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Abstract

Certain diseases are known to cause changes in the biomechanical and biophysical

properties of cells. Typically, physical property changes can result in several-fold

increases or decreases in the cell elasticity and can result in severe pathology and

eventual catastrophic breakdown of bodily functions. This study provides insights

into the intercellular structural reorganization and single-cell mechanical charac-

terization of human cells in the context of diseases. These include cancer and

Progeria. Force application techniques use the cell’s response to the force ap-

plied to the cell as a way to measure cell mechanical properties. Cell functions

in response to these stresses are directly related to their mechanical properties.

Changes in biomechanics are therefore associated with diseases. Single-cell me-

chanical response characterization and surface-feature analysis require such tools

as atomic force microscopy (AFM). AFM represents a developed method to detect

the absence or presence of diseases, providing rapid, precise, and sensitive meth-

ods to detect and diagnose diseases. The results reveal that an approximately

two-fold increase or decrease in elasticity from normal to pathological cells. The

reorganization of the cellular cytoskeleton network at the onset of human diseases

is also observed. AFM assessment demonstrates the impact of human diseases

on cellular functions. Details of cellular properties may help to develop modern

cell-selective treatments for human diseases. Medical ultrasound is a widely used

technique enabling both diagnostic and therapeutic applications. Different cells

can respond differently to different frequencies of ultrasound-based on their diver-

gence in biomechanical properties and morphology. Therefore, characterizing and

measuring the cells’ properties are essential for the potential treatments. Besides,

the transfection technique is a procedure artificially introducing foreign nucleic

acids into human cells to produce genetically modified cells. Virus-mediated trans-

fection, the most commonly used method, deliveries a gene into cells to produce

recombinant proteins, or to enhance (or inhibit) specific gene expression in cells.

However, the modification can cause changes in cell functions through biomechan-

ical and biophysical mechanisms. Hence, these changes in cells are studied using

AFM.



Contents

1 Introduction 1

2 Scientific background 3

2.1 Biological background . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 Cell Structure of human beings . . . . . . . . . . . . . . . . 3

2.1.2 Cell processes . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.3 Cell mechanics . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.4 Dysregulation of cell processes . . . . . . . . . . . . . . . . . 12

2.1.5 Cells and tissues . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Physical background . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2.1 Single-molecule force spectroscopy . . . . . . . . . . . . . . . 17

2.2.2 Atomic force spectroscopy . . . . . . . . . . . . . . . . . . . 18

2.2.3 Ultrasound . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Materials and methods 28

3.1 Cell lines and cell culture . . . . . . . . . . . . . . . . . . . . . . . . 28

3.1.1 Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.1.2 Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.1.3 Sample preparation for measurements . . . . . . . . . . . . . 34

3.2 Atomic force microscopy experiments . . . . . . . . . . . . . . . . . 36

3.2.1 AFM setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.2.2 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.2.3 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.2.4 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . 43

3.3 Ultrasound experiments . . . . . . . . . . . . . . . . . . . . . . . . 43

3.3.1 Ultrasound setup . . . . . . . . . . . . . . . . . . . . . . . . 43

3.3.2 Acoustic waves . . . . . . . . . . . . . . . . . . . . . . . . . 45

4 Results and discussion 49

4.1 Optimal parameters and environment conditions for AFM measure-

ments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49



Contents

4.1.1 Optimization of parameters . . . . . . . . . . . . . . . . . . 50

4.1.2 Influence of cultivation substrates . . . . . . . . . . . . . . . 54

4.2 Human oral cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2.1 Different disease states of head and neck squamous cells . . . 62

4.2.2 Non-metastatic head and neck squamous carcinoma cells . . 70

4.2.3 Different disease states of tongue squamous carcinoma cells . 76

4.3 Ultrasounds measurements of human oral healthy and cancer cells . 83

4.3.1 The response of HOK cells to the ultrasonic waves . . . . . . 83

4.3.2 The response of UD-SCC-1 cells to the ultrasonic waves . . . 85

4.4 Human dermal cells . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.4.1 Human normal and HGPS dermal cells . . . . . . . . . . . . 90

4.4.2 Introduction of hTERT into human normal and HGPS der-

mal cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5 Conclusion and outlook 110

A Appendix 113

A.1 Approximate amount of cells seeded in a Petri dish . . . . . . . . . 113

B Appendix 114

B.1 The calibration curve of the ultrasound probe . . . . . . . . . . . . 114

C Appendix 115

C.1 The average Young’s modulus of human oral cells . . . . . . . . . . 115

C.2 The median Young’s modulus of human oral cells . . . . . . . . . . 116

D Appendix 117

D.1 The Young’s modulus images of human oral cells with different can-

cer stages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

E Appendix 118

E.1 The AFM height images of UD-SCC-1 cells cultured on the uncoated

substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

E.2 The AFM height images of UD-SCC-1 cells cultured on the gelatin-

coated substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

ii



Contents

E.3 The AFM height images of squamous carcinoma UD-SCC-2 cells . . 120

E.4 The AFM height images of tongue squamous carcinoma UD-SCC-4

cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

E.5 The AFM height images of tongue squamous carcinoma UD-SCC-6

cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

E.6 The AFM height images of tongue squamous carcinoma UT-SCC-14

cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

E.7 The AFM height images of metastatic tongue squamous carcinoma

UT-SCC-24B cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

E.8 The AFM height images of human dysplastic oral mucosa cells . . . 125

E.9 The AFM height images of human oral keratinocyte cells . . . . . . 126

F Appendix 127

F.1 The response of UD-SCC-1 cells to the resonance frequency of 24 kHz127

F.2 The response of UD-SCC-1 cells to the resonance frequency of 67 kHz128

G Appendix 129

G.1 The average Young’s modulus of human dermal cells . . . . . . . . 129

G.2 The median Young’s modulus of human dermal cells . . . . . . . . . 130

H Appendix 131

H.1 The Young’s modulus images of human dermal cells with different

conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

I Appendix 132

I.1 The AFM height images of human dermal cells from HGPS003 patient132

I.2 The AFM height images of human dermal cells of HGPS164 patient 133

I.3 The AFM height images of human dermal cells from HGPS178 patient134

I.4 The AFM height images of human dermal cells from 811 young donor135

I.5 The AFM height images of human dermal cells from N14 old donor 136

I.6 The AFM height images of human dermal cells from N18 old donor 137

I.7 The AFM height images of human dermal cells from the N20 old

donor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

iii



Contents

J Appendix 139

J.1 The relative telomere length of the human dermal cells . . . . . . . 139

K Appendix 140

K.1 The boxplots and the histogram of human normal and HGPS fi-

broblasts before-and-after the hTERT treatment . . . . . . . . . . . 140

K.2 The boxplots and the histogram of human fibroblasts before-and-

after the hTERT treatment . . . . . . . . . . . . . . . . . . . . . . 141

Publications 155

Conference Contributions 156

Acknowledgments 157

Eidesstattliche Versicherung 159

iv



1 Introduction

1 Introduction

Biomechanics The study of biological systems, particularly their structure and

function, uses methods derived from mechanics, which refers to the investigation

of motion phenomena in biological systems. Ideas and investigations relating to

biomechanics date back at least to the Renaissance, when Italian physiologist and

physicist Giovanni Alfonso Borelli first described muscular movement and other

body functions according to the laws of statics and dynamics [1]. In the 20th

century, research in biomechanics then became more widely known.

Contemporary biomechanics is a multidisciplinary field that combines physical

and engineering expertise with knowledge from the biological and medical sciences.

Biomechanics brings together a broad range of different disciplines: construction

and aerospace engineers, biologists, physicists, medical practitioners, sports scien-

tists, mathematicians, and computer specialists [2].

Biomechanics is the application of mechanical engineering principles to living

organisms, is considered one of the core disciplines to understand the principle of

physiology and pathophysiology in humans [3]. Biomechanics of organisms can

be examined at different levels: cellular level, tissue level, organ level, and so on.

Engineering principles may be used to understand the cause and progression of

many human diseases. A basic understanding of these principles is beneficial for

clinicians and medical professionals.

The thesis It presents the necessary background of engineering mechanics per-

taining to biomechanics in the human body. The purpose of this study is to inves-

tigate how cell functions and behaviors are disturbed by one or more abnormalities

in the genome, called mutations.

Alternations of biomechanical properties of cells and tissues are associated

with cell processes and many human diseases. AFM provides the capacity to ac-

quire high-resolution images of biosamples at the nanoscale and allows for readily

carrying out mechanical characterization. High resolution of cytoskeleton orga-

nization and quantitative analysis of elastic moduli are assessed using AFM. A

better understanding of the molecular biophysical basis of cellular mechanotrans-

duction seems likely to lead to new nanotechnology-based therapeutics across a
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1 Introduction

broad spectrum of disorders.

Chapters This thesis consists of five chapters. An introduction to the scientific

background of this thesis is elucidated in chapter two. The biological background

of human cells is first introduced. Methods from the field of mechanics applied to

the cells used in a range of applications are presented in the following section.

The experimental setup of samples and different instruments are introduced

and explained respectively in chapter three. The treatments for various measure-

ments are covered as well.

In chapter four the results are presented and discussed. Chapter four can

be split into two major parts: one part is focused on the human head and neck

squamous carcinoma. Increased number of dividing cells, variation in cell size and

shape, loss of specialized cell features, and loss of normal tissue organization are

the distinguishing traits of a malignant lesion. The alternations in cells can be

directly measured utilized AFM. AFM provides detailed characterizations of the

cells, including organization of the cytoskeleton and cell elasticity, which are es-

sential for designing a modern selective treatment. The application of ultrasound

technique producing external mechanical waves can induce oscillations in cancer-

ous cells leading to the resonance catastrophe, where the resonance frequency is

mainly determined by mechanical and morphological properties. The other part

is focused on one of the human rare diseases, Progeria. Quantitative comparison

of the mechanical properties between progeria and normal dermal fibroblasts can

be revealed using AFM. Detailed evaluating biomechanical properties of cells are

beneficial in improving the understanding of pathophysiology. The transfection

technique is a suggested method that can restore the diseased cells’ function. The

impact of the human telomerase reverse transcriptase (hTERT) treatment on cells

is investigated using AFM to characterize the structural and mechanical proper-

ties of fibroblasts. Biomechanics underlies the abilities of the cell, tissue, or whole

organ to carry out normal functions in health or to malfunction in disease.

Finally, in the last chapter, a conclusion and an outlook about the remaining

questions are provided.
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2 Scientific background

2 Scientific background

The main purpose of this work is trying to quantify and interpret the mechanical

properties of cells. With a better understanding of the physical properties of living

cells, it may help to explain some of the unclear mechanisms of thorny diseases in

this study being cancer and progeria. On the other hand, it would possibly assist

in the progress of novel treatment development.

This is a comprehensive issue including biology and physics. In order to clarify

all the background information thoroughly, the introduction of this thesis in this

chapter illustrates the biological and physical considerations. The fundamental

theory of cell biology is emphasized to clarify the pathogeny of specific diseases

in section 2.1. Subsequently, physical aspects like scanning probe microscopy,

ultrasound technique, and the associated techniques along with their theoretical

background are explained in section 2.2.

2.1 Biological background

As we all know that creature is an assembly of billions of cells, in other words, a

cell is the unit composing living organisms. Therefore, one could assume that most

of the diseases could be attributed to the pathological changes of cells. With the

interest of inventing a novel treatment against specific diseases, it is impossible

without knowing the cytology. Therefore, in the following paragraph, we will

roughly review the eukaryote characteristics, cell cycle, and other cell processes.

