2h treated 4T1 breast cancer cells when
they are trapped using optical tweezers.

2. To calculate the trap strength of optical tweezers by analyzing the forces applied to 4T1
cells within the laser trap.

3. To derive the Equation of Motion for Trapped 4T1 breast cancer cells as they are trapped
and stabilized at the center of the optical trap.

4. To investigate how magnetic beads influence the ionization process of BT20 breast
cancer cells and understands their interaction with the laser trapping system.

1.2 Brief description of the study

This study contains about five chapters. In chapter one, we introduced the cancer disease burden
and used treatment modalities. In chapter two, we discussed about the general back ground of the
study and literature reviews on breast cancer treatment modalities used different times. Chapter
three contains about materials and methodology used to carried on this study. The results from
measurements (experiments), calculations, and from fitting functions, with their analysis, were
well discussed in chapter four. Finally in chapter five, we have drawn the conclusion from the
results and discussions.



CHAPTER 2

2. General Background and Literature Review

2.1 General Background

In this section the overviews of the normal human cell, cancer cell, breast cancer, 4T1 and BT20
breast cancer lines, cell membrane, membrane transport, membrane potential, electromagnetic
interaction, electrical properties of cells, electroporation, chemotherapy, magnetic beads and
laser trapping technique are explained.

2.1.1 Normal human cell

Cells are the fundamental units of life in the living things, each performing specific functions
that contribute to the overall health and operation of the living things. So for human, normal
human cells are the basic structural and functional units of all tissues and organs in the human
body. They are eukaryotic cells, which mean they contain a defined nucleus and various
specialized organelles. These cells body develop, grow, and die in order to preserve homeostasis,
a state of balanced health. The capacity to exchange information both inside and between other
cells characterizes normal cells. One fundamental aspect is that the body's cells work together to
coordinate information in order to integrate and regulate cellular processes, including growth.
When the body is injured, normal cells multiply and either creates new cells or scar tissue to
replace the damaged and killed ones. Normal cells grow in an ordinary manner, establish close
bonds with their neighbors, and stop growing when they heal damage because of contact
inhibition. Once there are sufficient cells, normal cells cease to divide. Since the DNA and RNA
have regular functions, they carry characteristics that are necessary for those functions. Signals
that determine whether a cell should divide, change into a different type of cell, or die are sent to
these cells. They carry out a number of tasks, including supplying nutrients like vitamins,
minerals, lipids, carbohydrates, and amino acids, and they also have a preset shape. They have a
single nucleus, a nucleolus, and a vast cytoplasm [39-42].

2.1.2 Cancer cell

Cancer is a pathological condition characterized by the abnormal and uncontrolled proliferation
of cells. It can develop virtually in any tissue or organ in the body and is marked by a series of
disruptions in normal cellular processes. Cancer can be resulting in the formation of tumors and



the potential spread of these abnormal cells to other parts of the body (metastasis). This
uncontrolled cell growth is the result of genetic mutations that drive the cells to bypass normal
regulatory mechanisms governing cell division and tissue homeostasis [43]. Normal cells follow
tightly regulated pathways that control cell division, differentiation, and death but in cancers,
these regulatory mechanisms are disrupted and leading to the aberrant (uncontrolled)
proliferation of cells which might resulted in insensitivity to growth inhibitors and evasion of
apoptosis (programmed cell death) [43]. The formed tumors can be benign (non-cancerous) or
malignant (cancerous). Malignant tumors have the ability to invade surrounding tissues and
spread to other parts of the body through the blood or lymphatic system to establish secondary
tumors in distant organs by metastasis. This makes complicate the treatment and management of
the disease [44].

2.1.3 Breast cancer

Breast cancer is a multifaceted disease characterized by the uncontrolled growth of abnormal
cells in breast tissue, often due to genetic mutations. Inherited mutations in the BRCA1 and
BRCAZ2 genes notably heighten the risk of developing breast cancer by disrupting normal cell
growth and apoptosis [43, 45]. Like other cancers, breast cancer involves tumor formation and
metastasis. Environmental risk factors, including estrogen exposure, smoking, obesity, and
alcohol consumption, also contribute to its development [46]. Breast cancer treatment typically
includes surgery, chemotherapy, radiation, and hormone therapy, all of which can affect physical
health and quality of life [47]. The disease also often leads to considerable emotional and
psychological stress, such as anxiety and depression [48]. Additionally, the financial burden of
diagnosis, treatment, and long-term care can be significant for both patients and healthcare
systems [49].

Breast cancer cells are differ in terms of their biological environments, experimental outcomes,
and the insights they provide, and can be grouped as in vivo and in vitro models breast cancer
cell lines. In vitro models, studies are conducted in controlled environments outside of living
organisms, typically in laboratory dishes or flasks. These studies use isolated cells or cell lines to
investigate cellular behaviors, responses to treatments, and molecular mechanisms. This
controlled environment offers precise experimental conditions, such as nutrient availability,
temperature, and exposure to drugs or treatments that simplifies the system to focus on specific
cellular or molecular processes without the complexity of whole organism interactions. Cell lines
such as MCF-7 (estrogen receptor-positive human breast cancer cell line commonly used to
study hormone-responsive breast cancer), MDA-MB-231 (triple-negative breast cancer cell line
used to investigate aggressive cancer behavior and treatment resistance), and BT20 (human
breast cancer cell line that is estrogen receptor-negative and used for studying breast cancer
biology in a different hormonal context) can be grouped under this types [50].
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In vivo models, studies involve experimenting with whole organisms or animal models. These
studies evaluate how treatments affect cancer growth, metastasis, and overall physiology within
the context of living system; provide a more accurate representation of how tumors interact with
the host organism, including the immune system, blood supply, and tissue microenvironment,
and offer insights into how treatments might perform in humans, addressing factors like drug
metabolism, biodistribution, and systemic effects. Cell Lines such as 4T1 (murine breast cancer
cell line used for studying breast cancer in animal models, especially for metastasis research),
Xenograft models human breast cancer cell lines like MCF-7 and MDA-MB-231 are implanted
into immunocompromised mice to study tumor growth and response to therapies [51-52], are
classified into these groups. In vitro and in vivo models serve complementary roles in breast
cancer research. In vitro studies provide detailed insights into cellular and molecular
mechanisms, while in vivo studies offer a broader understanding of how treatments perform in a
whole organism. Both approaches are essential for developing and validating new therapies and
improving our understanding of breast cancer biology.

2.1.4 4T1 and BT20 breast cancer cell lines

The 4T1 and BT20 cell lines are both commonly used in breast cancer research, but they have
distinct origins and characteristics. 4T1 breast cancer cell line was derived from a spontaneous
mammary tumor in a BALB/c mouse and it is a murine (mouse) breast cancer cell line [53]. This
cell line is highly aggressive and metastatic, making it an excellent model for studying advanced
breast cancer, tumor progression, and metastasis. It is particularly valuable for research on
cancer-immune system interactions due to its ability to form tumors and spread to distant organs
in mice [54]. On the other hand, BT20 cell line was derived from a human breast carcinoma and
is one of the earliest established human breast cancer cell lines [55]. It is the cell line that is
estrogen receptor-negative and has lower invasiveness. BT20 is utilized to investigate estrogen-
independent pathways and the fundamental biology of breast cancer, as well as to evaluate the
effects of various treatments on human breast cancer cells [55].

2.1.5 Cell membrane

The cell membrane, also known as the plasma membrane, is a crucial component of cells. It has
only 5 to 10 nm in thickness and acts as a selective barrier, separating the internal environment
of the cell from the external environment. It maintains the integrity of the cell and its internal
components. It regulates the movement of ions, nutrients, and waste products through various
mechanisms, including passive diffusion, facilitated diffusion, and active transport. The
membrane contains receptors that bind signaling molecules (like hormones), enabling the cell to
respond to external signals. It plays a role in cell recognition and adhesion through glycoproteins



and glycolipids, facilitating interactions with other cells and the extracellular matrix. The cell
membrane is primarily composed of a phospholipid bilayer with embedded proteins, and often
described by the fluid mosaic model [56] (as shown on figure 2.1 below). The phospholipid
bilayer consists of two layers of phospholipids. Each phospholipid molecule has a hydrophilic
(water-attracting, polar region) globular head and two hydrophobic (water-repelling, non-polar)
fatty acid tails. The heads face outward towards the aqueous environment, while the tails face
inward, away from water, creating a hydrophobic core. There are two types of proteins that are
introduced into this bilayer: integral proteins and peripheral proteins. Integral proteins span the
entire membrane and are involved in transport, acting as channels or carriers for molecules to
pass through (example ion channels and glucose transporters). Peripheral Proteins are attached to
the outer or inner surface of the membrane and play roles in signaling and maintaining the cell’s
shape. They are not embedded in the lipid bilayer but interact with the membrane or other
membrane proteins. The cell membrane also contains components such as glycoproteins and
glycolipids, carbohydrates and Cholesterol. Glycoproteins and glycolipids are carbohydrates
attached to proteins (glycoproteins) or lipids (glycolipids) on the extracellular surface of the
membrane. They play critical roles in cell-cell recognition and communication. Carbohydrates
are often attached to proteins or lipids on the extracellular side of the membrane and contribute
to the formation of the glycocalyx, which is involved in protection, immunity to infection, and
regulation of cell growth. Cholesterol is interspersed within the phospholipid bilayer and its
molecules help to stabilize the fluidity of the membrane, making it less permeable to very small
water-soluble molecules.
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Figure 2.1 shows mosaic model of membrane structure and lipid bi-layer [56-59].



2.1.6 Membrane transport

Membrane transport is a fundamental process in cellular biology, allowing cells to exchange
substances with their environment and maintain homeostasis. The membrane transport proteins
are responsible to maintain homeostasis. These membrane transport proteins can be divided into
two as: (1) Carrier proteins: are bind to specific molecules and undergo conformational changes
to transport these molecules across the membrane. Carrier proteins can be uniporters (transport
one type of molecule), symporters (co-transport two types of molecules in the same direction), or
antiporters (exchange one type of molecule for another in opposite directions). Examples of such
proteins include glucose transporters that facilitate the uptake of glucose into cells, sodium-
potassium pump which moves sodium out of the cell and potassium into the cell. Large
molecules like sugar, carbohydrates, and amino acids are helped to travel from gradients of high
concentration to gradients of low concentration. Diagram on figure 2.2 below illustrates its
external and internal structure.

Extracellular space =

Carrier
protein

Intracellular space —

Figure 2.2 shows the structure of carrier protein [60].