2.1.1 Cell Structure of human beings

Parts of the human body are organs. They can be described as tissues that are

composed of cells of different types, sizes, and shapes depending on the function.

The general structure of a eukaryotic cell is given in Figure 1. A cell consists of

three important components: the membrane, the nucleus, and between the two,

the cytoplasm.

The cell membrane or plasma membrane is the structure that keeps cytoplasm

from leaking out of a cell. The membrane is not a solid structure but consists

of phospholipids with embedded proteins. The phospholipids form a lipid bilayer

3



2.1 Biological background

Figure 1: The structure of a eukaryotic cell. A eukaryote is defined as any cell or
organism that possesses a clearly defined nucleus. A eukaryotic cell has not only
a nuclear membrane that surrounds the nucleus, but also contains a variety of
membrane-bound structure (organelles), and are enclosed by a plasma membrane.

that separates the contents of a cell from the extracellular fluid. The lipid bilayer

is semi-permeable, only specific molecules can diffuse across the membrane to enter

or exit the cell with the help of embedded proteins.

The cytoplasm and cell nucleus are enclosed by the cell membrane. The cy-

toplasm is the gel-like fluid inside the cell and takes up most of the cell volume.

It is the medium for chemical reactions. It provides a platform upon which other

organelles can operate within the cell. Several types of membrane-bounded struc-

tures called organelles are suspended in the cytoplasm. Some (such as endoplasmic

reticulum (ER) and Golgi apparatus) are typically solitary, while others (such as

mitochondria, peroxisomes, and lysosomes) can be numerous. Each type of or-

ganelles has a definite structure and a specific role in the function of the cell.

ER is responsible for producing most of the proteins and lipids used by other

organelles within the cell. There is two types of ER, namely rough ER and smooth

ER, rough ER which is studded with protein-synthesizing particles (ribosomes),

smooth ER which lacks ribosomes involving in the synthesis of lipids. Ribosomes
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2.1 Biological background

are found in many places around a eukaryotic cell, they may be attached to the cy-

toplasmic side of the plasma membrane or the cytoplasmic side of the endoplasmic

reticulum and the outer membrane of the nuclear envelope. Ribosomes synthe-

size the proteins necessary for the cell to work. The Golgi apparatus participates

in protein modification, it packages proteins into small membrane-bound vesicles

which then translocate to the cell membrane. Lysosomes, the cell’s recycling cen-

ter, contain digestive enzymes ready to destruct protein. Unlike the lysosome,

which mostly degrades proteins, peroxisomes contain oxidative enzymes that ca-

tabolize fatty acids (lipid destruction) and some chemical toxins. A cell cannot

run without energy, the mitochondria are specialized in the production of cellular

energy in the form of adenosine triphosphate (ATP). The cytosol is the gelatinous

fluid, intercellular fluid, and is the portion of the cytoplasm not contained within

membrane-bound organelles, that fills the cell and surrounds the organelles. The

cytosol involves signal transduction between the cell membrane and the nucleus

and organelles. The cytoskeleton is also located within the cytoplasm, a network

of fibers that helps the cell maintain its shape and provide support for organelles.

A cell frequently reorganizes its intracellular components leading to a change in

its shape. The cytoskeleton is responsible for mediating these changes. By pro-

viding tracks with its protein filaments, the cytoskeleton allows organelles to move

around within the cell. In addition to facilitating intracellular organelle move-

ment, by moving itself the cytoskeleton can move the entire cells in multi-cellular

organisms, in this way, the cytoskeleton is involved in intercellular communication.

The cell nucleus is surrounded by a double membrane with pores that permit

the entry and exit of some molecules. The nucleus is the control center of a

cell because it maintains integrity and regulates the expression of genes that could

control the activities. The nucleus contains all the genetic material, which contains

all the genome and controlling factors except for a small fraction of mitochondrial

DNA. As well as all the genetic material, there is also a sub-section of the nucleus

called the nucleolus, which looks like a nucleus within the nucleus. The nucleolus

does not contain the chromosomes. What it contains is the machinery necessary

to assemble the cell’s ribosomal RNAs.
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2.1 Biological background

2.1.2 Cell processes

Cell division and cell death are the two predominant physiological processes that

regulate tissue homeostasis in multicellular organisms. Differentiation occurs nu-

merous times during the development of a multicellular organism as it changes

from a simple zygote to a complex system of tissues and cell types.

Cell-division cycle The cell (-division) cycle, as illustrated in Figure 2, is a

complex sequence of events by which cells grow and divide. Actively dividing

eukaryote cells pass through a series of four distinct phases. These phases consist

of two gap phases (G1 and G2), the S phase (synthesis), in which the genetic

material is duplicated, and the M phase, in which mitosis partitions the genetic

material and the cell divides.

Based on the stimulatory and inhibitory messages a cell receives, it decides

whether it should enter the cell cycle and divide. Cells use specific proteins and

checkpoint signaling systems to monitor and regulate the progress of the cell cycle.

When checkpoints are activated, for example by damaged DNA or abnormalities in

spindle formation, the cell is forced to undergo programmed cell death or apoptosis,

thereby avoiding the propagation of potentially dangerous mutations. However,

the cell cycle and its checkpoint systems can be sabotaged by defective genes or

protein genes that cause dysregulation of cell cycle checkpoint control, which can

lead to human diseases. For example, p53 mutants enable cancer development by

allowing oncogene-expressing cells to proliferate unabated. The p53 is a gene that

codes for a protein that regulates the cell cycle and hence functions as a tumor

suppression.

Regulated cell death (RCD) RCD is a universal process in living organisms

that is essential for tissue homeostasis or to restore biological equilibrium following

stress. RCD functions to eliminate useless or potentially dangerous cells. Multiple

cell death pathways have been classified both on morphological as well as biochem-

ical criteria. Apoptosis and necrosis are two types of cell death.

Both types are different in the initial cause and progression of the cell death

pathway. Necrosis is a form of rapid, traumatic, and unprogrammed cell death
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2.1 Biological background

Figure 2: The cell cycle can roughly be separated into two parts: interphase and
mitotic (M) phase. Interphase comprises two gap phases (G1 and G2); and S (for
synthesis) phase, in which the cell grows and replicates its genetic material. M
phase consists of two tightly coupled processes: mitosis, in which the cell nucleus
divides, and cytokinesis, in which the cells cytoplasm, divides producing two new,
identical cells.

that results from internal or external stresses such as mechanical injuries, chem-

ical agents, or pathogens. During necrosis, the inability of the cell to maintain

homeostasis is followed by an influx of water and other extracellular ions. This

results in disruption of cell organelles, such as swelling of the ER and mitochon-

dria, or decay of the Golgi apparatus, followed by lysis of the cell. As a result,

cellular contents are released into the extracellular fluid, eliciting an immune re-

sponse (inflammatory). Necrosis is unable to account for the normal physiological

death of cells ongoing within a multicellular organism. Unlike necrosis, apoptosis

is a form of programmed cell death that occurs in multicellular organisms. Apop-

tosis is a highly regulated and controlled process that confers advantages during

the lifecycle of an organism. However, many pieces of evidence have suggested

7



2.1 Biological background

that dysregulation of this programmed cell death is closely related to several hu-

man diseases such as cancer, neurodegenerative disorders, autoimmune disorders,

infectious diseases including AIDS [4].

Apoptosis depends on the activation of caspases that will then cleave some

substrates resulting in the biochemical and morphological changes typical of this

form of death. Characterizations of apoptosis include morphological changes and

energy-dependent biochemical cascades (signaling pathway). It was found that

biological apoptosis signals and biomechanical remodeling have an effect on each

other during apoptosis. Disruption of the actin cytoskeleton, which is trigged by

cytochalasin B (microfilament-inhibit drug), rapidly causes the decrease in cellular

elasticity and volume, and the increase in cell surface roughness and intercellular

crowding, ultimately leading to apoptosis [5].

The regulation of the cell cycle and programmed cell death represent major

advances in biomedical research during the past several decades. It is becoming

increasingly clear that dysregulation of either cell cycle or cell death is important

in the pathogenesis of various diseases [6].

Cell differentiation Cellular differentiation occurs in the human fetal pituitary

between the eighth and sixteenth weeks of gestation. Differentiation is a devel-

opmental process by which unspecialized cells change into specialized cells with

distinctive structural and functional characteristics. Through differentiation, cells

develop into tissues and organs. For mammals, totipotent is capable to differen-

tiate into any type of cell, includes the zygote and products of the first few cell

divisions. Certain types of cells can differentiate into many types of cells. These

cells are known as pluripotent or stem cells in animals. Stem cells are important

because they retain the capacity to differentiate into nearly all cell types in the

body. This makes them very special in that they can differentiate and be used for

given treatment purposes. Cell differentiation is important to the study of cancer

because a cell’s degree of differentiation is associated with its ability to proliferate.

Dedifferentiation is a process by which cells develop in reverse, from a more

differentiated to a less differentiated state, usually as part of a regenerative pro-

cess. When exposed to appropriate signals, certain mammalian cell types can be

induced to dedifferentiate to progenitor cells and generate different types of func-
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2.1 Biological background

tional cells for the repair of damaged tissues. However, scientists still have been

puzzled about the mechanism of dedifferentiation, whether these dedifferentiation-

derived progenitor cells or stem cell-like cells, could perform the same functions as

embryonic or adult stem cells isolated from the body. Dedifferentiation is probably

to become a new focus in stem cell research because of its importance in fields such

as stem cell biology, regenerative medicine, cancer research, and aging [7].

2.1.3 Cell mechanics

Cell mechanics represents a comprehensive variable of life. Cellular elasticity is

an integrative parameter summarizing the biophysical outcome of many cellular

processes. This includes intracellular signaling, cytoskeletal activity, changes of

cell volume and morphology, and many others. Not only intracellular processes

defines a cell’s elasticity but also environmental factors like their biochemical and

biophysical surrounding.

Cytoskeleton The ability of a eukaryotic cell to resist deformation, to trans-

port intracellular cargo, and to change shape during movement depends on the

cytoskeleton. The cytoskeleton is now known to consist of hundreds of different

(associated) proteins cooperating in the organization of the complex machinery

that is involved in essentially all structural and dynamic aspects of living cells,

including maintenance of cell shape, cell movement (motility), cell replication,

apoptosis, cell differentiation, and cell signaling. Aberrant control of cytoskele-

tal signaling, which can result in a disconnection between extracellular stimuli and

cellular responses, is often seen in immune pathologies, developmental defects, and

cancer.

The cytoskeleton is a major regulator of intracellular mechanics. The cy-

toskeletal components of actin, microtubule, and intermediate filaments (Figure

3) interact with each other in complicated ways and are connected to other compo-

nents, such as actin-binding proteins and integrins. The thickest of the three is the

microtubule, a structural filament composed of subunits of a protein called tubulin.

Microtubules maintain cell shape and structure, help resist compression of the cell,

and play a role in positioning the organelles within the cell. In contrast to micro-

tubules, the microfilament is the smallest type of cytoskeletal filament, and is made
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2.1 Biological background

of a protein called actin. Actin fibers constitute a large component of muscle tissue

and, along with the protein myosin, are responsible for muscle contraction. The

final cytoskeletal filament is the intermediate filament. An intermediate filament is

a filament intermediate in thickness between the microtubules and microfilaments

and is constructed from many different subunit proteins. Unlike the microtubules,

which resist compression, intermediate filaments resist tension (the forces that pull

apart cells).