(2) Channel proteins: are the proteins which create tiny holes through which the membrane's
permitted molecules of the right size can pass. They are employed in the transport of charged
(ion such as Na*, K*, CI) or polar (like water) molecules. Every molecule has a distinct channel
protein; for instance, water diffuses across the plasma membrane via a protein channel known as
an aquaporin. Rapid water passage across the membrane is made possible by aquaporin’s, which
are also crucial for red blood cells and specific kidney regions (where they reduce the quantity of
water lost as urine). These channel proteins are further divided in two types as: Leak channels,
which are continuously opened and Gated channels, which are stimulus (opening and closing in
response to specific signals). Figure 2.3 below shows the structure of channel protein.
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Figure 2.3 shows the structure of channel protein [60].

The membrane transport can be divided into two as passive and active transport. Passive
transport is the movement of substances across the cell membrane without the use of cellular
energy (ATP) and mostly facilitated by channel proteins. While some carrier proteins facilitate
passive transport, others can perform active transport when they are connected to an ATP source
[61]. 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 [62], uses metabolic energy to transport molecule across
the membrane. The interior plasma membrane is negatively charged relative to exterior part of
the cell and this determines the movement of charged particles. Example Potassium ion (K")
attracts CI" and forces 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 (Ny),
hydrophobic molecules such as steroid hormones, and weak organic acids and bases readily
diffuse through the cell membrane. Water and urea are examples of small, uncharged polar
molecules that can permeate the lipid bi-layer. Large or small charged particles (like amino
acids) or ions (like Na*, K*, CI', and Ca®") cannot permeate through the lipid bi-layer. Instead,
they pass through specialized membrane channels as they facilitate and often allowing
significant quantities to move in and out of the cell [64].

2.1.7 Membrane Potential

Membrane potential, also known as trans-membrane potential, is the difference in electric
potential between the interior and the exterior of a cell membrane. It arises due to the differential
distribution of ions across the cell membrane [65]. In other words, the system of ion pumps and
channels causes the cell plasma membrane to experience resting trans-membrane voltage, or
electric potential difference, under normal physiological conditions when it is not exposed to an
external electric field [66]. For a cell at rest, the balance between the diffusion and electric force
leads to unbalance in electrical between the intracellular and extracellular membrane. This leads
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the membrane in a potential difference which is known as membrane potential. This potential is
typically between -35mV and -90mV [67], with the negative sign indicates that the inside of the
cell is more negatively charged compared to the outside. This negative charge resulted from a
higher activity of chloride (negative) ion pumps relative to sodium or calcium (positive) ion
pumps [68].

When the membrane potential becomes less negative, the cell is depolarized, and when it
becomes more negative, the cell is hyperpolarized [67]. Changes in membrane potential, caused
by fluctuations in ion concentrations and surface charge, activate voltage-gated ion channels
[69]. This leads to variations in intracellular ion concentrations, generating action potentials and
influencing signaling pathways [70]. For example, fluctuations in Ca** levels can impact crucial
cellular processes such as migration, proliferation, attachment, necrosis, and apoptosis [71].

2.1.8 Electrical properties of cells

Electrical properties of cells encompass the cell membrane’s ability to conduct and respond to
electrical signals, including membrane potential, ionic currents, ion channel activity, electrical
resistance, and capacitance [72] and the major part of electrical properties in cells are dependent
on cell membranes and its composition [73]. Electrical properties like membrane potential are
fundamental for generating and transmitting action potentials, which are essential for cellular
communication and physiological responses [65]. The electrical properties of cells regulate the
movement of ions across the membrane through channels and pumps, maintaining homeostasis
and controlling cellular activities such as muscle contraction and neurotransmitter release [72].
Proper ion regulation and membrane potential maintenance are vital for cell survival and
function. Disruptions can lead to diseases, including cancer and cardiovascular conditions [72].
These properties are critical for understanding how cancer cells deviate from normal cells and
contribute to their malignancy.

Normal cells typically have a resting membrane potential (RMP) around -60 to -70 mV,
maintained by the Na'/K* ATPase pump, which balances the ion gradients across the cell
membrane and it is influenced by the K*, Na*, and CI” gradients, with K* being more permeable
at rest, contributing to the negative internal potential. Cancer cells often exhibit a more
depolarized membrane potential, which can be around -30 to -50 mV, due to altered ion channel
expression and activity. This depolarization can affect cellular signaling and proliferation [74].
Cancer cells frequently show altered ion gradients and channel activities, including increased
Na® influx and K" efflux, which can contribute to their malignant behavior [75]. Normal cells
have a balanced expression of voltage-gated and ligand-gated ion channels, which regulate
cellular excitability and signal transduction whereas cancer cells often express different types or
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quantities of ion channels compared to normal cells. For instance, they may have up regulated
expression of voltage-gated Na* channels or down regulated K* channels [75]. Channels such as
K" play crucial roles in maintaining the RMP and regulating cellular responses to external
stimuli in normal cells [76], but abnormal channel function can lead to altered cell proliferation,
migration, and apoptosis, contributing to the aggressive nature of cancer [77].

Normal cells generally have a characteristic electrical resistance related to their membrane
composition and ion channel activity while cancer cells often exhibit decreased electrical
resistance due to increased ion channel activity and changes in membrane properties [78]. The
capacitance of the cell membrane, related to its lipid bilayer, is typically around 1 pF/cm?,
reflecting its ability to store and separate electrical charges and cancer cells can show altered
membrane capacitance, which may be linked to changes in membrane composition or surface
area [79].

2.1.9 Electromagnetic interaction

Electromagnetic (EM) interaction refers to the forces between charged particles due to their
electric and magnetic fields. In the context of cells, it involves interactions between ions,
molecules, and cell membranes influenced by electric and magnetic fields. Maxwell equations
can be used to model the propagation of light through biological tissues, how light diffuses
through tissues, help to describe how light waves are affected by the tissue’s permittivity and
permeability (which influence how light is absorbed, scattered, and transmitted), how it interact
with matter and are central to understand electromagnetic wave behavior in any medium [80].
The permittivity of cellular components, like the membrane and cytoplasm, influences the speed
and attenuation of light as it passes through the cell, reflects off (high permittivity lead to greater
reflection.), scatters(sensitive to changes in the refractive index) or absorbs (high permittivity
regions can absorb more light) [81]. Techniques like optical coherence tomography (OCT) or
fluorescence microscopy rely on differences in permittivity between cellular structures and the
surrounding medium to produce contrast in images. Polarization also provides additional contrast
and information through changes in how light is reflected, scattered, and emitted, revealing
structural and molecular details [82-83]. Additionally, magnetic beads modify light interactions
through their scattering, absorption, and fluorescence properties, enhancing imaging and analysis
capabilities. As a whole, these effects enable advanced imaging, analysis, and manipulation of
cells, providing valuable insights into cellular functions, molecular interactions, and structural
characteristics [84-87].
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2.1.10 Electroporation

Electroporation is a technique used to introduce molecules, such as DNA, RNA, or drugs, into
cells by applying an electric field to temporarily increase the permeability of the cell membrane
[88]. Cells are typically suspended in a conductive solution or placed in a specific
electroporation buffer that ensures effective transmission of the electric field and can help protect
the cells during the process. A brief, high-voltage electric pulse is applied to the cells and it
generates an electrostatic force that temporarily disrupts the lipid bilayer of the cell membrane,
forming pores (causes the cell membrane to become permeable) [89], which allowing the
introduction of exogenous molecules into the cell. After the electric pulse, the cell membrane
begins to reseal, and the pores close. Cells are then allowed to recover and express or utilize the
introduced substances [90]. The cells are typically incubated in a recovery medium to facilitate
the reestablishment of normal cellular functions and membrane integrity.

Electroporation is widely used to introduce genetic material into cells, such as plasmids for gene

expression studies, gene therapy, or the creation of genetically modified organisms [88], to
deliver therapeutic drugs into cells, which enhance the effectiveness of drug delivery systems
especially for cell treatments [89] and to improve the delivery and efficacy chemotherapeutic
agents [91].

2.1.11 Chemotherapy

Chemotherapy is a type of cancer treatment that uses chemical substances, usually cytotoxic
drugs, to kill or inhibit the growth of cancer cells. The process begins with the diagnosis of
cancer and the determination of the appropriate chemotherapy regimen based on the type, stage,
and genetic characteristics of the cancer [92]. The drugs can be administered orally (by mouth),
intravenously (through a vein), or through other routes depending on the specific drug and
treatment plan [93] and usually given in cycles [92].

Chemotherapy can be used for cancer cell destruction [93], tumor shrinkage (often used to shrink
tumors before surgery, neo-adjuvant therapy or to eliminate any remaining cancer cells after
surgery, adjuvant therapy) [92] or metastasis control [92]. Chemotherapy is a cornerstone in the
treatment of various cancers, providing an option to treat cancers that are not amenable to
surgery or radiation alone [94], has significantly contributed to the increased survival rates for
many types of cancer [92] and is often used in combination with other treatments [93].
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2.1.11 Magnetic beads

Magnetic beads are small, spherical particles that made from materials that can be magnetized,
such as iron oxide and operate based on their magnetic properties. They are typically in the range
of nanometers to micrometers in size and can be manipulated using external magnetic fields.
Their surface is coated with specific molecules, such as antibodies, which can bind to target
substances (example, coated with antibodies that specifically bind to cancer cells). They can be
used to deliver chemotherapy drugs directly to target cells, separate specific types of cells from
mixture, facilitate the sorting of specific cell types, study biomolecular interactions, including
protein-protein interactions and DNA-protein interactions and they can help in studying the
efficacy of chemotherapy drugs by enabling targeted drug delivery, analyzing drug-cell
interactions, and assessing cellular responses to treatments [95].

There are different types of magnetic beads suitable for near infrared (NIR) laser irradiation of
breast cancer cells. The choice of magnetic beads depends on their material, functionalization,
and magnetic properties. Magnetic beads such as polymers, iron oxide (Fe304), gold-coated
magnetic beads, core-shell magnetic nanoparticles, and magnetic beads with photothermal agents
are some types with specific properties and functionalizations for NIR laser irradiation of breast
cancer cells. Iron oxide (Fe304) magnetic beads are composed of magnetic iron oxide
nanoparticles, which can be easily manipulated using external magnetic fields. They are often
used for imaging and therapeutic applications due to their biocompatibility and magnetic
properties. They can be coated with various ligands or antibodies to target specific cancer cell
markers, and combined with NIR-sensitive materials to enhance local heating and improve the
efficacy of photothermal therapy [96]. Gold-coated magnetic beads are combine magnetic cores
with a gold shell. The gold shell provides additional functionality, such as enhanced optical
properties and the ability to absorb NIR light for photothermal effects. They can be modified
with targeting agents, such as antibodies or peptides, to specifically bind to breast cancer cells,
and the gold shell allows for efficient NIR light absorption, which can be used to generate heat
for localized destruction of cancer cells [97]. Core-shell magnetic nanoparticles consist of a
magnetic core (e.g., iron oxide) and a shell made from various materials, including silica or
polymers. The shell can be engineered to provide stability, biocompatibility, or additional
functionalization, can be tailored with targeting molecules and imaging agents, and chosen to
optimize NIR light absorption and photothermal effect, enhancing the therapeutic efficacy of
laser treatments [98]. Magnetic beads with photothermal agents incorporate photothermal agents
such as dyes or nanomaterials that absorb NIR light and convert it to heat. The magnetic
component allows for targeted delivery and manipulation of the cancer cells. The embedded
photothermal agents enhance the localized heating effect upon NIR irradiation, improving the
efficacy of thermal therapy.
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2.1.12 Laser Trapping Technique

Laser trapping, also known as optical trapping or optical tweezers, is a technique that works
using the principle which relies on the interaction between light and matter, utilizes the radiation
pressure of a focused laser beam to trap. Laser beam focused through a microscope objective
lens, creates a highly intense spot of light and generates an optical gradient force that is
responsible for trapping particles or cells (e.g., cancer cells) [99].

The forces involved in optical trapping are critical for understanding how laser tweezers can hold
and manipulate particles. These forces are the gradient of the laser beam (which pulls the
particles towards the focal point) and the scattering force (which pushes them away from the
beam). The gradient force arises from the spatial variation in the intensity of the laser beam. In a
focused laser beam, the intensity of light is highest at the center (the focal point) and particles
that are placed in this high-intensity region experience a force directed towards the focal point
due to the differential absorption and scattering of light [100]. Mathematically it can be

described by the equation, Fgraq= %aVI 2.1

where a is the polarizability of the particle which is a measure of how easily the particle electron
cloud can be distorted by external electric field such as that of a laser beam, depends on the
particles material properties, shapes and sizes. For dielectric particles, the polarizability is related
to the particle volume and its relative refractive index compared to the surrounding medium. And
V1 is the gradient of the light intensity refers to how the intensity of the laser beam changes with
position. In a focused laser beam, intensity is highest at the focal point and decreases as you
move away from this point. The gradient represents the rate of change of intensity in space,
which creates a force that pulls particles toward regions of higher intensity. In laser trapping,
particularly in optical trapping or optical tweezers, the commonly used beam intensity
distribution is the Gaussian beam profile, which has a bell-shaped intensity distribution where
the intensity is highest at the center of the beam and decreases towards the edges. This
distribution is ideal for trapping particles because it creates a gradient of light intensity that
generates the gradient force [101]. So, for Gaussian intensity distribution intensity as a function

TZ
of distance from beam center (r) can be given as, I(r) = I,e »?, where I, the peak value of

intensity and b is the waist radius of intensity (radius at which I falls to eiz of I,). Then the

r2
gradient of intensity over distance r is, VI(r) = —%e‘b_2 and finally the gradient force, F yrad
1 rloa T
becomes, Fgrag= EaVI = —— b—oze_b_2 2.2
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The scattering force arises from the momentum transfer of photons that are scattered by the
particle. When a particle is not perfectly aligned with the optical axis, photons striking the
particle scatter in different directions, imparting a force that pushes the particle away from the
center of the beam [102]. When a particle is not perfectly aligned with the optical axis of the
beam, photons scatter in various directions. The momentum transfer from the scattered photons
results in a net force on the particle. The power of the laser beam determines the number of
photons interacting with the particle and hence the scattering force. When using NIR lasers to
trap breast cancer cells, the Mie scattering regime is typically applicable because the breast
cancer cells are generally much larger than the wavelength of NIR light [103].

The effective trapping of particles occurs when the gradient force is strong enough to counteract
the scattering force. The balance between these forces ensures that particles can be stably trapped
and manipulated within the focal volume of the laser beam. By adjusting parameters such as
laser power, wavelength, and the numerical aperture of the objective lens, researchers can fine-
tune the balance between gradient and scattering forces. Higher laser power increases both
forces, but the gradient force increases more sharply, leading to stronger trapping.

Laser trapping is a powerful technique used in various scientific fields and modern optical
trapping systems use sophisticated feedback mechanisms and dynamic adjustments to control
and measure forces at the pico-Newton scale, enabling precise manipulation of particles and
molecules for purposes such as cell sorting, cell interactions, force measurements (the forces
exerted by cells, such as the forces generated during cell-cell interactions), biophysical
measurements (the mechanical properties of biological samples like elasticity or stiffness and
viscosity)[104-105].

In combination with electroporation, laser trapping can position cells or magnetic beads
precisely, ensuring targeted application of the electric field, improving the accuracy and
reproducibility of electroporation experiments [99]. This novel method is entirely a new
technique that has different applications in experimental physics, biophysics, experimental
statistical physics and nanotechnology due to their ability of precisely manipulation.

2.2 Literature Review

Magnetic beads, Chemotherapy and NIR Laser Irradiation in Cancer Cells
Therapies

In this section the effects of near infrared (NIR) laser irradiation alone, NIR laser irradiation
combined with chemotherapy, NIR laser irradiation combined with magnetic beads, and NIR
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laser irradiation combined with both magnetic beads and chemotherapy on cancer cell as
explored by different studies were explained, especially by focusing on 4T1 and BT20 breast
cancer cell lines and others.

2.2.1 NIR Laser Irradiation Alone in Cancer Cells Therapies

NIR laser irradiation is a promising technique for the study and treatment of breast cancer cells.
Studies involving how specific breast cancer cell lines such as 4T1, BT20, and other response to
NIR laser irradiation have demonstrated in various applications including photothermal therapy,
photodynamic therapy, and imaging. In photothermal therapy (PTT), the effectiveness of gold
nanorods (GNRs) for targeted therapy in 4T1 cells was investigated. They experienced
significant thermal damage and cell death when treated with GNRs and irradiated NIR lasers.
The uses of GNRs allowed for precise targeting and effective destruction of cancer cells, with
minimal effects on surrounding tissues [106]. In BT20 cell lines the use of silica-coated gold
nanoparticles for PTT is explored and the results demonstrated that NIR laser irradiation
effectively heated the nanoparticles, leading to substantial cytotoxic effects [107].

In photodynamic therapy (PDT), the upconversion nanoparticles (UCNPs) that are responsive to
NIR light in 4T1 cells are used and the NIR laser irradiation of UCNPs generated reactive
oxygen species (ROS) that induced cell death. This approach demonstrated improved therapeutic
efficacy with deeper tissue penetration due to the NIR light and efficient ROS generation [108].
Again in BT20 cells the use of porphyrin-loaded nanoparticles activated by NIR light is
investigated and NIR irradiation triggered the photosensitizer, leading to significant ROS
production and effective killing of cells [109].

In imaging applications, the study utilized that NIR fluorescence imaging with quantum dots
(QDs) are used to visualize 4T1 cells and demonstrated as the NIR fluorescence provided high-
resolution images of the cells, aiding in monitoring and diagnosing breast cancer. The targeted
QDs allowed for enhanced imaging contrast and specificity [110]. In case of BT20 cells, the
multimodal NIR imaging and therapy using conjugated polymer nanoparticles (CPNPs) are
explored and the NPs enabled both imaging and therapeutic applications, providing detailed
information on cellular responses to NIR laser irradiation and effective treatment through
combined imaging and therapy [111].

In comparing the effects of NIR laser-induced PTT and PDT across other breast cancer cell lines,
such as MCF-7, and MDA-MB-231, PTT is generally effective across all cell lines and PDT
showed variability depending on the cell line’s uptake of photosensitizers and inherent cellular
properties. 4T1 cells and BT20 cells exhibited robust responses to both therapies, while other
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lines showed more mixed results [112]. MCF-7 cells, which are estrogen receptor-positive and
generally less aggressive, show more variability in response to PDT and their effectiveness can
vary based on factors such as the type and concentration of photosensitizers used, as well as their
intrinsic cellular properties which may affect the generation and handling of ROS [113]. MDA-
MB-231 cells, triple-negative breast cancer cells, have mixed responses to PDT. While they
uptake photosensitizers well, their aggressive nature and ability to repair oxidative damage can
sometimes mitigate the effectiveness of PDT. Thus, optimizing PDT conditions for this cell line
is crucial for achieving consistent therapeutic outcomes [114].

2.2.2 NIR laser irradiation combined with magnetic beads

Combining magnetic beads with NIR laser irradiation represents a novel and versatile approach
in the treatment and study of breast cancer cells that leverages the unique properties of magnetic
beads for targeted therapy and NIR laser for activation and imaging. In photothermal therapy it
was showed that, when magnetic beads were functionalized with anticancer to specifically target
4T1 cells and exposure to NIR laser, the beads generated localized heat, resulting in significant
thermal damage to the cells. In this approach, high specificity and reduced off-target effects was
demonstrated [115]. In BT-20 cells it also reported that, when magnetic beads loaded with a
chemotherapeutic agent were used to target the cells and NIR laser irradiation was applied to
activate the drug, a significant reduction was observed. Here, magnetic beads provided targeted
delivery of the drug, while NIR laser irradiation increased the overall effectiveness of the
treatment [116]. The effectiveness of magnetic bead-assisted NIR photothermal therapy in breast
cancer cell lines, such as MCF-7, MDA-MB-231, 4T1 and BT20, varied due to variations in
magnetic bead uptake and cellular responses to thermal damage. The 4T1land BT20 cell lines
showed higher sensitivity to photothermal effects compared to MCF-7 and MDA-MB-231 [117].

In photodynamic therapy again, it has shown that magnetic beads combined with NIR laser
irradiation significantly enhance the effectiveness of PDT in 4T1 cells by in concentrating the
photosensitizers at the tumor site which improve the PDT outcomes (therapeutic efficacy, reduce
side effects, and provide better control over tumor growth) by increasing ROS production [118].
In BT20 cells, magnetic bead-assisted PDT has shown promising results, the enhanced delivery
of photosensitizers and increased light absorption due to magnetic beads, improve the PDT
effectiveness that finally leads to better cellular damage and apoptosis compared to conventional
PDT methods [119]. For MCF-7 cells, magnetic bead-assisted PDT has shown variable results.
While magnetic beads improve the targeted delivery and activation of photosensitizers, the
inherent lower aggressiveness and different cellular responses can affect the overall PDT
effectiveness and the optimization of PDT parameters and bead properties are crucial for
enhancing results in this cell line [120]. In MDA-MB-231 cells, magnetic bead-mediated PDT
has demonstrated mixed results due to aggressive nature of these cells and their ability to repair
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ROS-induced damage. Nevertheless, the enhanced delivery and activation of photosensitizers has
shown potential for improving PDT outcomes with further optimization [121].