Figure 3: Three main components of cytoskeleton: (A) microtubules (tubulin poly-
mers) (B) intermediate filaments (C) microfilaments (actin filaments). Among
these fibers, microtubules are the thickest hollow fibers with a diameter of 25 nm,
and double-stranded microfilaments being the thinnest have a diameter of 7 to
9 nm. Intermediate filaments are rope-like and fibrous with a diameter of approx-
imately 10 nm.

Mechanotransduction Living cells are sensitive to mechanical forces from the

microenvironment and transduce physical force-induced signals into biochemical

and biological responses, a process is known as mechanotransduction. The ability

of cells to respond appropriately to extracellular signals also depends on the regu-
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2.1 Biological background

lation of signaling pathways themselves. Multiple signal pathways can potentially

mediate intercellular mechanotransduction either directly or indirectly, leading to

appropriate remodeling response to achieve tissue homeostasis [8].

The primary site of force transmission to the cell is the cell surface, where

the extracellular matrix (ECM) is. Major components of ECM are different types

of proteins and carbohydrates, and this complex system is found outside of the

plasma membrane and connects to cytoskeletal fibers and transmembrane proteins

[9]. One common pathway for force transmission is via the focal adhesions (FAs).

FAs are integrin-containing (multi-protein structures) severe as an interface, that

forms mechanical links between intracellular actin bundles and the ECM, and

integrins form bonds with various extracellular proteins such as fibronectin or

vitronectin, which constitute a primary pathway for intracellular force. On the

intracellular side, many proteins tend to localize to focal adhesions, these include

paxillin, focal adhesion kinase (FAK), and caveolin. Other proteins have been

identified that link integrins to the actin cytoskeleton, having binding domains for

both integrin and actin. FA-related signaling network controls the organization of

the actin cytoskeleton. FAs act as mechanosensory machines, they self-assemble

and elongate proportional to the applied force and induce signal cascades leading to

actin polymerization (strengthening) [10]. Actin cables associated with adherens

junctions at cell-cell contacts and provide a physical mechanism for cell-generated

contractile forces to act upon cell-cell adhesions [11]. The cytoskeleton spans

the entirety of eukaryotic cells, providing structural support and integral tension,

therefore its key role in mechanotransduction processes is unsurprising.

It is now clear that cells transduce mechanical force by using a variety of

mechanisms. There are several approaches for mechanically probing groups of

cells to study the response of cells to mechanical cues. These methods are optical

traps [12, 13], magnetic tweezers [14, 15], micropipette aspiration [16, 17], and

atomic force microscopy [18, 19], and so on. The diverse methods of mechanically

stressing cells and the basic understanding of some of the molecular components

thought to be physically involved in mechanotransduction may lead to an increased

understanding of relevant physiological processes.
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2.1 Biological background

2.1.4 Dysregulation of cell processes

In body tissues, normal cells can reproduce correctly, stop reproducing when nec-

essary, remain in a specific location, become specialized for specific functions, and

self-destruct when necessary. The rates of new cell growth and old cell death are

kept in balance. However, when there is a change in DNA or damage to it, a

gene can mutate. Gene mutations can disrupt the normal balance between cell

division and cell death leading to diseases. Mutations can lead to changes in the

structure of an encoded protein or a decrease or complete loss in its expression

causing dysregulation. Dysregulation of the cell cycle and cell death processes play

an important role in the pathogenesis of major diseases, including cancer, stroke,

atherosclerosis, infection, inflammation, and neurodegenerative disorders as well

as in the rare disease Progeria [6]. The development of new novel approaches for

the treatment of various conditions associated with abnormalities in the regulation

of cell cycle progression or cell death, however, is hindered by limited knowledge

of the pathogenic mechanisms that lead to the development of the sporadic form

of the disease.

Cancerous cells Cells divide only when they receive the proper signals from

growth factors that circulate in the bloodstream or from a cell they directly contact.

Many processes are involved in growth, reproduction and all these processes have

to take place correctly for a cell to divide properly. If anything goes wrong during

this complicated process, cells become faulty and start growing uncontrollably

and form a tumor. Cancer is a genetic disease losing or perturbing many of the

characteristics of normal cell behavior. Acquiring a series of mutations (damaged in

DNA) make cancer cells divide more quickly, escape internal and external controls

on division, and fail to undergo programmed cell death [20]. Different types of

cancer involve different types of mutations, and each tumor has a unique set of

genetic alterations. The most frequently altered gene in human tumors is TP53,

encoding the p53 protein. Cells in which p53 is deleted or mutated lose the G1

checkpoint can avoid DNA damage-induced cell death. However, many cancers

are not only linked with one specific gene. Instead, cancer likely involves multiple

gene mutations. On the other hand, environmental exposures can modify gene
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expression and influence cell properties. It is also crucial to clarify the interactions

between the organism and environmental factors in order to understand the gene-

environment interplay for human health and the development of diseases.

Progeria cells Progeria, also known as Hutchinson-Gilford progeria syndrome

(HGPS), is a rare, fatal genetic disorder with features of premature aging. Progeria

is caused by a mutation in the human lamin A gene (LMNA) that induces changes

in the nuclear architecture of patient cells [21]. The instability of nuclear limits

the ability of cell division. Lamin A is localized to the nuclear lamina at the

inner side of the nuclear envelope, contributing to nuclear structural stability and

other nuclear functions. A mutant lamin A protein called progerin is associated

with the inner nuclear membrane and affects the dynamics properties of lamins.

Progerin overexpression causes a premature aging disorder. HGPS is a severe

disorder that disturbs several organ systems leading to hair loss, decreased adipose

tissue, increased bone fractures, short stature, hardening of arteries, and severe

atherosclerosis (heart diseases). Most children suffering from Progeria die of heart

attacks or strokes at an average age of fourteen years. At this time, there is still

no cure or no effective treatment.

2.1.5 Cells and tissues

Most organs contain all four tissue types: epithelial tissue, connective tissue, mus-

cle tissue, and nervous tissue. Among them, epithelial tissue plays a major role in

maintaining health and homeostasis or balance within the body. Epithelial cells

are the cells that cover the inside and outside surfaces of the body that act as a

protective barrier. Epithelial cells cover a person’s skin, but they also occur along

the surfaces of the digestive tract, the internal organs, and blood vessels. There are

many types of epithelial cells (Figure 4). Epithelial cells are classified into various

groups according to two features (the shape of the cells and the number of cell

layers): squamous (flat plate-like; wider than high), cuboidal (height and width

similar), columnar, stratified squamous, stratified cuboidal, stratified columnar,

pseudostratified (pseudo- = false) columnar, and transitional epithelium.

Epithelial tissues form the external surface of the body and line the cavities

of most internal organs. Epithelial tissue is also the most common site for the
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development cancers. Carcinomas arise from epithelial tissue and account for as

many as 90 percent of all cancer cases.

Figure 4: Different types of epithelial cells: simple squamous epithelium; sim-
ple cuboidal epithelium; simple columnar epithelium; pseudostratified columnar
epithelium; stratified squamous epithelium; transitional epithelium. They are cat-
egorized according to cell shape and the number of cell layers.

Alternations of cancerous cells Cancer is a disease, which was suggested that

starts with genetic alternations in one cell or a small group of cells. However, not

every change in the body’s tissues is cancer. Some tissue changes may develop

into cancer if they are not treated. Here are some of the changed tissues that

have the potential to become cancer: hyperplasia and dysplasia. In hyperplasia,

there is an increase in the number of cells in an organ or tissue that appear normal

under a microscope. In dysplasia, the cells look abnormal under a microscope but

are not cancer. As long as there are very few abnormal cells and they are kept

under control by the human immune system, they will not turn into cancer. Only

when they keep on changing and start to divide quickly and grow uncontrollably

14



2.1 Biological background

compared to normal cells, they may form a lump called a tumor. Tumors grow

and behave differently depending on whether they are cancerous (malignant), non-

cancerous (benign), or precancerous. A simplified scheme of cancer progression is

presented in Figure 5. A malignant tumor can invade surrounding normal tissue

and spread throughout the body via the circulatory or lymphatic systems. When

cancer cells break away from where they first formed (primary cancer), travel

through the blood or lymph system, and form new tumors (metastatic tumors) in

other parts of the body, the new tumor is called metastases.

Figure 5: Simplified scheme of cancer progression. First, the tumor begins to de-
velop with a mutation that makes the cell more likely to divide. The altered cells
and their daughter appear normal, but they grow and divide too much. After some
point, one of these cells experiences another mutation that results in some loss of
growth on cell control. This cell’s daughter divides very fast and looks abnormal
in stage and orientation. Again, after some time, one of these cells experiences an-
other mutation that alters cell behavior. These cells and their descendants become
ever more abnormal and can break through basal lamina and invade capillary.

The Tumor Node Metastatic (TNM) classification of malignant tumors is a

globally recognized standard for classifying the extent of the spread of cancer. It is

a classification system of the anatomical extent of tumor cancers. The classification

into different stages is based on three criteria: the characteristics of the size of

the tumor at the primary site (T), the degree of local or regional lymph nodes

involvement (N), and the presence of distant metastases (M). The TNM staging

15



2.1 Biological background

system is an important tool for clinicians to categorize tumors in a specific manner

to assist with the assessment of disease status, prognosis, and management.

In many tumors, matrix and tissue mechanics are altered and tissue stiffness

is associated with increased malignancy and metastasis. The structure of the cy-

toskeleton and ECM are transformed by cancer. And the altered protein structure

also changes the ability of cancer to contract or stretch, by influencing their me-

chanics of deformation. As a result, the motility of cancer cells can be very different

from those of normal cells, causing them to migrate through the tissue to different

sites in the human body and inducing tumor metastasis. The assessment of the

elasticity of cancer cells may allow a more accurate clinical stage and prognosis

estimation that may also contribute to future therapy.

Alternations of Progeria cells LMNA (Lamin A/C) is a human protein that

is encoded by the LMNA gene. Lamins and their associated proteins form a dense

filamentous meshwork (nuclear lamina) underlying the inner nuclear membrane

[22]. Nuclear laminas provide mechanical rigidity to the nucleus and maintain

shape. Lamins are also thought to provide an anchoring site at the nuclear pe-

riphery for interphase chromatin [23].

LMNA mutations affect cardiac tissue, muscle tissues, adipose tissues to pre-

cipitate several diseases collectively termed as laminopathies. Different LMNA

mutations cause rare clinical disorders that affect striated muscle, adipose, periph-

eral nerve, or multiple systems with features of accelerated aging [24]. Hutchinson-

Gilford progeria syndrome (HGPS) is a rare precocious aging syndrome caused by

mutations in LMNA that lead to the synthesis of a mutant form of prelamin A,

generally called progerin. Progerin, a mutation in lamin A, affects lamin filament

assembly and induces profound changes in nuclear architecture, gene instability,

and function, promoting cellular senescence [21]. Another type of mutant lamin

A namely, E145K-lamin A, also causes HGPS. E145K-lamin A induces profound

changes in nuclear architecture and alterations in the cellular actin network [25].