2.2.3 NIR laser irradiation combined with chemotherapy

Combining chemotherapy with NIR laser irradiation is another advanced approach in breast
cancer treatment, can potentially improve treatment outcomes by addressing cancer cells from
multiple angles, utilizes the synergistic effects of chemotherapy and involves a multifaceted
approach that leverages the strengths of both modalities. NIR irradiation can enhance the
cytotoxic effects of chemotherapy drugs through photothermal or photodynamic mechanisms and
it can increase the permeability (tumor vasculature) of cancer cell membranes or tumors,
facilitating better drug uptake and distribution.

In photothermal combined with chemotherapy, it was investigated that as the magnetic
nanoparticles loaded (in vitro) or gold nanorods loaded (in vivo) with a chemotherapeutic agent
were targeted to 4T1 cells and irradiated with NIR laser, the localized temperature increased and
enhancing the release of the chemotherapy drug, improving its efficacy. This combined approach
led to reduced tumor growth and increased survival rates in the 4T1 mouse model [122]. Another
study on BT20 cells demonstrated that NIR laser irradiation significantly enhanced the cytotoxic
effects of doxorubicin, led to greater cell death and reduced drug resistance compared to
doxorubicin treatment alone and improved therapeutic outcomes by increasing the release of
doxorubicin from the nanocarriers and induced additional thermal damage to the cells [123].
Across the various breast cancer cell lines, including MCF-7, MDA-MB-231, 4T1, and BT20,
the studies evaluated efficacy of the combination therapy when different chemotherapy agents
(e.g., doxorubicin, paclitaxel) were used with NIR laser irradiation and in all cell lines the
improved treatment efficacy was observed. However, the degree of enhancement varied among
cell lines, with 4T1 and BT20 cells showing the most significant improvements due to their
higher sensitivity to photothermal effects, but MCF-7 and MDA-MB-231 cells benefited with a
lesser extent [124]. Similarly, in photodynamic therapy combined with chemotherapy, NIR laser
can activate photosensitizers that, when combined with chemotherapy, produce reactive oxygen
species (ROS) to kill cancer cells, leading to improved treatment efficacy.

2.2.4 NIR laser irradiation combined with both magnetic beads and chemotherapy

Combining magnetic beads, chemotherapy, and NIR laser irradiation as single modality and
using it, is a multifaceted approach for cancer treatment, aiming to enhance therapeutic efficacy
and reduce side effects. This integrated strategy leverages the strengths of each modality,
magnetic targeting, chemotherapeutic agents, and photothermal or photodynamic effects, to
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achieve improved outcomes. The combined approach uses magnetic beads to deliver
chemotherapeutic agents and/or photosensitizers, followed by NIR laser irradiation to activate
the photosensitizers or photothermal agents. As an example, temperature-sensitive liposomes
loaded with doxorubicin (DOX) and IR-780 have been shown to release drugs in response to
NIR laser activation, leading to improved therapeutic outcomes [125]. Studies have reported the
effects and uses of this more improved and effective treatment modality both in vitro and in vivo
breast cancer cell lines.

In vetro studies, it was reported that the doxorubicin-loaded magnetic beads targeted to 4T1 cells
combined with NIR laser irradiation led to a significant increase in cell death compared to
doxorubicin alone [126], and Wang, H., investigated the magnetic bead-mediated paclitaxel
delivery targeted to BT20 cells and subjected to NIR laser irradiation that resulted in significant
cell death and improved therapeutic outcomes [127]. Again the effectiveness of magnetic bead-
based drug delivery combined with NIR laser therapy across different breast cancer cell lines
such as MCF-7 and MDA-MB-231 shown less improvement compared to 4T1 and BT20 cells
explained by Chen, Y., [128].

Similarly in vivo studies, the therapeutic efficacy of doxorubicin-loaded magnetic beads
combined with NIR laser photothermal therapy in a 4T1 murine model assessed and significant
tumor regression and prolonged survival was reported by Kim, C., [129], and the effectiveness of
magnetic bead-mediated paclitaxel delivery combined with NIR laser photothermal therapy in
BT20 xenograft models tumor volume and therapeutic response were assessed and size reduction
and improved therapeutic outcomes is resulted [130]. Similar to in vitro, other cell lines have
shown lower significant improvements in treatment outcomes under magnetic bead-assisted
chemotherapy combined with NIR laser therapy [131].

In summary, combining magnetic beads, chemotherapy, and NIR laser irradiation provides a
sophisticated treatment approach by integrating targeted drug delivery, localized heating or
activation, and enhanced therapeutic effects. This section highlights the effectiveness of this
combined therapy in improving drug delivery, increasing therapeutic efficacy, and reducing side
effects compared to traditional treatments and single treatment modality alone.

In this study in exploring the electrical properties of pre-ionized 2h treated 4T1 breast cancer
cells, we used the combination of chemotherapy and NIR laser irradiation modality, with an
anticancer compound 2-Dodecyl-6-methoxycyclohexa-2, 5-diene-1, 4-dione (DMDD) as
medication drug and an infrared diode-pumped Nd:YVO4 laser, which lasing at a wavelength of
1064 nm. The compound DMDD was chosen due to, its chemical and pharmacological
properties, its mechanism of action and its overall efficacy of treatment when combined with
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laser trapping. DMDD is a synthetic compound that has cyclohexadienone derivative with a
dodecyl chain and a methoxy group, which may influence its lipophilicity and interaction with
biological membranes. DMDD has shown potential as an anticancer agent and its effectiveness
can be attributed to its ability to interfere with cellular processes, potentially inducing apoptosis
or disrupting cancer cell metabolism. DMDD might induce oxidative stress by generating
reactive oxygen species (ROS), which can lead to cellular damage and apoptosis, particularly in
cancer cells. The infrared diode-pumped Nd:YVO4 laser also chosen due to its high power, good
beam quality, and efficiency. The 1064 nm wavelength is effective for various biological
applications due to its deep tissue penetration, it can induce localized heating and photothermal
effects in tissues which is useful for targeted therapy where the laser can selectively heat and
destroy cancer cells. So, the combination of DMDD with the Nd:YVO4 laser can enhance the
overall efficacy of treatment.

While in explaining the effect of magnetic beads attachment on the ionization properties of the
untreated BT20 breast cancer cells, we used the combination of magnetic beads and NIR laser
irradiation modality. We used an infrared diode-pumped Nd:YVO4 laser for irradiation and
3.1um diameter polymer coated spherical magnetic beads. 3.1um diameter polymer-coated
spherical magnetic beads are specialized tools used in various biological and biomedical
applications, including the study of cancer cells such as BT20 breast cancer cells. The types of
3.1uym diameter polymer-coated spherical magnetic beads widely used for these various
applications include super-paramagnetic beads, magnetite (Fe304) beads and maghemite (y-
Fe203) beads.

Super-paramagnetic beads exhibit magnetic properties only in the presence of an external
magnetic field and they lose their magnetism when it removed, which prevents clumping. These
beads are widely used for cell separation and isolation due to their high responsiveness to
magnetic fields. Magnetite (Fe304) beads are commonly used in biomedical applications and
known for their high magnetic susceptibility and stability. They can be easily manipulated using
magnetic fields and are often coated with various polymers for enhanced functionality.

Maghemite (y-Fe203) beads are another type of iron oxide magnetic bead used in biomedical
applications. They have similar properties to magnetite but with slightly different magnetic
characteristics. These beads are chosen for their magnetic properties, size and biocompatiblities.
The 3.1 um diameter is suitable for cellular applications, allows the beads to interact effectively
with cells without causing significant interference in cellular processes or being too large to pass
through cellular membrane. These beads are designed to respond quickly and efficiently to
magnetic fields, allowing for precise manipulation, separation, or sorting of cells and other
biological particles. The polymer coatings often ensure that the beads are biocompatible,
reducing potential toxicity or immune responses when used in biological systems. The polymer
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coating on these beads can be customized to enhance their compatibility with biological systems.
Common coatings include Carboxylate groups (useful for conjugating with proteins or
antibodies), Polyethylene glycol (PEG, reduces nonspecific binding and increases
biocompatibility) and Amino groups (useful for further functionalization or conjugation with
various biomolecules). These magnetic beads generally allow for precise control over the
interaction between BT20 cells and other substances, such as drugs or antibodies, facilitating
studies on cell behavior, drug responses, or cellular mechanisms.
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CHAPTER 3

3. Materials and Methodology

This chapter covered the culturing and treatment of 4T1 breast cancer cells, as well as the
culturing of BT20 breast cancer cells and their subsequent mixing with magnetic beads. We also
discussed the experimental setups, materials used, the mechanism behind membrane breakdown,
and the operation of the trapping system.

3.14T1 and BT20 breast cancer cells culture

The samples of both 4T1 and BT20 cells were cultured at the International Ginseng Institute,
Tennessee Center for Botanical Medicine Research, while the laser trapping experiments were
conducted in the Department of Physics and Astronomy at Middle Tennessee State University.
4T1 cancer cells were cultured in RPMI1640 medium supplemented with 10% fetal bovine
serum (FBS) in a 5% CO; and 37°C incubator. The cells were trypsinized (using trypsin to
dissociate the cells from their culture vessel). The cells were passaged to fresh growth medium
every 2-3 days. After trypsinization, the 4T1 cells were diluted in RPMI-1640 medium and
seeded into a 96-well plate at a density of 5,000-7,000 cells per well (100 pL/well).
Subsequently, the culture medium from each well was transferred to an Eppendorf tube. The
wells were rinsed with FBS, and then 50 uL of trypsin was added to each well to detach the cells,
which were then collected in the same Eppendorf tube [134-137].

The 4T1 breast cancer cells were treated with DMDD at a concentration of 100 pmol per well for
two hours following a 24-hour attachment period to the well bottom. Each treatment condition
included six replicate wells. While the BT20 breast cancer cells were mixed with 3.1um
diameter polymer coated spherical magnetic beads.

3.2 Experimental setup and Materials

The experimental design used in this study looks like the figure 3.1 below.
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Figure 3.1 Experimental designs for the infrared laser trap.