16



2.2 Physical background

2.2 Physical background

The mechanical characterization of biological samples is a fundamental issue in bi-

ology and related fields, such as tissue and cell mechanics, regenerative medicine,

and diagnosis of diseases. Several existing methods are used to access the load-

deformation behavior of different biosamples. With detailed biomechanical testing

results (displacement or deformation), the biomechanical and biophysical perfor-

mance of living cells can be revealed, and the effect of the pathological process on

cell mechanics can be further predicted. Besides, with the quantitative mechan-

ical characterization of cells, the suitable parameters of ultrasound, a potential

selective ablation therapy, can be implemented. The fundamental knowledge of

these apparatuses which are utilized in this study will be explained in detail in

this chapter.

2.2.1 Single-molecule force spectroscopy

Single-molecule experiments are direct measurements of one molecule at a time.

These different technological approaches used for pursuing a realistic description

of materials’ mechanical behaviors are atomic force microscopy (AFM) [18, 19],

optical tweezers (OTs) [12, 13], magnetic tweezers (MTs) [14, 15]. AFM is a

well-established technique, has advantages such as an easy adjustment to liquid

environment, repeatability, and precise force determination. AFM can be used to

create a high-resolution image of surface topography and to study the mechanical

properties of biomolecules precisely, it has nevertheless limited use for examining

small forces because its sensitivity is strictly dependent on the laser beam prop-

erties and the mechanical property of the probe. The motion of the AFM tip as

it scans along the sample surface is monitored through a laser beam reflected off

the cantilever. In contrast, OTs and MTs are very sensitive to weak forces. OTs

technique is based on trapping small particles using forces generated by laser ra-

diation pressure, however, the meanwhile, the sample is heated [12, 13]. MTs do

not interface with molecules and can be applied from a few piconewtons to several

nano newtons by using a magnetic field gradient to manipulate the magnetic beads

attached to the cells [14, 15]. In typical magnetic tweezer experiments, a molecule

of interest is tethered to a glass coverslip on one end and a magnetic bead on the
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another end. The main advantage of OTs is the ease with which single beads can

be manipulated and carried around. On the contrary, MTs are at their best when

working with a homogeneous force field. The three methods described above have

their respective merits, but AFM can function perfectly in ambient air or even an

aqueous environment, which allows the investigation of biological macromolecules

and even living organisms. AFM is one of the only tools available for quantitative

live-cell imaging while measuring the elastic and viscoelastic responses of cells to

mechanical stimuli. Therefore, in this study, we only focus on the use of AFM.

2.2.2 Atomic force spectroscopy

AFM, also known as scanning force microscopy (SFM), is the most familiar tech-

nique among the available force spectroscopy. AFM is also the most popular type

of scanning probe microscopy (SPM) and it was initially developed to overcome the

limitation of the scanning tunneling microscope (STM) in imaging non-conductive

samples in 1986 by Gerd Binnig [26].

AFM allows spatial and temporal control of samples, as well as highly quanti-

tative force actuation and force measurement that is sufficiently sensitive to char-

acterize the interaction of single molecules [27]. The operation conditions of the

AFM are flexible, from vacuum to air to liquid media at reduced or elevated tem-

peratures. Besides, AFM has been a powerful tool to integrate with different

optical microscopy techniques, especially regarding the biosciences field, allowing

to overcome some of its individual limitations, for instance, sample penetration

and biological specificity. In this regard, AFM has been combined with confocal

fluorescence-correlation spectroscopy, wide-field fluorescence, total internal reflec-

tion fluorescence, and confocal microscopy. A correlative microscopy approach

is beneficial as it allows to pair up the high spatial resolution and mechanical

characterization potential of an AFM, with the additional molecular information

available, through various fluorescent markers or immunostains [28].

Principle of operation The AFM principle is based on the tip-cantilever as-

sembly that interacts with the sample; this assembly is also commonly referred to

as the probe. The schematic set-up of the system is shown in Figure 6. A typical

AFM consists of a cantilever with a small probe at the end of the cantilever, a
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laser, a four-quadrant photodiode, and a scanner (Figure 6(A)). A laser beam is

focused onto a cantilever and reflects from it onto a set of position-sensitive pho-

todiodes. While the tip of the cantilever moves over the sample, the cantilever

itself bends due to the interaction with the surface and the photodiodes register

the resulting position changes of the laser reflection. Two piezos (a piezoelectric

element expands or contracts in direct proportion to an applied electric field) gen-

erate the scanning movement of the cantilever, laser, and photodiodes in x- and

y-direction. The signal from the photodiodes goes to a z-piezo, that moves the

cantilever up or down to compensate for the cantilever deflection. The information

of the deflection is used to generate a detailed image of the 3-D topography of the

sample. Combining AFM with optical microscopy as illustrated in Figure 6(B),

cells can be therefore positioned to assess cellular interactions at a given location

on a functionalized surface, tissue, or on another cell.

Figure 6: Schematics illustration of the principle of an atomic force microscope.
(A) An animal cell is positioned by an x-y-z piezo scanner, while a colloid (or a
square pyramidal silicon nitride) attached to an AFM cantilever is brought into
contact with the cellular surface. Then, nanomechanical mapping of the sample
is performed by a probe consisting of a flexible cantilever and a tip. (B) AFM
scan head (x-y-z) and sample positioning stage (x-y) are mounted on the inverted
optical microscope. Laser spot alignment of the AFM is accomplished using a
standard monochrome CCD camera [29].

In the indentation pushing experiment, the AFM probe is indented against

the sample while recording its response through a force-distance curve (or force-
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indentation curve), which represents the deformation of the cantilever given a

prescribed force, or the required force to push the tip to a certain depth into the

sample. The recorded curve can be used to calculate the sample’s stiffness by

data processing algorithms that take into account several parameters, such as the

geometry of the tip and the depth of indentation.

When the tip comes very close to the sample, attractive and repulsive forces

due to the interactions between the tip and the sample cause a negative or positive

bending of the cantilever. The generated force is dependent on the spring constant

of the cantilever and can be characterized by Hooke’s law (1).

F = k · x (1)

where

F is the spring force (usually 0.1 to 1 N/m)

k is the spring constant

x is the spring stretch or the compression

(if the spring constant is smaller than that of the surface, the cantilever

bends. This bending is detected by the deflection of the laser.)

AFM can be used to measure local elastic and viscoelastic properties of soft matter

samples like biological cells. AFM force spectroscopy refers to single-point mea-

surements in which the cantilever approaches and pokes into the sample and then

withdraws. During the measurement, the cantilever deflection vs. piezo movement

is measured, and this can ultimately be converted to a force vs. tip-sample separa-

tion measurement that provides mechanical information about the sample. This

conversion requires the calibration of the spring constant and deflection sensitiv-

ity. The Hertz and Sneddon models of contact mechanics are usually adopted to

extract the elastic modulus by analyzing the force-indentation curves for spherical

and conical tips, respectively (Figure 7). The Hertz model describes the elastic

deformation of two spheres as follows:

F =
4

3
· E

1− υ2
·
√
R · δ

3
2 (2)

where
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Figure 7: Two different contact models between cell and tip have been proposed in
order to properly account for different geometries: (A) Spherical probe contacting
semi-infinite half-space in the Hertz model. R indicates the radius of the probe
(B) Conical probe indenting semi-infinite half-space in the Sneddon model, where
α represents the angle between the half-space surface and the outside of the cone.
δ indicates indentation.

F is the indentation force

E is the Young’s modulus

R is the radius of the probe

υ is the Poisson’s ratio (typically 0.2 - 0.5)

δ is the indentation depth

The Sneddon model represents the elastic deformation of conical or paraboloidal

tips on a flat sample:

F =
2

π
· E

1− υ2
· tanα · δ2 (3)

where

F is the indentation force

E is the Young’s modulus

α is the half-angle of the probe

υ is the Poisson’s ratio (typically 0.2 - 0.5)

δ is the indentation depth
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Tip-sample interactions With AFM, one can measure the force between atoms

at the tip and the sample which are located as close as 0.1 to 100 nm. The forces

which interact at the atomic scale, have been classified as short- or long-range

forces, attractive or repulsive. A typical graph of the Lennard-Jones potential

is depicted in Figure 8: over a short distance the forces are repulsive due to

overlapping electron orbits (e.g. Pauli repulsion); whereas at longer distances, the

forces are attractive (e.g. Van-der-Waals force or dispersion force). The Lennard-

Jones potential (4) provides a qualitative description of the tip-sample interaction

in AFM, as seen below:

V (r) = 4ε((
σ

r
)12 − (

σ

r
)6) (4)

where

ε is the depth of the attractive well

r is the spring stretch or the compression

σ is the interparticle distance where the sign of the potential change

Modes of Operation Depending on tip-sample separation during scanning,

three modes of an atomic force microscope are available: contact mode, intermit-

tent (tapping) mode, and non-contact mode (Figure 9).

Contact mode is also called static mode where the probe does not oscillate and

is in continuous contact with the sample surface. Problems with the contact mode

are higher wear rate and failure of the tips during scanning caused by excessive

forces. When exploring vulnerable biological samples, they can be destroyed by

scratching because the probe scanning tip is in direct contact with the surface.

Tapping mode is a dynamic mode also called intermittent contact or semi-

contact mode and is where the probe oscillates such that the tip only comes back-

and-forth contact with the sample at the bottom of its oscillation. By maintaining

a constant oscillation amplitude a constant tip-sample interaction is maintained.

The disadvantages of tapping mode are slower scanning rates than in contact mode

and tapping of the sample, which might be a problem for soft matter samples.

Operation tapping mode in liquids, the fluid medium tends to damp the cantilever’s
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Figure 8: Lennard-Jones potential describes the intermolecular forces between
particles using the Lennard-Jones potential curve

normal resonant frequency. In this case, the entire fluid cell can be oscillated to

drive the cantilever into oscillation.

Non-contact is also a dynamic model where the probe is vibrated above the

sample without the tip coming into very close contact with the surface. However,

it is a very challenging technique, and one misstep in setting the feedback will

crash the tip quite spectacularly. It is also usually best to do this in a vacuum,

adding to the complexity.

Different parts of the AFM force-distance curve (Figure 9) are used for different

experiments. In stiffness measurements, the data recorded during the tip approach

is used. On the other hand for adhesion experiments, data recorded during tip

retract is used.

2.2.3 Ultrasound

Ultrasound waves are kind of sound waves with frequencies beyond 20 kHz, making

them undetectable for the human ear. There are usually three characteristics of
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Figure 9: Schematic representation of typical approach force-versus-distance
curves on a soft sample. The force curve can be divided into different segments
where the black line (1 - 3) refers to motion where the tip is approaching the sur-
face, and the gray line (3 - 5) is when the tip is retracting from the surface. The
tip of the cantilever is initially distant from the sample to which it is brought into
contact. During retraction of the AFM tip, adhesive events may occur at different
distances due to interactions between tip and sample.

ultrasound waves: frequency, wavelength, and velocity. Frequency is the number

of times a particle experiencing a complete compression and decompression cycle

in one second. Wavelength is the distance between two equivalent points on the

waveform in a particular medium. Velocity is the velocity at which the wave travels

through the medium.

Mechanical vibration (ultrasound) at increasing frequencies is known as sound

energy. Acoustic waves can produce a variety of biological effects in tissues through

either thermal or non-thermal physical mechanisms. Ultrasound exposures used

for diagnostic imaging are designed to minimize the interactions of the sound field

with the tissue, whereas therapeutic applications of ultrasound depend on the di-

rect interaction of the sound field with the tissue to produce biological effects.