An infrared diode-pumped Nd:YVO, laser, which operates at a wavelength of 1064 nm was
used. This laser, using neodymium-doped yttrium orthovanadate as the gain medium, produces a
highly focused and linearly polarized beam. The laser has a maximum output power of 8W and
emits a beam with a diameter of 4 mm. To adjust the intensity of the laser beam, a polarizer (P)
was employed. The laser beam is initially directed by mirrors M; and M, before passing through
a 20x beam expander. This beam expander enlarges the beam’s diameter, which is essential for
the subsequent optical setup. The expanded beam then travels through a series of lenses to
further manipulate its size and focus. Specifically, two lenses with focal lengths of 5 cm (L) and
20 cm (L) are used. The purpose of these lenses is to increase the beam's diameter to
approximately 2 cm, which matches the diameter of the microscope’s objective lens window.
This expansion is crucial because it enhances the optical trap's strength. To optimize the beam’s
path and alignment, mirrors M3 and M, are employed. These mirrors ensure that the beam is
properly redirected and aligned. Mirror Ms is strategically placed to create a steerable optical
trap. It is positioned 20 cm away from converging lens Ls, which is itself positioned 20 cm away
from another converging lens, L, that placed 20 cm away from the back of the objective lens.
Both lenses Lz and L4 have the same focal length of 20 cm, and they are separated by a distance
equal to twice their focal length (i.e., 40 cm). This setup fulfills the conditions of geometrical
optics required to form a steerable trap precisely at the focal plane of the microscope. Once the
beam is properly collimated and aligned, it is introduced into the microscope using a dichroic
mirror (DM) positioned at a 45° angle within the microscope. The dichroic mirror has a dual
function: it reflects the laser beam, directing it to the microscope 100x objective lens with a 1.25
numerical aperture for focusing, while simultaneously allowing the imaging light from an
Olympus TI4 halogen lamp to pass through. The transmitted imaging light is captured by a
digital camera connected to the microscope via its second port, which is controlled by a PC. This
setup enables simultaneous imaging and manipulation of samples under the microscope.
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3.3 Working principle of the laser trap

When bead is trapped using a NIR laser, laser beam is precisely focused to a small spot, often at
the focal plane of the microscope objective lens. The presence or absence of the bead affects the
convergence the rays of light passing through the objective lens. When no present in the trap, the
rays of light passing through the objective lens converge at the position of the laser true focus.
As the bead inserted in to the trap and laser interacts with it, the position at which the rays of
light passing through the objective lens converge (focus point) changes. When the bead is
laterally centered in the beam focus, the forces due to the gradient of the beam intensity cancel
out because the intensity gradient on either side of the bead is symmetrical, resulting in no net
force pushing the bead to the left or right (as example see F; and F, on figure 3.2A). Even though
the bead is centered and experiences no lateral force, an unfocused (diverging) laser beam can
still cause a force (scattering force) due to the nature of the light propagation but the net force
acts along the axial direction of the trap counteracts it. So, the balance between this axial
gradient force and the scattering force results in the bead being stably trapped slightly
downstream of the beam waist (see figure 3.2A below). When a bead is displaced to one side
laterally or axially, the light rays passing near or through it are refracted, and the momentum can
be transferred from the higher intensity and lower intensity region rays are different. This
difference in momentum transfer causes a net force to be exerted on the bead. Specifically, the
greater momentum changes from the more intense rays on one side of the bead results in a net
force that pushes the bead back towards the center of the beam where the intensity is highest and
the forces on the bead are more balanced (see figure 3.2B as example). In addition to centering
the bead within the laser, a focused laser also maintains the bead in a stable axial position. The
momentum change of the focused rays generates a force that pulls the bead towards the laser
focus, whether the bead is positioned in front of (figure 3.2C) or behind the focus (figure 3.2D).
Consequently, the bead will stabilize slightly behind the focus, where this force counteracts the
scattering force.

(8)
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Figure 3.2 illustrates (A) when bead is focused in beam center and no net force acts on it laterally, (B)
when the net force acts on bead from left side laterally (C) when the net force acts on bead from front side
laterally (D) when the net force acts on bead from behind side laterally.

Generally when the newly formed focus point of the refracted rays is outside laterally or axially
from true focus of the laser beam in any direction, the net force acting on the bead pushes it
towards newly formed focus point.

3.4 The ways of membrane breakdown

Membrane breakdown refers to the process where the structure of a cell membrane deteriorates
or disrupts. It occurs through several mechanisms such as electrophoresis, laser-induced
breakdown and chemical disruption. High-intensity laser trapping can exert significant
mechanical stress on the cell membrane. If this stress exceeds the membrane mechanical
strength, it can lead to membrane rupture or breakdown. Local heating caused by the laser may
damage the membrane by increasing the fluidity of the lipid bilayer or by directly inducing
thermal stress. In some cases, the interaction of the laser with cellular molecules can lead to
photochemical reactions that can contribute to membrane damage. In case of chemical
disruption, chemicals like detergents or surfactants, can interacting with the lipids and proteins
and solubilize them. Detergents and surfactants are amphiphilic molecules (they have both
hydrophilic and hydrophobic regions with hydrophobic tails typically long hydrocarbon chains,
and polar or ionic groups hydrophilic heads) as figure 3.3a below shown for sodium dodecyl
sulfate (SDS) monomer. The mechanism of disruption using SDS involves three steps: (i)
Detergent monomers penetrate the outer layer of the phospholipid bilayer, aligning with it
according to their hydrophobic properties (see Figure 3.3a). (ii) The inserted detergent monomers
induce mechanical stress on the bilayer, causing it to bend and deform (see Figure 3.3b). The
hydrophobic tails of the detergent molecules interact with the hydrophobic core of the lipid
bilayer, while their hydrophilic heads face the aqueous environment. (iii) As the mechanical
strain increases, the bilayer reaches a critical point and forms a pore (see Figure 3.3c). This pore
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further destabilizes the membrane structure and increases its fluidity, compromising the
membrane's integrity [138].
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Figure 3.3 illustrates mechanism of phospholipid bilayer cell membrane breakdown by detergent as
chemical disruption using sodium dodecyl sulfate.

Another mechanism of cells membrane breakdown involves using dielectrophoresis and
electrophoresis techniques. Both of them are used to manipulate particles, including cells, but
operate on different principles and are applied for different purposes. Dielectrophoresis relies on
the interaction between particles (cells) and non-uniform electric field. When particles with
dielectric property (particles that can be polarized) are exposed to spatially varying electric field,
they become polarized (develop temporary dipole moments). The polarization of cells can be
caused by the restricted ion motion imposed by the cell membranes. The varying field strength
across the cells experiences a net force that moves the cells towards regions of higher or lower
electric field strength, depends on the gradient of the electric field. In regions where the electric
field changes rapidly, the force acting on the particles or cells can be significant, causing them to
move toward regions of higher field strength (positive dielectrophoresis) or away from them
(negative dielectrophoresis), depending on the nature of the dielectric properties of the cells
relative to the surrounding medium (see figure 3.4) [138]. Additionally dielectrophoresis can be
occurred as homogeneous or inhomogeneous based on the type of electric field applied on cells.
It is homogeneous if electric field applied is constant (in magnitude and direction) and
inhomogeneous if electric field applied varies.

Posilive

I ¢

27



Figure 3.4 Schematic diagram of polarization in an electric field (a) Uniform electric field (b) Non-
uniform electric field

Electrophoresis involves applying a high-voltage electric field to the cell membrane, creating
transient pores which allow ions and small molecules to pass through the membrane. The
creation of pores disrupts the cell ability to maintain normal electrochemical gradients. lons that
are normally sequestered inside or outside the cell can flow freely, leading to an imbalance in
charge distribution. Particles with an electric charge move towards the electrode of opposite
charge when an electric field is applied. The rate and direction of movement depend on the
particle's charge and size, as well as the strength of the electric field. During electrophoresis,
cells or particles are subjected to an electric field that causes them to migrate through a medium.
For cells, this can result in mechanical stress due to the drag forces and electrical fields. If the
electric field is strong enough, it can cause irreversible damage to the cell membrane, leading to
cell lysis or breakdown as figure 3.5 [139].
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Figure 3.5 shows (a) normal cell membrane before any pore (b) cell membrane when hydrophobic pore
formed by applied electric field (c) cell membrane when hydrophilic pore formed by continuous applied
electric field.

In this study, the membrane of 4T1 breast cancer cells was partially damaged by a 2h treatment
with DMDD. Then cells were captured and subjected to high-intensity laser radiation. The
extremely strong electric field at the focal point of the laser effectively disrupted their cell
membranes and prepared them for experimentation. While we used 3.1um diameter polymer
coated spherical magnetic beads to examine effect of magnetic beads on ionization of BT20
breast cancer cells.
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CHAPTER 4

4. Results and Discussion

In this chapter we deeply discussed about the results and the investigations of the study. All the
measured quantities such as cross-sectional areas, both before and after trapping, displacement
travelled with their respective times for 4T1 breast cancer cell lines treated for two hours using
Image Pro Plus6 software, and the calculated radii, volumes, and masses of the cells based on
the geometric relationships between these parameters were discussed and the statistical data of
these measured and calculated quantities were tabulated with descriptions. Next, an equation that
describes the displacement of the cells as they moved towards the trap center is derived based on
the pre-ionized dynamics of these cells. Using displacement versus time data obtained from
Image ProPlus6, we fitted this equation using the Nonlinear Model Fitting function in Wolfram
Mathematical2.1 and determined the unknown value of angular frequency (o) and the charge
developed on the cells. These determined values were then analyzed both statistically and
graphically to explore the electrical properties of pre-ionized 2h treated 4T1 breast cancer cells
as one main objective of this study. Next, we investigated the impact of magnetic beads BT20
breast cancer cell lines on their ionization properties.

4.1 Results and discussion in exploring the pre-ionized electrical properties of 2h
treated 4T1 breast cancer cell lines

4.1.1 Results from measurements and calculations

Figure 4.1 below shows the captured 8 successive images of the one selected 2h treated 4T1
breast cancer cell line at different points as it travelled to the trap center. It is observable from
this figure 4.1 that, as the cell entered towards the laser trap, its size decreased. This decreased in
size of the cell is due to the interaction between the cell and the NIR laser that attributed to a
combination of mechanical forces from optical trapping, thermal effects, changes in osmotic
balance, and cellular stress responses. To make more clearable how these factors decreased the
size of the trapped cell it is better to explain them orderly. (i) When a cell is trapped by the NIR
laser, the laser focused the light that exerts mechanical forces on the cell, potentially leading to
deformation or contraction of the cell. (ii) The trapped cell absorbs NIR radiation and the
absorbed energy is converted into heat which caused increase in temperature that affect the cell
cytoskeleton and membrane. This heat shrinks the cell by causing the cytoplasm to contract and
by affecting cellular hydration. (iii) The exposure of the cell to NIR laser might induce a stress
response in the cell that could include the activation of stress-related proteins or pathways that
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alter cellular processes, such as volume regulation. This stress leads to cellular shrinkage as the
cell adjusts to the stressful conditions induced by the laser. (iv) NIR laser exposure can
potentially affect the permeability of the cell membrane or damage cellular ion channels and
pumps, disrupting osmotic balance. This disruption leads to the loss of intracellular water and
consequently causes the cell to shrink. As a whole, the NIR laser decreased the sizes of these
breast cancer cells when they interact with it by the above mechanisms. So, as the cells
approached towards its center from outside they show gradual reduction in size (see figure 4.1 a
to h). Image 4.1, (a) shows the cell before trapped which has the largest size and (h) shows the
cell after trapped and in the trap center which has the smallest size.