Currently, ultrasound is used widely in medicine as both a diagnostic and thera-

peutic tool. Different medical applications of ultrasound were classified according

to ultrasound intensity or frequency [30].
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Piezoelectricity Piezoelectricity is the ability of certain crystals to generate an

electric charge in response to applied mechanical stress and vice versa. Figure 10

shows a simple molecular model; it explains the generating of an electric charge as

the result of a force exerted on the material. Before subjecting to some external

stress, the charges in the piezoelectric crystal are exactly balanced, the external

effect of the charges is reciprocally canceled. As a result, the piezoelectric crystal

is electrically neutral. After exerting some pressure on the crystal, its internal

structure can be deformed, causing the separation of the positive and negative

gravity centers of the molecules and generating little dipoles. Eventually, the

facing poles inside the material are mutually canceled, a distribution of a linked

charge appears on the surfaces of the materials. That is to say, the material is

polarized. The polarization generates an electric field and can be used to transform

the mechanical energy of the material’s deformation into electrical energy. The

piezoelectric effect is reversible, piezoelectric materials always exhibit both the

direct piezoelectric effect and the inverse piezoelectric effect.

Figure 10: Simple molecular model for explaining the piezoelectric effect: (A)
unperturbed molecule; (B) molecule subjected to an external force, and (C) po-
larizing effect on the material surfaces

Piezoelectric ceramics are the materials for generating and detecting ultrasonic

waves. Charge carriers are shifted in piezoelectric materials under the influence of

an electric field, which leads to a macroscopic change in length (inverse piezoelectric
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effect). If the applied voltage is alternating, the particles in the medium, e.g. in

the air, start to vibrate. Pressure fluctuations occur. Rarefaction of the particles

leads to lower pressure and compression to increased pressure. The wavelength of

the sound describes the distance between two decompression or compression areas.

The resulting sound waves propagate in the surrounding medium. The speed of

the sound varies according to the density and the elastic properties of the medium.

Biological effects Diagnostic ultrasonography has provided a wealth of knowl-

edge in medicine with millions of ultrasound examinations performed each year.

Ultrasonography remains one of the fastest-growing imaging modalities due to its

low cost and real-time image display. However, ultrasound exposure may produce

harmful biological effects depending on a variety of acoustic exposure parameters

[31]. The biological effects of ultrasound refer to the potential adverse effects the

imaging modality has on human tissue. These are primarily via two main mecha-

nisms: thermal and mechanical.

Due to the law of the conservation of energy, all of the sound energy atten-

uated by tissues must be converted to other forms of energy. The majority of

this is turned into heat. As such, it is possible for an ultrasound to raise tissue

temperature by up to 1.5 ◦C. For sensitive tissues, this temperature rise may have

deleterious effects if present for an extended period.

When high-intensity ultrasound is coupled into liquid, acoustic cavitation oc-

curs. Acoustic cavitation is known as the phenomenon in which rapid changes of

pressure in a liquid lead to the formation of small vapor-filled cavities in places

where the pressure is relatively low. These cavities are called bubbles or spher-

ical voids. As the liquid compresses and decompresses, the cavitation bubbles

can behave in two ways: stable cavitation, stable bubbles are formed at relatively

low ultrasonic intensity; transient (inertial) cavitation, where transient bubbles

are formed using high-intensity sonication. A stable bubble does not collapse but

moving forth and back in a fluid, therefore potentially causing the surrounding

medium to flow (i.e., stream). The transient cavitation, the process in which a

bubble in a liquid rapidly collapses, produces a shock wave. Transient bubbles’

collapsing is considered to be the main source of the chemical and mechanical

effects of ultrasonic energy [32]. The collapsing bubble can be considered as a mi-
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croreactor in which temperatures of several thousand degrees and pressure higher

than one thousand atmospheres are created instantaneously.

When cavitation bubbles oscillate and collapse, several physical effects are

generated, namely, shock waves, microjets, turbulence, shear forces, etc. These ef-

fects can be used for a number of applications including emulsification, extraction,

cleaning, etc. The collapse of the acoustic cavitation bubbles is also near adiabatic

and generates temperatures of thousands of degrees within the bubbles for a short

period [33]. These bubbles generate very high energies to adjacent tissue. This

can increase tissue temperature by more than 1000 ◦C. The effect can be used as

treatments, e.g. for tumor ablations and facial aging.

High-intensity focused ultrasound (HIFU) has been used for clinical treatment

of a variety of solid malignant and benign tumors, including those in the pancreas,

liver, kidney, bone, prostate, and breast, as well as uterine fibroids and soft-tissue

sarcomas [34]. HIFU is a high-intensity ultrasound beam brought to a tight focus,

enhancing both thermal and non-thermal effects, and destroy all cells lying within

the focal volume [35]. This makes ultrasound an excellent non-invasive tumor ab-

lation technique for deep-seated targets within the body by causing tissue necrosis

through the conversion of mechanical energy into heat (up to 80 ◦C or 90 ◦C within

tissues).

Low-intensity pulsed ultrasound (LIPUS) is a form of ultrasound that si de-

livered at a much lower intensity (<3 W/cm2) than traditional ultrasound energy

and output in the mode of the pulse wave, and it is typically used for therapeu-

tic purpose in rehabilitation medicine [30]. Because LIPUS has minimal thermal

effects due to its low intensity and pulsed output mode that attract the atten-

tion of researchers. LIPUS has been demonstrated to have a range of biological

effects on tissues [36], including promoting bone-fracture repairing, accelerating

soft-tissue healing, inhibiting inflammatory responses, brain stimulation, increas-

ing chemotherapy uptake, and so on. A recent report indicated that cancerous

and healthy cell types were disturbed and response differently to the LIPUS at

0.5 MHz and a 20 ms pulse duration [37]. LIPUS may prove a safe, noninvasive,

and cell-selective clinical use for disease tissue ablation. The cells were suggested to

respond differently to ultrasound at different frequencies and with different fatigue

behaviors based on their distinct mechanical properties.
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3 Materials and methods

This study is intended to measure the mechanical properties of adherent cells by

using AFM. The utilization of AFM should assist us in designing new therapies

for human diseases. The investigation method (with AFM techniques) is the same

for both oral cells and fibroblasts. However, these cells are examined to achieve

different goals. The mechanical properties of oral cells (healthy, dysplastic, cancer-

ous, and metastatic cells) are investigated with AFM for the evaluation of cellular

response to the acoustic waves generated by the applicator (ultrasonic transducer).

On the other hand, AFM is used to indicate the differentiation between normal

fibroblasts and HGPS fibroblasts. The biomechanical properties of both fibrob-

lasts and HGPS fibroblasts are further compared with immortalized fibroblasts’ to

estimate the impact of the transfection technique (hTERT transfection) on cells.

3.1 Cell lines and cell culture

Cell culture is an incredibly useful tool in biological research. Cell culture provides

an imperative model system to study the basic physiology and biochemistry of cells

(e.g., aging, metabolic studies), the effects of drugs and toxic compounds on the

cells, and the process of mutagenesis and carcinogenesis. The major advantage

of using cell culture is the consistency and reproducibility of results that can be

obtained from using a batch of clonal cells. Cell culture allows easy control and

manipulation of all physicochemical and physiological cell factors (i.e., tempera-

ture, osmotic pressure, pH, oxygen, and carbon dioxide tension, hormones, and

nutrients).

3.1.1 Cells

Oral cells In order to carry out the project, six different head and neck squamous

cell carcinoma cell lines, one epithelial dysplasia cell line, and one normal oral

epithelial cell line were used. Carcinoma cell lines (UD-SCC-1, UD-SCC-2, UD-

SCC-4, UD-SCC-6) were established in the laboratory at the Department of Oto-

Rhino-Laryngology of University Hospital Düsseldorf using tissues from patients

with head and neck squamous cell carcinoma (HNSCC). The procedure of cell lines
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establishing is described in detail by Ballo [38]. The UT-SCC-14 and UT-SCC-

24B cell lines were established at the Department of Otorhinolaryngology-Head

and Neck Surgery, Turku University Hospital [39] from primary tumors of two

patients with squamous cell carcinoma. Dysplastic oral keratinocytes (DOK) and

human oral keratinocyte (HOK) cell lines are commercially available cell lines.

The UD-SCC-1 cell line is originating from oropharyngeal cancer. The pri-

mary tumor is classified by the TNM system as a tumor larger than 5 cm (T3),

with infection of a lymph node at the internal thoracic artery (N2b) but with-

out distant cancer spread (M0)- The T3N2bM0 tumor is from a 64-year-old male

patient.

Cell line UD-SCC-2 originates from hypopharyngeal cancer. The primary

tumor is classified as smaller than 2 cm (T1) with infection of the lymph nodes

(N2). Distant metastases were no found (M0). The T1N2M0 tumor is from a

58-year-old male patient.

Cell lines UD-SCC-4, UD-SCC-6, and UT-SCC-14 are all originating from

tongue cancer. The primary tumor of the cell line UD-SCC-4 is classified as

larger than 5 cm (T3), infecting of an axillary lymph node (N1) but without distant

metastases (M0). The T3N1M0 tumor is from a 47-year-old male patient. The

primary tumor of the cell line UD-SCC-6 is between 3 cm and 5 cm big (T2),

without lymph node infection (N0) or distant metastases (M0). The T2N0M0

tumor is from a 64-year-old male patient. The primary tumor of cell line UT-

SCC-14 is between 5 cm and 7 cm big (T3) with infection of an axillary lymph

node (N1) but without distant metastases (M0). The T3N1M0 tumor is from a

25-year-old male patient.

Cell line UT-SCC-24B originates from tongue cancer. The UT-SCC-24B cell

line is highly metastatic cell line (metastatic site: neck) derived from primary cell

line UT-SCC-24A. The metastatic tumor of cell line UT-SCC-24B is classified as

larger than 2cm but smaller than 5 cm big (T2), with regional lymph node (N0)

but without distant metastases (M0). The T2N0M0 tumor is from a 41-year-old

male patient.

Cell line DOK was isolated from a fragment of the dorsal tongue from a

57-year-old male patient [40]. The degree of the dysplasia was mild to moderate.

The HOK cells from ScienCell Research Laboratories are isolated from human
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3.1 Cell lines and cell culture

oral mucosa [41]. The cells are cryopreserved at passage one, they were additionally

immortalized in the laboratory at the department of OtoRhino-Laryngology of

University Hospital Düsseldorf to achieve a high proliferation rate.

The general characteristics and procurement information such as tumor cell

line name, patient data, and TNM stage are summarized in Table 1. The TNM

system is a globally recognized standard for classifying stages of cancer. The T

refers to the size and extent of the primary tumor, the N to the number of nearby

lymph nodes that have cancer, and the M to whether cancer has spread to a

different part of the body.