To emphasize this reduction in size of the cells to the actions of the laser trapping, | have
measured the areas 18 cells both before and after trapped using the software Image pro Plus6 in
units of pixels by the assumption that all these 2 h treated 4T1 breast cancer cells analyzed in this
study are spherical in models. Then we computed the areas of these cells in meters by using the
conversion factor 7.27 x 10~8meter /pixel, which was determined using 3.1 um silicon beads.
Then based on the basic geometrical relationships between them, we calculated radii and
volumes of these cells both before and after trapped.

\Figure 4.1 shows the 8 captured successive images of the one selected 2h treated 4T1 breast cancer cell
as it moved to the trap.

Additionally, the masses of cells were calculated, both times, from the definition of density as,
Meen= PcennX Ve, where the known density of the 4T1 breast cancer cells is 1081 kg/m?3.

The statistical data of these quantities was illustrated in the table 4.1 below for both before and
after trapped.
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Quantities 2h treated 4T1 breast cancer cells before trapped (18)

Mean St. Deviation | Min Median Max
R cell free (umM) 70.6418 14.61301 38.5394 | 73.64865 | 93.67092
A cell free (mm®) | 0.0163 0.00606 0.00466 |0.01703 | 0.02755
V' cell free (mm3) 0.00165 0.000841 0.00024 | 0.00167 0.00344
M cell free(NY) 1.77957 0.9098 0.25907 | 1.80802 3.7197

2h treated 4T1 breast cancer cells at the center of trap (18)

R cell trap (4M) 67.596 15.26352 33.7522 | 71.58962 | 90.16658
A cell rap (mm?) | 0.01504 0.00594 0.00358 | 0.01609 | 0.02553
V cell rap (mm®) | 0.00147 0.000781514 | 0.00016 | 0.00154 | 0.00307
M cell trap (NG) 1.58768 0.84482 0.17402 | 1.66068 | 3.31765

Table 4.1 shows the statistics of measured areas and calculated values of radii, volumes and masses the 2h
treated 4T1 breast cancer cells.

These cells have 70.64+14.61 um, 0.0163+0.006 mm?, 0.00165+0.0008 mm?® and 1.77+0.90 ng
average radius, area, volume, and mass respectively before trapped, and 67.59+15.26 um,
0.0150+0.0059 mm?, 0.00147+0.00078 mm® and 1.58+0.84 ng average radius, area, volume, and
mass respectively after trapped. To demonstrate the reduction in size of these cells, we calculated
their difference in volume and the resulted average reduction in volume was about 13.48+7.93%,
which shows countable decreased in size of the cells.
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4.1.2 The pre-ionized dynamics of 2h treated 4T1 breast cancer cells

To determine the magnitude of the charge developed on 2h treated 4T1 breast cancer cells and
the stiffness of the laser we focused on analyzing the pre-ionization dynamics of individual cells.
We began by solving the equation of motion for vector 7(t), which describes the displacement of
the cell over time as the cell travelled to trap center. Then the charge developed on each cell is
determined by fitting the displacement versus time data recorded and assumed a variable
(unknown) angular frequency using the nonlinear curve fitting model of Wolfram
Mathematical2.1. Then from the calculated mass of the cell and determined angular frequency
from fitting, we computed the value of the trap coefficient (stiffness).

As cells moved into the laser trap, they become polarized by the laser electric field, generating
polarization charges. These charges create an induced electric field that opposes the applied
electric field from the laser, reducing the net trapping force. Both the induced electric field and
dipole moment oscillations increase as the cells approached to the trap center, further decreasing
the effectiveness of the trapping force. Additionally the strong electric field near the trap center
(primarily due to the specific arrangement of electrodes and the high voltages applied to them,
which create a concentrated and intense electric field in that region), disrupts dipole oscillations
and generating free charges. These free charges produce a Coulomb force that opposing the
trapping force. Thus the Coulomb force repels the cells or resists their movement, leading to a
decrease in cell velocities. In addition to the free charges generated from disruption of dipole
oscillations and polarizations, the membrane breakdown of the 2h treated 4T1 breast cancer
cells, those treated with 2-dodecyl-6-methoxycyclohexa-2, 5-diene-1, 4-dione (DMDD)
compound, also developed the charge. So, the total developed charge is the summation of all
these charges. The actions of these opposing forces generally disturb the cells travel to the trap
center including their displacements. Consider table 4.2 below.
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Quantities 2h treated 4T1 breast cancer cells (18)

Mean St. Deviation | Min Median | Max
Teen(Um) 4.78827 25.45317 0 0.87713 | 241.75076
ven(um/s) | 27.13165 | 98.03879 0.57258 | 7.88891 | 726.137
aeen (um/s?) | 55.30079 | 255.13785 -492.173 | 12.5772 | 1760
teen(s) 0.26183 | 0.19566 0 0.2504 0.8

Table 4.2 shows the statistics of displacements, times, velocities and accelerations where r is
displacement (um), v is velocity (um/s), a is acceleration (um/s?) and ¢ is time (s).

The average displacement and time taken were 4.78+25.45 um and 0.26+0.19 s respectively.
These results illustrated that the cells were speeding up firstly up to some points and then started
to slow down as they approached the trap center. This is due to two main reasons: (i) the induced
electric field that decreased the trapping force and (ii) the breaking down of dipole oscillations
by strong electric field near the trap that generate the free charges, resulting in creation of
Coulomb force which repels the cells or resists their movement towards the trap center.
Graphically this idea is demonstrated by displacement versus time graph of the cells as shown by
the figure 4.2 below. As it can be observed from the violet line on figure 4.2 that, the cells were
speeding up initially for some points (up to the black dotted pointed on the violet line) and then
began to slowing down as they approached to the trap center due to the reasons mentioned
above. Their displacements varied from O um to 241.75 um as explained in table 4.2 with
average value of 4.78 £25.45 um.
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Figure 4.2 illustrates the displacement-time graph of the pre-ionized 2h treated pre-ionized 4T1 breast
cancer cells.

The velocities and accelerations of the cells were computed from first and second derivatives of
the displacement versus time data recorded respectively using Origin Pro2019b. When we
differentiated the displacement versus time data above, using software Origin pro2019b, the
velocities of the cells can be determined. The velocity versus time graph of these 2h treated pre-
ionized 4T1 breast cancer cells was shown by figure 4.3 below.
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Figure 4.3 the velocity versus time graph of the pre-ionized 2h treated 4T1 breast cancer cells as they
moved to the trap center.
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The graph on figure 4.3 illustrates that the velocities of the cells increased for some point as cells
travelled to the trap up to reach maximum point of 726.13 um/s before they become influenced
by the opposing generated electrostatic forces and then decreased as they approached towards the
trap center because of these opposing forces as indicated by red line. The decreasing in these
velocities continued up to they totally trapped in the trap center. In magnitude the velocities of
these cells varied from 0.57 um/s to 726.13 um/s with average value of 27.13+98.03 um/s as
tabulated in table 4.2.

If the above differentiating is repeated once, the accelerations can be obtained for the 2h treated
pre-ionized 4T1 breast cancer cells. When drawn to graph, the acceleration versus time graph
was shown by figure 4.4 below.
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Figure 4.4 illustrates the acceleration-time graph of the pre-ionized 2h treated 4T1 breast cancer cells.

This graph again illustrates that initially these cells were accelerated up to they reached
maximum acceleration (peak point) before started to oppose by the induced electrostatic force as
they approached to trap center. After this maximum point the cells decelerated and finally
entered to the trap deadly as indicated by red line. The acceleration of these cells varies from -
492.17 um/s? to 1760 um/s® and average value of 55.30 um/s>.

The Forces

Motion of the breast cancer cells as they moved to the laser trap is influenced by the actions of
three basic forces. These fundamental forces acting on the trapped cells are electrostatic, drag
and trapping forces. Their origins and how they act on these cells are described below.
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1. Trapping force is generated by an optical trap or optical tweezers, which use a focused laser
beam to create a potential well for trapping and manipulating particles or cells. Its magnitude
depends on the size of the cells and the rate of change of displacements of the cells with time, the
strength of the electric field (increasing as the cells are moving towards the trap center and
decreasing away from center of the trap), and the cells dielectric susceptibility (refers to how
they polarize in response to the electric field of the laser). This polarization affects how the cells
interact with the laser light, which in turn influences the trapping force. Trapping force always
attract the cells towards its center. It is given by equation;

Fu(r) = kr 4.1

where r is the displacement of each cell, and k is the constant known as trap coefficient which is
a crucial parameter that quantifies the strength and effectiveness of the trapping force exerted by
the laser trap on a cell. It depends on several factors, including the intensity and properties of the
laser, the optical properties of the trap, and the dielectric properties of the cell. It is directly
proportional to the laser power (as the power increases, the intensity of the laser beam at the
focus increases, leading to a stronger electric field and a higher trap coefficient). The size and
shape of the cells affect their interaction with the electric field. Larger cells or those with
irregular shapes can experience different trapping forces compared to smaller or more spherical
cells. For spherical cells, the trapping force scales with the cell volume.

2. Electrostatic force is another important force acts on the trapped cells, generated from charges
developed by ionized cells and acts against the trapping force. When cells entered in to the trap,
the electromagnetic field radiations are ionized them. As a result of the membrane breakdown
the charge is developed. This developed charge depends on the extent at which the cell
membrane breakdown and the area of each cell. The raised the value of developed charge the
increased in magnitude of electrostatic force. From the basic relationship between electric
charge, electric field strength and electrostatic force, the electrostatic force acting on the 2h
treated 4T1 breast cancer cell can be determined as;

Fe(r) = qEo 4.2
where q is the magnitude of charge accumulated on each cell and Eq is the maximum value of
electric field, known as electric field amplitude, can be determined as,

Eo = /2” = /M 4.3
Agyv A
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where P is the power measured at trap position (0.806W), v is the speed of light in the medium
that the cell is suspended in (FBS), u, is the free space magnetic permeability, and A = Tw?, is
the beam area (size) computed from the beam radius (w = 243.2um) at the back of objective
lens with its numerical aperture (1.25). With these values the electric field amplitude is,

E = 2x0.806X3x108x4x10~7
0 1.33x(243.2X1076)2

Eo = 49.58kV /m, from the relationships between speed of light in free space (c), speed of light
in medium (v), and refractive index of the medium (ny,) , n, = ¢/v (n, = 1.33 for FBS) and
from the relation again, ¢ = 1//uo&o, Where &, is permittivity of free space.

3. Drag force is the other force acts on 2h treated 4T1 breast cancer cells as they moved to the
trap. It is the opposing force arises from the surface of the medium in which the cells are
suspended and depends on the radius of the cell (R), assuming that all the 2h treated 4T1 breast
cancer cells are spherical in models with radius R, and rate of change of displacement with time.
Based on these facts the drag force can be determined using equation,

Fyq= 67t,uR% 4.4
where puis the fluid viscosity that the cell is suspended in, FBS (u = 1.02 X 1073Ns/m).

Depending on the values of the three forces the resultant force acting on the 4T1 breast cancer
cells as they move toward trap center can be generalized by the following equation,

Fnet: Ft_Fd_Fe 4.5
2
which has the form of the Newton’s second law, Fpg= ma = m%. When their values are

substituted from Eq.4.1, Eq.4.2 and Eq.4.4, the net force becomes,

d?r dr
mﬁ—kr—&wRE—qu 4.6

When Eq.4.6 is rearranged we can get,

d?r dr
mﬁ+67wRE—kr = —qE, 4.7
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which has the damped harmonic oscillator equation form. Again by more rearrangement it can
be,

d?r _ 6muRdr k q
—t—————r=—=F 4.8
dt? m dt m m 0

If the coefficients of the drag force and the trapping force of Eq.4.8 are represented by other

3TuUR k
£ and — = w? 4.9

m m

constantsas, Yy =

where the value of the constant y varies with radii and masses of the cells, w is the angular
frequency and m is mass of each cell before trapped. Then the simplified form of Eq.4.8 is the
next;

d?r

d
2y —wir=—1E, 4.10

where r is the displacement of the given cell as it travels to the trap center. Eq.4.10 is the second
order inhomogeneous differential equation that can have homogenous and particular solutions.
So its general solution is the summation of the two solutions. The homogeneous part has the
form;

d?r

dar _ 2 _
2Ty —0Tr=0 4.11
with solution of the following form;

ra(t) = e YE(CeVY* @t 4 DeVri+wit) 4.12

where constants C and D can be determined from the initial conditions. Then the particular
equation has the form;

ro(t) = Ab 4.13
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In Eq.4.13 r,(t) is constant which has no first and second derivatives and A is the coefficient
of b. If the value of coefficient A be determined and A = 1/w?, then we get the particular
solution that looks like;

m(t):%x%ﬂ,: g, 4.14

w mw?

By the next, the general solution that represents the displacement of the 2h treated 4T1 breast
cancer cell becomes,

mw?

r(t) = et (Ce V2@t 4 D= V2+w2t)+ g, 4.15

As mentioned above, values of constants C and D in Eqg.4.15 can be determined from initial
position and initial velocity of the cell at initial time t, = 0. Then when we substitute their
values into Eq.4.15, the equation for the displacement of the 4T1 breast cancer cells becomes;

— -yt q 14 2402t q 14 —Jv2+w2t q
r®=e” (2mw2E0<_1_\/ﬁ)e o +2mw2EO<\/m_1>e e >+m“’2E0’

and after simple we made some rearrangements,

From the mathematical relations, %(e\/yz’f“’zf + eV 2*“’“) = cosh\/y? + w?t and
%(evyz‘f‘*’zt —eV 2*‘*’2t) = sinh/y? + w?t. Finally the result of Eq.4.16 becomes,

r(t) = m‘;z Eo[l —e7 7t {cosh y? + w?t + \/ﬁsinh Y2+ wzt}] 4.17

Equation 4.17 describes how the displacements of the cells change over time as they move from
their initial free positions to the center of the trap. This equation represents an over damped
harmonic oscillator (non-oscillatory, exponential nature of the cells response to the driving
force), where electrostatic force is the driving force, drag force is damping force and trapping
force is restoring force, as indicated by Equation 4.10. Also the use of hyperbolic functions (cosh
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and sinh) confirms that the cell motion is characterized by exponential decay (not oscillatory)
behavior) during its motion towards the laser trap and undergoes over damped motion because
the damping is strong enough to prevent any oscillatory behavior, resulting in the hyperbolic
solution form.

Based on Equation 4.9, the drag coefficient (y) for each cell can be determined, and it ranges
from 241.96 Ns/kg to 1429.37 Ns/kg, with average value of 503.37 £ 302.66 Ns/kg (table 4.3
below). This variation depends on the radius and mass of the cells, with the drag coefficient
increasing with the cell radius and decreasing with the cell mass. Then using the value of electric
field amplitude (Eo, = 49.58 kV /m), the average beam radius (w = 243.2 um), the masses of
each cells, the value of y calculated for each cell, and the measured displacements vs time data,
we fitted EQq.4.17 using Wolfram Mathematical2.1 Nonlinear model fitting function at 0.99
confidential level to determine the two unknown quantities, the developed charge (q) and angular
frequency (w), of each 2 h treated 4T1 breast cancer cells. In fitting this equation simultaneously
to determine both g and w we used the value of R-squared, R? (agreement of determination) that
varied from 0.99902 to 0.99994 with average value of 0.99955+0.000248 and observed that the
value of charge developed (q) on cells are all negatives, indicates that the electric field (applied
laser field) is attracting the negatively charged cells and the induced field is opposing their

motion towards the trap. Next, based on their sizes we expressed these generated charges in

terms of z-number as, z = = q/(1.6 X 10~ 1%¢), where q is the magnitude of charge developed

e
on each cell and e is the magnitude of elementary charge. Based on the extent at which the cell
membrane is breakdown and radius of the cells, the charge developed on cells was different from
cell to cell. As the cell membrane breaks down, it can alter the cell interaction with the electric
field. Greater membrane breakdown may increase permeability (ionic conductivity), leading to
changes in charge distribution and affecting the amount of charge the cell can develop. While a
larger cell radius can increase the charge accumulation due to a larger interaction surface with
the electric field. Using the determined values of angular frequencies and masses of the cells, we
also calculated the value of trap constant based on Eq.10.9. The statistics of developed charge (q)
on cells in terms of z-number, angular frequency determined (o), trap constant (k) and drag

coefficient (y) calculated for each cell using Eq.4.9 above, is shown by table 4.3 below.
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Quantities | 2h treated 4T1 breast cancer cells (18)

Mean St. Deviation | Min Median Max
vy (Ns/kg) | 503.37275 | 302.66976 241.96215 | 391.41862 | 1429.37415
w(rad/s) | 72.12849 | 30.12239 24.6218 69.1882 156.601
k(uN/m) 8.32901 455411 0.310917 | 7.32182 17.3458
z-number | 432.60156 | 688.77186 2.98311 184.03312 | 2902.91875

Table 4.3 shows the statistics of calculated y, z and determined w of the pre-ionized 2 h treated 4T1
breast cancer cells.

The values of calculated z-numbers for the developed charges were ranged from 2.98 to 2902.91
with average value of 432.60+688.77 and this high difference is because of dependency of the
charge generated on the size (radius) of the cell. It is directly proportional the size of the cell (i. e
the larger the size of the cell the greater the charge developed on it). This also indicates the
greater the size (surface) of cell the greater the laser interacts with it and the charge developed.
Figure 4.5 below illustrates the proportionality between size (radius) of the cells and charges
developed on them as shown by red line.
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Figure 4.5 shows the charge developed on pre-ionized 2 h treated 4T1 breast cancer cells versus radius of
the cells.

Another key point we observed from fitting Eq. 4.17, aside from determining the value of
angular frequency (w), is its relationship with developed charge on the cells. The figure 4.6
below demonstrates how developed charge on pre-ionized 2 h treated 4T1 breast cancer cells
related to the angular frequency determined for these cells from fitting function above.
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Figure 4.6 shows the relationship between z-number of pre-ionized 2 h treated 4T1 breast cancer cells and
their angular frequency.

Figure 4.6 above shows that developed charge, in z-number, and angular frequency have positive
relationships; but they do not increasing equally at all points as the cells moved to the trap center.
Initially as the cells moved to the trap the developed charge increased rapidly due to the
electromagnetic field of the laser up to the cells reached near the trap, where the induced
electrostatic force oppose their motion. While the angular frequency increased slowly due to the
cells were linearly accelerating rather than vibrating that resulted from the higher attraction of
trapping force and lower stressed of the cells from electrostatic opposing. After that as they
approached to the trap center, the opposition of the induced electrostatic force increased, as result
the cells were stressed and became vibrating which causes the increasing in angular frequency of
them as shown by red line on figure 4.6 above. This in-depth relationship between the z-number
and angular frequency highlighted how the dynamics of the charged cells evolve as they interact
with electric field. Understanding this relationship is important for optimizing conditions in
applications like targeted therapies or cell manipulation techniques. The determined angular
frequency of these cells has the value ranged from 24.62 rad/s to 156.60 rad/s with average
value of 72.12+30.12 rad /s and the calculated value of trap coefficient from the mass of each
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cells and determined angular frequency, using Eq.4.9, has value that varies from 2.98 uN/m to
17.34 uN/m with average of 8.32+4.55 uN/m.

4.2 The effect of magnetic beads on ionization property of BT20 breast cancer cells

When BT20 breast cancer cell is exposed to the laser field, laser trap use focused laser beam to
capture and hold the cell. As the cell stays in the laser trap, it absorbs infrared radiation. This
leads to ionization through mechanisms such as increasing the cell thermal energy or directly
through interactions with the laser field (dipole-electric interactions between the cells and the
trapping field generated by the infrared laser radiation).

As demonstrated by Kelley, Gao, and Erenso (2016), the ionization period for a given amount of
infrared radiation incident on these BT20 cells alone is averaged to about 8 minutes [122-123].
This ionization period refers to the time interval between the moment at BT20 breast cancer cell
is captured by the laser trap and the point at which it is ejected from the trap due to Coulombic
repulsion. Essentially, this period measures how long it takes for the cell to be ejected from the
trap after it begins accumulating charge. This repulsion occurs as a result of the progressive
build-up of charge on the cell. As the cell absorbs infrared radiation, it gradually accumulates
charge, which increases the electrostatic forces acting on it. Once the accumulated charge
reaches a threshold where the Coulombic force (the electrostatic force between the charged cell
and the trap) becomes strong enough, the cell is ejected from the trap.