Table 1: Synopsis of histopathological parameters of all patients with cancer with
different disease conditions. Tumor samples are classified concerning location,
type, staging, gender, and age of patients

Cell line Sample Origin Lesion Type TNM Patient Patient age
Classification Gender (year-old)

UD-SCC-1 Oropharynx Primary T3N2bM0 M 64
(Tonsil)

UD-SCC-2 Hypopharynx Primary T1N2M0 M 58

UD-SCC-4 Oropharynx Primary T3N1M0 M 47
(Tongue)

US-SCC-6 Oral cavity Primary T2N0M0 M 64
(Tongue)

UT-SCC-14 Oral cavity Primary T3N1M0 M 25
(Tongue)

UT-SCC-24B Oral cavity Primary T2N1M0 M 41
(Tongue) (Metastatic)

DOK Dorsal Primary Dysplastic M 57
(Tongue)

HOK Oral mucosa Immortalized Healthy - -
(Tongue)

Dermal fibroblasts Primary dermal fibroblast cell lines were provided by Prof.-

Dr. med. Michael Walter. Cell lines HGP003, HGP164, HGP178 were established

in the laboratory at the Institute of Medicine of Charité University hospital Berlin

from dermal samples of three HGPS patients. Cell lines 811, N14, and N20 were

established in the laboratory at the Institute of Medicine of Charité University

hospital Berlin from skin biopsies of three donors.
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3.1 Cell lines and cell culture

Cell line HGP003 is derived from a skin biopsy from a male patient with a

Hutchinson-Gilford progeria syndrome (HGPS) at the age of 2 years. Cell line

HGP164 is derived from a skin sample from a 4 -year-and-8-month-old girl with

HGPS. Cell line HGP178 is derived from a skin sample from a 6-year-and-11-

month-old girl with HGPS.

Cell line 811 is derived from a skin sample from a 1-month-old female infant,

who is diagnosed with sepsis. The N14 and N20 cell lines are derived from the

skin biopsies of two 50-year-old female patients with a history of Cholelithiasis.

Such diseases, sepsis, and cholelithiasis are not genetic disorders.

The fibroblat cell lines (HGP003, HGP164, HGP178, 811, N14, and N20) were

additionally infected with the catalytic subunit human telomerase (hTERT), which

successively elongates the shortened telomere, in the laboratory of the Institute

for Laboratory Medicine, Clinical Chemistry and Pathobiochemistry of Charité -

Universitätsmedizin Berlin to generate immortalized cell lines. These immortalized

cell lines were named HGP003-T, HGP164-T, HGP178-T, 811-T, N14-T,

and N20-T, respectively.

The clinical characterizations and information such as human dermal cell line

name, patient data are summarized in Table 2.

3.1.2 Cell culture

The vitro study was performed by the author within the frame of rules specified by

the laboratory at the Department of Oto-Rhino-Laryngology of University Hospital

Düsseldorf for the experiments.

Revival of the adherent cell lines oral cells and fibroblasts were thawed

rapidly by gently agitating a vial of cells in a 37◦C water bath. The vial contents

were transferred to a centrifuge tube containing 9 ml of complete medium and

centrifuged at 1400 rpm for 5 to 7 minutes. The cell pellet was gently resuspended

in 5 ml of fresh culture medium and added to a growth vessel (10 cm Petri dish)

with an appropriate volume of culture media (circa 10 ml).

Cultivation of head and neck squamous cell carcinoma cell lines Head

and neck squamous cell carcinoma cell lines (UD-SCC-1, UD-SCC-2, UD-SCC-4,
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Table 2: Synopsis of three patients with HGPS and three donors with other diseases
that are not caused by a genetic defect. Tissue samples are categorized by origin,
type, gender, and age of patients

Cell line Sample Origin Lesion Type Classification Patient Patient age
Gender (year-old)

HGP003 Skin Primary Progeria M 2

HGP003-T Skin Immortalized Progeria M 2
(+hTERT)

HGP164 Skin Primary Progeria F 4y
(FN164) 8m

HGP164-T Skin Immortalized Progeria F 4y
(FN164-T) (+hTERT) 8m

HGP178 Skin Primary Progeria F 6y
11m

HGP178-T Skin Immortalized Progeria F 6y
(+hTERT) 11m

811 Skin Primary Neonatal F 1m
sepsis

811-T Skin Immortalized Neonatal F 1m
sepsis

(+hTERT)
N14 Skin Primary Cholelithiasis F 50

N14-T Skin Immortalized Cholelithiasis F 50
(+hTERT)

N20 Skin Primary Cholelithiasis F 50

N20-T Skin Immortalized Cholelithiasis F 50
(+hTERT)
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3.1 Cell lines and cell culture

UD-SCC-6, UT-SCC14, and UT-SCC-24B) were cultured in Dulbeccos Modified

Eagle Medium (DMEM, Gibco No. 31966) supplemented with 10 % fetal bovine

serum, 1 % penicillin-streptomycin (10,000 U/ml), and 0.2 % MycoZap and main-

tained a incubator (37◦C, 5 % CO2(v/v). Cell lines were subcultured twice a week

at a ratio of 1:3 depending on the confluency. The spent medium was aspirated

and the dish washed with 5 ml to 10 ml phosphate-buffered saline (PBS) to get

rid of any FBS in the residual medium. Afterward, the 2 ml Trypsin-EDTA(1x)

(detaching agent) was added to the washed dish, and returned the dish to the 37◦C

incubator. Using an inverted microscope to check for cell layer dispersion, before

7 ml of complete growth medium was added to stop the trypsin reaction. The

cell solution was pipetted up and down several times to separate the cell clumps

into single cells, and one-third volume of cell resuspension (the detached cells in

medium) was transferred to a dish containing fresh medium.

Cultivation of dysplastic oral keratinocyte cell line The DOK cell line was

cultivated in DMEM medium containing 10 % fetal bovine serum, 1 % penicillin-

streptomycin (10,000 U/ml), and 0.5 % hydrocortisone (1µg/ml). DOK cells were

routinely subcultured every three to four days. During cell subculture, the con-

ditioned culture media was removed and the rinsed dish with 5 ml to 10 ml PBS.

Afterward, the 2 ml Trypsin-EDTA solution was added to the washed dish and

returned the dish to the 37◦C incubator. The digestion was stopped by adding

7 ml of fresh cell culture medium, and cell solution was pipetted, and then one-

third volume of the cell resuspension was kept culturing by adding another certain

amount of fresh medium.

Cultivation of human oral keratinocyte cell line The HOK cell line was

cultivated in oral keratinocyte medium (OKM) supplemented with 1 % oral ker-

atinocyte growth supplement (OKGS, Cat. 2652) and 1 % penicillin-streptomycin

(P/S, Cat. 0503). Cell lines were subcultured once a week at a ratio of 1:2 and

1:3 depending on the confluency. The spent medium was discarded and the dish

washed with 5 ml to 10 ml PBS. Afterward, the 2 ml Trypsin-EDTA(1x) (detaching

agent) was added to the washed dish, and returned the dish to the 37◦C incuba-

tor. Dishes were inspected under an inverted microscope to check for cell layer
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dispersion before 7 ml of complete growth medium was added to stop the trypsin

reaction. The cell solution was transferred to a centrifuge tube and centrifuged

(5 mins, 350 g, 20◦C). After centrifugation, the supernatant was aspirated, and

the cell pellet was resuspended in 3 ml (or 4 ml) of a complete medium. The cell

solution was pipetted up and down several times to separate the cell clumps into

single cells, and then the one-third (or one-fourth) volume of the cell resuspension

was transferred to a 0.1 % gelatin-coated dish containing a fresh medium with the

required number of cells.

To Prepare a gelatin-coated dish, 2 ml of 0.1 % gelatin was added to a petri

dish and placed in the 37◦C incubator for 30 minutes. After 30 minutes of waiting,

the gelatin solution was aspirated before cell seeding.

Cultivation of dermal fibroblast cell lines The dermal fibroblast cell lines

(HGP003, HGP003-T, HGP164, HGP164, HGP164-T, HGP178, HGP178-T, 811,

811-T, N14, N14-T, N20, and N20-T) were cultivated in DMEM medium with 10 %

fetal bovine serum and 1 % penicillin-streptomycin (10,000 U/ml). Cell lines were

subcultured once every two weeks (or once a month) at a ratio of 1:2 depending

on the confluency. The spent medium was aspirated and the dish washed with

5 ml to 10 ml PBS. Afterward, the 2 ml Trypsin-EDTA solution was added to the

washed dish, and returned the dish back to the 37◦C incubator. Using an inverted

microscope for detachment, before 7 ml of complete growth medium was added to

stop the trypsin reaction. The cell suspension was transferred to a centrifuge tube

and centrifuged at 1400 rpm for 5 minutes. After spinning, the supernatant was

aspirated, and the remaining cell pellet was resuspended in 2 ml (or 3 ml) of fresh

culture medium, and then half (or one-third) volume of the cell resuspension was

kept culturing by adding another certain amount of fresh medium.

3.1.3 Sample preparation for measurements

Sample preparation for AFM measurements During sample preparation

of head and neck squamous cell carcinoma cell lines, all of the oral cells (healthy,

dysplastic, cancerous, and metastatic cells) were cultivated in Petri dishes (TPP,

No. 93040) coated with 0.1 % gelatin as a controlled variable (Figure 11), because

of the cultivation process of HOK cell line. A cell strainer 40µm was additionally
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utilized in order to remove cell clumps and debris, especially for the UD-SCC-4,

UD-SCC-6, UT-SCC-14, and UTSCC-24B cell lines.

During samples of dermal fibroblast cell lines, no gelatin-coated dish was re-

quired, and fibroblasts were seeded onto a culture dish (TPP, No. 93040).

Samples were prepared 72 hours prior to an AFM measurement, so that cell

monolayer at confluency level above 70 % is observed under an inverted microscope.

The number of cells used for sample preparation can be found in Appendix A.1.

After three days of incubation, the spent medium was changed into a fresh medium

to move any floating debris or dead cells.

Figure 11: (A) Cell subculture and sample preparation (B) Cell culture environ-
ment

Sample preparation for ultrasound measurements During samples of head

and neck squamous cell carcinoma cell lines, all of the oral cells (healthy, dysplas-

tic, cancerous, and metastatic cells) were cultivated in imaging dishes (Mobitex,

No. 6160) coated with 0.1 % gelatin (Figure 11). A cell strainer of 40µm was

additionally utilized in order to remove cell clumps and debris, especially for the

UD-SCC-4, UD-SCC-6, UT-SCC-14, and UTSCC-24B cell lines. The 35 mm cell

imaging dishes with a glass bottom were used for high resolution (live cell) imaging.
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3.2 Atomic force microscopy experiments

3.2 Atomic force microscopy experiments

Atomic force microscopy (AFM) is a kind of scanning probe microscopy, and its

near-field technique is based on the interaction between a sharp tip and the atoms

of the sample surface. To address the wide complexity of biological systems, which

can range from nucleic acids and proteins to cells and tissues, a variety of AFM

modes have been implemented over the years. The biological AFM emerged as

a powerful, multifunctional imaging platform that allows biological samples, in-

cluding biomolecules and cells, to be visualized and manipulated whether in a

controlled atmosphere or a liquid medium. There are several methods and many

ways to modify the tip of the AFM to investigate sample surface properties, includ-

ing measuring the changes in mechanical property of cell membrane, cell stiffness,

and cell viscoelasticity.

3.2.1 AFM setup

The AFM (NanoWizard 3, Bruker) is located at the Institute of Physical Biology

of Heinrich-Heine-University Düsseldorf. The AFM is coupled with the inverted

microscope (Olympus IX73) connecting with two cameras (upper: DBK31BF03;

lower: DFK31BF03). A hybrid AFM-inverted microscope placed on the vibration

isolation system (i4 Series, Accurion GmbH) is equipped in a vibration isolation

cabinet (Figure 12).