By inserting magnetic beads in to the cells, we aimed to investigate their impact on ionization
period and observe changes in cells behavior. To collect the cells ionization data, we measured
the displacement, speed, and time for each BT20 cell and magnetic bead entering and exiting the
trapping zone. Using Image proplus6 software, the center of origin was positioned at the center
of the BT20 cell during its initial trapping. Then we convert pixel measurements into
micrometers, using the known diameter of 3.1um of the magnetic beads as the calibration
standard. Data points were then plotted to track the movement of the cell or magnetic bead as
they entered and exited the laser trap. For each plotted point, the software recorded the horizontal
and vertical positions, their respective speeds, and the corresponding times.
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Figure 4.7 shows the data analysis process for measuring the displacement, speed, and time of the BT20
cell using Image prop lus6. The blue dots represent the plotted data points showing the cell movement as
it approached and exited the laser trap. The intersection of the yellow x and y lines marks the center of
origin. Panel (A) displays the data points recorded before the cell entered the trap. Panel (B) shows the
data points recorded before trapped and after exited the trap.

In Excel 2010, the data was categorized into two groups: before trapping and after exiting the
trap. Additionally, an equation was developed to calculate the total displacement by combining
the horizontal and vertical positions recorded by Image pro. The average speeds of the three
selected cells, 3.3 um/s, 2.9 um/s, and 10 um/s when entering and 5 um/s, 12 um/s, and 34 pm/s
when exited the trap respectively, as illustrated by figure 4.8 below.
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Figure 4.8 shows the displacement versus time for each of the three selected cells.

Figure 4.8 displays that when the laser port is opened, each cell (red, green, and brown)
accelerated towards the center of the trap (as shown by the trajectories on left sides), then stayed
in the trap (shown by the horizontal blue line) and ejected from the trap at higher speeds as
(shown by the steep sloping straight lines). The ionization period (duration of the cells stayed in
the trap) is almost similar for the two cells (red and green) about 42 seconds and about
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11seconds for one cell (shown in brown). Once here, a variation of duration they stayed in the
trap observed from results of the ionization periods of the same types of cells (all are BT20 cell
lines) is raised from factors such as size, shape (irregularity), charge-to-mass ratio, cellular
density (stiffness), intracellular content (such as different levels of proteins, lipids, or organelles).
As a whole, the insertion of the magnetic beads highly reduced the ionization period of these
cells in comparison with the periods of the BT20 cells without magnetic beads demonstrated
previously [122-123]. The reduction in this ionization period was as high as about 83% which
confirmed the Erenso et al. (2024) illustration [124].

A series of snapshots describing the trajectory of the brown cell (shown in Figure 4.8) is
presented in Figure 4.9 below. It shows shapshots of the cell as it moved through different
phases: approached to the trap (blue), stayed in the trap (black), and being ejected from the trap

(green).

Figure 4.9 shows a sequence of snapshots illustrating the cell's trajectory as it moved into, stayed in and
subsequently ejected from the trap.

The first three snapshots display magnetic beads (indicated by black circles) adhering (sticking)
to the slide. Once the cell entered the trap (in the third snapshot), a magnetic bead accelerated
toward the trap (because the trap creates a localized magnetic field that influences the movement
of nearby magnetic beads, magnetic field exerts a force on the bead, causing it to move more
quickly toward the trap) and attaches to the cell (snapshots 4-6). This attachment created a small
dark region, which can be enlarged as the bead continued to interact with the cell and is the
indicative bead influence on the cell environment (snapshot 7), just before the cell is ejected. In
other words, as the bead accelerated towards the trap and attached to the cell, the local
environment around the cell (such as changing in the cell structure or its surrounding medium,
movement or concentration of ions, mechanical stress) is disrupted. This altered the cell
ionization properties and leading to a shortness of ionization period. The faster the beads interact
with the laser fields, the faster the cells environment disturbed and the larger formation of the
dark region. The graph on figure 4.10 below illustrates the rate at which the area of the dark
region formed on five selected cells (yellow, dark yellow, black, blue and pink lines) increased
with time before the cells being ejected from the trap.
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Figure 4.10 illustrates how area of the formed dark region related to time the beads stayed in the trap
where area measured is in pm? and time is in seconds.

On average the rate of expansion of this formed dark region for the five selected cells were about
1032 um?/s for yellow, 86 pm?s for dark yellow, 74 pm?%s for black, 46 pm?/s for blue and 22
um?/s for pink line. The difference in rate of expansion of the dark region is resulted from the
difference in interaction extent of the beads with laser fields which was affected by the physical
and chemical properties of the cells. The cell shown by yellow line interacted quickly with
magnetic beads so that it has the greatest rate of the dark region expansion, while the cell shown
by pink line interacted slowly with magnetic beads and has the least rate of the dark region
expansion. Generally the faster the cells interacted with the beads the greater the rate at which
the dark region expanded due the cells environment disrupted quickly.

As the beads are ejected from the trap, the initially created dark region diminished because the
beads influence have no longer disturbance and this resulted in increasing brightness (light
emission). As demonstrated in figure 4.11 below, the greater the ionization extent leading to
greater brightness.

T A
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Figure 4.11 illustrates the successive snapshots that show increasing of the brightness with increasing
ionization extent of selected BT20 breast cancer cell line as it moved away from the laser trap. The third
snapshot (from left to right) shows where the cell is started ejecting and ionizing, and brightness increased
rapidly.

The trajectories of the beads as they were ejected from the trap are depicted in Figure 4.12(a),
with the trap is at the origin of the x-y coordinate system. These trajectories illustrate how the
surrounding environment such as the Earth magnetic field and thermophoretic forces impacted
the movement of the beads away from the trap and followed diverging paths. Initially as these
beads ejected from the trap, their displacements were high (both in magnitudes and directions)
due to the pushing force from the trap. But, as these beads moved away this pushing force
decreased, and the Earth magnetic field and thermophoretic forces influenced their paths.

Magnetic beads possess magnetic moments and will be aligned with the Earth’s magnetic field
lines. This caused the beads to deviate from their expected paths as the field alignment conflicted
with their trajectories of post ejection due to this Earth’s magnetic field exerted a Lorentz force
on magnetic beads with residual magnetic moments, resulted in deflection of the beads
trajectories, potentially bending or altering their paths away from a straight line or intended
direction. In addition to Lorentz force applied by it, local variations in the Earth magnetic field
also created gradients (distortions) that further affect the trajectories of the beads and cause
additional deviations or irregularities in beads movements.

The other force that influenced the trajectories of the beads is the thermophoretic force, which
resulted from the difference in local thermal energy generated by the NIR laser when it created a
localized heating effect. This force produced by temperature gradient pushed away the beads
from the laser focus towards cooler areas, leading to curved or shifted from the original path
dictated by the laser trap alone and more significant deviations. Generally, the combined effects
of these forces made complex trajectories of these beads as shown on figure 4.12(a) below.

The Earth magnetic field and the thermophoretic force affected not only trajectories of the beads
but also they affected their speeds. Initially these beads ejected from the trap with high speeds
and in their own directions because of the pushing electrostatic force from the trap. But, later
their speeds disturbed by the combination influence of the Earth magnetic force and the
thermophoretic force. The thermophoretic force accelerated or decelerated them towards the
lower temperature gradient, whereas the Earth’s magnetic field caused adjustments in speeds due
to magnetic drag. These resulted in the complexities of speeds of the beads as on figure 4.12(b)
below.
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Figure 4.12 shows (a) the trajectories of the beads as they ejected from the trap, (b) how the speed of the

beads changed over time after ejected from the trap.
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CHAPTER 5

5. Conclusion and Recommendation
5.1 Conclusion

The measurements of cell areas before and after trapping, as well as the calculation of various
parameters such as radii, volumes, and masses of these cells were presented and the statistical
data of these quantities were tabulated with detailed descriptions. These parameters have,
70.64+14.61 um, 0.0163+0.006 mm?, 0.00165+0.0008 mm?® and 1.77+0.90 ng average radius,
area, volume, and mass respectively before trapped, and 67.59+15.26 um, 0.0150+0.0059 mm?,
0.00147+0.00078 mm?® and 1.58+0.84 ng average radius, area, volume, and mass respectively
after trapped which their difference indicated the reduction of the cells size with about
13.48+7.93%, resulted from actions of the optical trapping force.

The equation that describes the cells displacement as they move towards the trap center was
derived, based on their pre-ionized dynamics. Then this equation is fitted to the measured
displacement versus time data using Nonlinear Model Fitting in Wolfram Mathematical2.1 to
determine the angular frequency () and cell charge. Using these values, the trap coefficient
(stiffness, k) was calculated. The average values of charge (in Z-number), angular frequency (),
and trap coefficient (k) were 432.60+688.77, 72.12+30.12 rad/s, and 8.32+4.55 uN/m,
respectively. The analysis revealed that the charge developed by the cells was directly
proportional to their size, polarization, and the extent of membrane breakdown. Additionally, it
was observed that cells decelerated as they approached the trap center due to opposing drag and
Coulomb forces.

In the investigation of magnetic beads effect on the ionization properties of BT20 breast cancer
cells, it was found that the beads significantly reduced the ionization period of these cells
compared to BT20 cells alone. This reduction resulted from the disruption of the cell
environment by the beads, which caused a dark region to form in the trap before the cells were
ejected. The size of this dark region increased as the cells remained in the trap and decreased as
they were ejected and moved away. Furthermore, cells moved away from the trap center along
diverging paths due to environmental impacts, resulting in increased scattering and light
emission around the cells. As cells were ejected, their speed rapidly increased due to the strong
force from the trap propelling them away and the reduced drag force near the trap. Their speed
then decreased as drag force increased and the trap influence diminished.
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5.2 Recommendation

The study concentrated on two main objectives. (i) the applications of optical tweezers on
exploring the electrical properties 2 h treated 4T1 breast cancer cells by assessing the charges
developed on cells and trap coefficient resulted from pre-ionized dynamics and impact of optical
trapping, and observed how charges developed related to the treatment duration ( modality) and
the impact of optical trapping. To gain a more comprehensive understanding, it is essential to
investigate its long-term effects on cells treatment and how they interact with optical trapping.
Exploring these effects might lead to the development of innovative methods for targeted drug
delivery and enhanced diagnostic techniques, thereby expanding the potential applications of
optical trapping in biomedical research and clinical practice. (ii) How magnetic beads influence
the ionization properties and behavior of BT20 breast cancer cells. Further research should
explore the underlying mechanisms of this interaction, including the role of bead concentration
and the material properties of the beads. This could lead to better control over cell manipulation
and improved understanding of bead-cell interactions.

To generalize the findings, it would be valuable to conduct similar studies with a variety of cell
types. This could help to determine if the observed results are specific to these 4T1 and BT20
breast cancer cells or if they are applicable to other cell lines.
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