The core of the NanoWizard 3 BioScience system is HyperDrive (Figure12) al-

lowing to detect the smallest cantilever deflections. The Nanowizard 3 is equipped

with 100×100×15µm3 x-y-z piezos and an extra Z piezo of 100µmm, which uses

capacitive sensors for position measurement. The quantitative imaging (QI) tip

movement algorithm is developed by JPK to prevent lateral forces and controls

vertical forces, making nondestructive measurements for cantilever tip and sample.

3.2.2 Data acquisition

The elastic moduli measurements were performed on living cells using a silicon

nitride cantilever of spring constant 0.1 N/m (CP-qp-CONT-SiO, NanoandMore).

A single sphere was attached to the end of the tip with a diameter of 6.62µm
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Figure 12: AFM equipment mounted onto an inverted microscope (Olympus IX73)

(Figure 13 (A)). The cell imaging measurements were conducted using a soft sharp

probe (a pyramidal shape with a nominal tip radius of 15nm and a tip angle of 25◦

- 45◦ with a nominal force constant of 0.08 N/m (silicon nitride triangular shaped

with reflect coating OMCL-TR400PSA from Olympus) (Figure 13 (B)).

A sample (Petri dish) was attached to a round metal holder (Figure 12) and

mounted on the stage of the AFM at room temperature. The complete growth

medium was added to the maximum capacity volume of the petri dish to eliminate

capillary forces and reduce the vibration in a liquid environment. Samples (petri

dishes) were replaced by a new one within one hour due to cell viability.

The bending of the cantilever (deflection) is detected by optical means. The

IR laser beam (laser spot) was first focused on the tip of the cantilever using an

optical microscope with CCD-camera (Figure 14) and laser adjustments screws

(Figure 12), and the laser spot reflected from the cantilever and was detected

by the detection system (the reflected beam was presented in the laser alignment

window). Afterward, the reflected beam was moved to the center of the photodiode

detector with detector adjustment screws. The reflection signal from the different
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3.2 Atomic force microscopy experiments

Figure 13: The AFM tip side view of the CP-qp-CONT-SiO (A), and the OMCL-
TR400PSA (B)

quadrants of the detector graphically presented in the laser alignment window in

SPM software.

Figure 14: The laser spot pointed out with the white arrows need to be focused
on the tip of the CP-qp-CONT-SiO (A) and the OMCL-TR400PSA (B)

When the laser beam has been focused on the tip of the cantilever and the

reflected beam has also been adjusted, however, the sum presented in the laser

alignment window (the maximum laser value for the cantilever) is still close to

zero. In this case, the mirror must be readjusted. The difference in angle of the

optical path has to be corrected with the adjustment mirror, especially for samples

in a liquid environment.

Each cantilever was calibrated before each AFM measurement in order to

obtain precise force data. The deflection sensitivity was calibrated by ramping the
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cantilever against a hard surface, a plastic Petri dish substrate (TPP, No. 93040)

in the presence of complete growth existed as a stiff subject (Figure 15(A)). The

spring constant of the cantilever was determined from the thermal noise spectrum

(Figure 15(B)).

Figure 15: Calibration of cantilever

After the calibration of the cantilever, the cantilever was placed over the sam-
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ple using the optical system integrated with AFM (Figure 16).

Figure 16: The Cantilever is placed over (A) the UD-SCC-1 Cells and (B) the
HGP003 cells

To obtain force-indentation curves, the sample (the cell) was indented in con-

tact mode (QI advanced). Each cell was indented only once. The AFM tip

semi-automatically moved on a selected area matrix. In QI mode, a complete

force-distance curve was recorded at each pixel of the scan area and the resolution

was set to 32×32 pixels for cell mechanics studies with a trigger force of 3 nN. To

obtain the high-resolution cell imaging (256×256 pixels), an appropriate trigger

force, such as 4 nN was selected to carry out AFM measurements. During AFM

measurements, the force curves were online calculated and generated into differ-

ent channels (height (measured) image, slope, and adhesion) in the Data viewer

windows, as illustrated in Figure 17.

The available channels can be obtained simultaneously during AFM imaging.

Each channel can be displayed as either trace or retrace. The data from a force

experiment is performed in contact mode and is displayed as an x-y plot (x-axes:

the height position of the cantilever for approach and retract (nm); y-axes: the

deflection of the cantilever (nN)). These force-distance curves (plots) produced

during force spectroscopy mode were recorded at a scan rate of 100 kHz in QI

mode with the image and are accessible for offline analysis. For more details

about force curves analysis see section 2.2.3.
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Figure 17: AFM measurement using JPK SPM software (A) with a spherical tip
(B) with a pyramidal tip

3.2.3 Data analysis

The offline analysis processing was accessed with the JPK SPM data processing

program (DP program, Bruker). The force curve during the extension of z-piezo

was used to determine Young’s Modulus of cells. The mechanical properties of

cells were represented in terms of Young’s modulus of elasticity (E).

For data post-processing, several fitting parameters have been chosen. First of

all, the baseline offset in vertical deflection was removed before further processing.

When the cantilever is far away from the sample surface, the interaction force is

virtually zero. The offset, by the reason of the initial setting of the equipment or

the thermal drift, should be subtracted from all the deflection data to calculate the

true interaction force. Subsequently, the point where the force curve crosses the

zero-force line was automatically calculated and set as the zero of the x-axis. Then

the vertical deflection was further calibrated with the saved sensitivity and saved

spring constant of the cantilever using calibration operation. However, before

the calculation of Young’s Modulus, the height signal for cantilever deflection
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should be corrected with tip-sample separation. The corrected distance is always

shorter than the raw height signal (slope or force curve is steeper) because the

cantilever deflection occurred in the opposite direction leading to an additional

piezo movement towards the sample. At last, the Young’s Modulus of a sample

was automatically calculated by applying a Hertz/ Sneddon fitting (chapter 1.2.1)

to the whole extend force curves (Figure 18). After data post-processing, a new

image displaying the results of Young’s Modulus was obtained which reveals the

differences in cell elasticity.

The nanoindentation data was processed by curve-fitting with the Hertz con-

tact model under the specific assumption in a defined regime using JPK data

processing software. Depending on the shapes of the indenter, the radius, half-

angle (pyramid) have to be specified. The Poisson ratio is usually set to be 0.5. A

flowchart (Figure 19) with symbols depicts the data process.

Figure 18: Data processing: (A) row data, (B) the force curve fitted to the Hertz
model

With both force-indentation curves and Young’s modulus image, the regions

of interest in a cell were defined. Even without nucleus extraction, mechanical

properties of the nuclear and peripheral region of cells still can be investigated,

attributable to the cell image with a distinct nucleus is observed. The peripheral

region of the cell has defined the region of cytoplasm without the central nucleus.
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Figure 19: A simplified flowchart depicts AFM data analysis: first, automatically
subtract the baseline; secondly, automatically adjust the x offset (contact point);
thirdly, (re-) calibrate vertical deflection by adjusting sensitivity and spring con-
stant; afterward, the correct height for cantilever bending (vertical tip position);
and in the end, determinate elasticity from indentation (Young’s Modulus)

3.2.4 Statistical analysis

The statistical difference of the overall difference between groups was analyzed by

analysis of one-way variance (ANOVA) using R commander. Once ANOVA indi-

cated statistical significance, Tukey’s test was automatically performed to compare

means of all treatments to the means of every other treatment.

3.3 Ultrasound experiments

The biomechanical properties of human cells were probed by AFM as discussed

in the previous chapters. Each cell exhibited distinguishable cell structure and

cellular stiffness from another cell. The differences in biomechanics can lead to

cells respond differently to the acoustic waves that induce oscillation in cells. A

large amplitude, which can be obtained at one peculiar frequency, may destroy

carcinoma cells instead of healthy cells. In this study, oral cells (healthy and

cancer cells) were irradiated with different resonance frequencies, 24.71 kHz and

67.57 kHz respectively. Cells’ reactions in response to external mechanical waves

were perceived and recorded with an inverted microscope connecting to a camera.

3.3.1 Ultrasound setup

The ultrasound (US) measurements were carried out in the laboratory at the

Institute of Organic and Macromolecular Chemistry of Heinrich-Heine-University

Düsseldorf. The whole ultrasound setup was equipped in a vibration isolation

cabinet (Figure 20).
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Figure 20: The ultrasound setup: acoustic actuator with an inverted microscope
(Olympus IX70)

The ultrasound setup used to observe the reaction of cells to acoustic waves

consists of several components: generator, converter, booster, and sonotrode. An

ultrasound generator uses to generate the required voltage in respectively required

ultrasonic frequency. The ATHENA ultrasonic generator from ATHENA Tech-

nologie Beratung GmbH which provides an operating frequency range from 20 to

300 kHz was applied. The converter, made up of piezoelectric aluminum discs,

played as the interface between the electric and the mechanical area that converts

the high-frequency voltage to mechanical longitudinal vibrations. The booster in-

creased or reduced the vibration (amplitude) from the converter and transferred it

into the sonotrode. The sonotrode (or horn) being the tool transmits the mechan-
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ical vibrations into the component that needs to be processed. A brief illustration

of the ultrasound device is shown in Figure 21.

The titanium sonotrode, with the approximation of the 65μm diameter, was

manufactured in the central workshop of Physics at the Heinrich-Heine-University

Düsseldorf. During US measurements, the Petri dish heater (JPK, Bruker) was

applied for long-term cell studies, as the heater enabled temperature control of

cell culture dishes. For living cell experiments the temperature was set to 37◦C.

However, without optimal conditions such as the CO2(v/v), the oxygen content

of the atmosphere, and humidity levels, the sample (the dish) was replaced into a

new one within two hours during the ultrasound measurements.

Figure 21: A brief illustration of ultrasound device

3.3.2 Acoustic waves

The problem with the control of the ultrasound probe is that it cannot vibrate

stably at any frequency, but rather the peaks at which the frequency runs stably

in the case of resonance must be found. Therefore, the ultrasound probe must be

calibrated in advance. Figure 22 shows that the frequency response is measured

with the corresponding potential resonance frequencies. Clear peaks can be seen

in the frequency response at higher frequencies (>24.7 kHz). However, only the

frequencies at which the phase crosses zero can be used. At 24.7 kHz, both the

peak within the frequency response and the zero crossings in the phase can be
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seen, since the probe was originally designed for this frequency range. In the case

of the ultrasound probe used here, only two frequencies, at 24.7 kHz and 67.5 kHz

and a maximum amplitude of 400 mA, can be used.

Formula (5) explains the simultaneous change of the target current and the

frequency used. The current is selected differently for the two frequencies to gener-

ate a comparable speed of vibration and to ensure the stability of the probe. The

Formula (5) describes the calculation of the vibration speed of the set frequencies.

The calibration factor results from the slope of the characteristic curve as shown

in Figure 23, which has already been determined previously by a Laser Doppler

vibrometer (LVD). The LVD measurement was accomplished in the department

of Dynamics and Mechatronics at the University of Paderborn. From the values

of the calibration factor in Table 3, a set current of 150 mA at 24.7 kHz and a set

current of 400 mA at 67.5 kHz, for instance, results in a similar vibration speed

of 1.0 m/s. The two adjustable parameters for the ultrasound experiment are the

oscillation frequency and current amplitude. The resulting vibration speed can be

calculated using the calibration factor that is previously determined. The measure-

ment results of the calibration factor results from the slope of the characteristic

curve at other resonances can be found in Appendix B.1.

v = K · Isoll (5)

where

v is the vibration speed of the sonotrode

K is the calibration factor

Isoll is the current

Table 3: Calibration factors in four different modes of the ultrasound probe

Mode (kHz) K (m/sA) Standard deviation (m/sA)

24.7 6.470 0.021
33.1 0.301 0.002
49.5 0.162 0.021
67.5 2.695 0.170
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Figure 22: The characterization of the acoustic waves: (A) oscillator output gain
and (B) phase shift
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Figure 23: Vibration velocity- target current characteristics of the two resonances
according to the measurements using laser Doppler vibrometer: (A) at the reso-
nance frequency of 24.7 kHz (B) at the resonance frequency of 67.5 kHz
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4 Results and discussion

Both cellular biomechanical properties and subcellular structures are revealed uti-

lizing AFM. A detailed evaluation of the results is given in this chapter. The

optimization of experimental control variables is first presented. After the op-

timization, the biomechanical properties of oral cells are then given to indicate

whether cell conditions are altered in cancerous oral cells. Reflecting the response

of oral cells to acoustic waves generated using the US instrument is covered in the

following section.

Additionally, the direct comparison of mechanical properties between normal

and HGPS skin fibroblasts is exhibited using AFM. The difference in cells’ biome-

chanical features indicates whether nuclear defects have an impact on cellular

behaviors. The transfection technique is further required to restore cell functions

and extend the lifespan of cells. The AFM is once more implemented to deter-

mine whether the transfection with the hTERT gene affects the fibroblasts’ cell

functions. At the end of each section, an overview discussion is provided.

4.1 Optimal parameters and environment conditions for

AFM measurements

The AFM assessment of the value of Young’s modulus is not an easy task due to

effects from various factors. They can be linked with the experimental conditions

provided by the AFM, such as the scan rate, the indentation force, and the stiff

substrate below the investigated cells. Other important factors influencing the

mechanical properties of cells are those which directly influence the cellular prop-

erties, such as the day of measurement after the passage, culture condition (buffer

composition), and the density of cell confluence on a substrate.

Therefore, a suitable selection of physical or physiological cues affecting the

AFM-based assessment is necessary. The optimal parameters and conditions for

living cell measurements are given as following. All the AFM measurements were

conducted by the author, besides the measurements in chapter 4.1.1 was performed

together with a student as a part of the bachelor thesis 1.

1Anna Frigge
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4.1.1 Optimization of parameters

AFM operation is usually described as one of three modes: contact mode, tapping

mode (intermittent contact), and non-contact mode. Different parameter settings

of a mode, such as scan size, scan rate, and set point values (applied force) affect

data output differently. In the contact mode that we chose in this study, the scan

rate is decreased as the scan size is increased.

During the AFM experiments, we applied the same force (3.3 nN) on the same

UD-SCC-1 cell at a scanning speed range of 2.5 to 50µm/s. Here, we chose

the speed order of 50, 40, 25, 15, 5, 2.5, 10, 20, 30µm/s, instead of gradual

cumulative or plummeting speed rate, to execute the AFM measurements to ensure

the resistance of the sample under the compression. UD-SCC-1 cells were indented

by colloidal probes to obtain force curve measurements to estimate the Young’s

modulus of cells.

As illustrated in Figure 24, the extend and retract force curves are not iden-

tical, the slope of the curves noticeably changed when the indentation velocity is

greater than 10µm/s. It seems like the gap between the baselines of the extend

curve and of retract curve depends on the speed of scanning. AFM probing of

the UD-SCC-1 cell at a constant approach- and retraction velocity of 15µm/s, the

retract curve shifted below the extend curve (Figure 24(F)).

We also examined the Young’s modulus of the UD-SCC-1 nucleus obtained

from approaching force curves, force-displacement data were analyzed by fitting

them with Hertzian models of contact in which two major assumptions: linear

elasticity and infinite sample thickness are made. There is no significant difference

in those of the elastic values obtained from approaching force curves at scanning

speed under 10µm/s, whereas cellular mechanical response starts to change at the

loading speed greater than 10µm/s.
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Figure 24: Force-indentation curves of the UD-SCC-1 nucleus applied with the
same force (3.3 nN) at different scanning rate (from 2.5 to 50µm/s). At scanning
speed over 15µm/s, the gap between the baselines of the extend curve and of the
retract curve is increasing.

Cells’ mechanical resistance to compression forces applied with AFM probe is

complex and depends on both scan rate and force magnitude. Thus, we further

probed another UD-SCC-1 cell with different applied forces ranging from 1 nN

to 4 nN, but at a constant scan rate of 6µm/s. Figure 25 shows that the force-

indentation curve of the UD-SCC-1 nucleus was steady when the applied forces

were less than 3.5 nN. Continuing increasing the applied force on the cell, the

force-indentation curves became unstable at applied force over 3.5 nN. When the

applied force was smaller than 1.5 nN, the force seemed not sufficient enough to
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deform the cell.

AFM is used to probe the elastic responses of single cells undergoing deforma-

tion. The Young’s modulus that is based on Hertz’s theory was used to calculate

the stiffness of individual UD-SCC-1 cells. When the indentation force was below

2 nN, it led to a decrease in the elastic modulus because of insufficient indenta-

tion force. The insufficient indentation force at the constant scanning rate gener-

ates unreliable data for elastic modulus estimation, whereas the exceeding applied

force may damage the cell generating higher estimated cell elasticity. Therefore,

appropriate applied force should be examined for each cell line before the AFM

assessment.
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4.1 Optimal parameters and environment conditions for AFM measurements

Figure 25: Force-indentation curves of the UD-SCC-1 nucleus applied with various
forces (1 nN to 4 nN) at a constant scanning rate of 6µm/s. The insufficient applied
force of 1.5 nN does not properly influence nuclear deformations.

Figure 24 shows that the baseline of extend and retract force-indentation

curves shifted when the scanning (indentation) speed was greater than 10µm/s.

The hydrodynamic effect appeared most at (pulling) speeds greater than 10µm/s

when they reached a similar order of magnitude to molecule forces [42]. The hy-

drodynamic drag force due to the viscous friction of the cantilever with the liquid.

The offset is proportional to the velocities of the cantilever and is influenced when

velocity is above 10µm/s. Because of the effect, substantial errors could occur in

AFM measurements of soft samples at low indentation depths [43].

The inherent nonlinearities in piezoelectric actuators, especially the hysteresis
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effect will lead to displacement errors in a horizontal direction in AFM scanning

images [44]. The hysteresis varies according to the amplitudes of the applied

voltage. A hysteresis loop becomes wider for greater amplitudes and depends on

the input rate. As the frequency increases, the hysteresis loop gets wider [45]. The

nonlinear relationship and hysteresis of piezo are corrected in one of two ways:

closed-loop and open-loop. When Z closed loop is enabled, the non-linearities are

corrected by the actual location of the scanner in the three-axis (X, Y, and Z)

that continually correct the piezo voltage value during the experiment. In an open

loop, the piezo voltage is increased and decreased in real-time to produce a linear

scan in X and Y in both trace and retrace directions. In the AFM (NanoWizard

3) we used, the closed-loop introduces a small amount of noise that ensures data

equality for imaging and force measurements in air and liquid.

Operating AFM with cantilever and sample immersed in liquid provides sev-

eral advantages, including the reduction of Van der Waals forces, the elimination

of capillary forces, and providing the ability to study biologically essential pro-

cesses [46, 47]. However, AFM used to probe the living biological samples in the

fluid medium (a surrounding media with certain viscosity) is difficult due to the

hydrodynamic force on the tip deflection and the stability of the light intensity is

significantly affected by the ingredients in liquids when the laser beam goes through

the glass window and the liquid medium, as the viscosity and density may not be

uniformly distributed in the environment. Operation in liquid presents additional

complexity than for operation in air. Besides, the cantilever dynamics in the liquid

environment remains little understood. Therefore, in this study, the AFM mea-

surements in liquids were conducted with cautions to avoid potential problems and

possible limitations.

4.1.2 Influence of cultivation substrates

For a better understanding of how physical attributes of the gel influence the AFM

assessment of the cell elasticity. The measured elastic moduli of cells cultured

on the substrates of different stiffness obtained from Hertz fits was investigated.

Because of limited expansion capacity and a finite lifespan of primary cells, HOK

cells, the immortalized UD-SCC-1 cells were chosen to show how substrates affect
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cell functions resulting in different biomechanical properties. The UD-SCC-1 cells

were cultured on two different substrates, on clear plastic (which is made of high

grade of polystyrene (PS)), and on gelatin-coated plastic (PS), respectively.

In order to represent the reality of tissue in the human body, a cell that is

without any neighboring cells was not chosen, a cell surrounded by other adherent

cells instead, to perform the indentation measurements. The UD-SCC-1 cells grow

as a monolayer in a culture dish. However, it is difficult to draw a conclusion or

establish an analysis only based on a few AFM measurements. A specific number

of AFM measurements should be conducted to investigate cell mechanics, the

minimum measurement number of twenty was suggested according to the statistical

calculation 2.

The average elastic values are (3.4 ± 2.5) kPa and (2.6 ± 1.1) kPa for UD-

SCC-1 cells cultured onto the substrates without coating and with gelatin-coating,

respectively. Table 4 shows the average and median value of Young’s modulus of

UD-SCC-1 cells. Even though the difference in elastic modulus is not significant,

the result shows that the physical factor (stiffness of substrate) slightly impacts

the UD-SCC-1 cells’ mechanical response. The boxplot and the histogram of UD-

SCC-1 cells’ Young’s modulus are shown in Figure 26.

For further information, the elasticity of different regions, such as nuclear

regions and peripheral regions were inspected as well. The cell peripheral regions

are defined as the area without a nucleus. An average Young’s modulus of (3.8 ±
2.3) kPa over UD-SCC-1 nucleus was obtained for the cells seeded on the uncoated

surface, and ((3.1 ± 1.6)) kPa for those cells cultured on the gelatin-coated surface.

The boxplot and the histogram of UD-SCC-1 nuclear Young’s modulus are shown

in Figure 27.

The elasticity results of UD-SCC-1 cells’ peripheral regions on the uncoated

substrate are significantly greater ((3.3 ± 1.7) kPa) from those cells on the gelatin-

coated substrate ((2.4 ± 0.8) kPa) (p < 0.001, the p-value express the level of

statistical difference). The boxplot and the histogram of UD-SCC-1 Young’s mod-

ulus in cells’ peripheral regions is shown in Figure 28.

2Pablo Emilio Verde
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Table 4: The Young’s modulus of human oral cancer cells cultured on different
substrates.

Cell lines Sample Origin Average Young’s Average Young’s Average Young’s
modulus of modulus of modulus of
cells’ nuclei cells’ body cells’ peripheral

(kPa) (kPa) regions (kPa)

UD-SCC-1 Oropharynx 3.8 ± 2.3 3.4 ± 2.5 3.3 ± 1.7
(on uncoated (Tonsil) (n = 35) (n = 35) (n = 109)

substrate)
UD-SCC-1 Oropharynx 3.1 ± 1.6 2.6 ± 1.1 2.4 ± 0.8

(on (Tonsil) (n = 45) (n = 45) (n = 124)
gelatin-coated

substrate)

Cell lines Sample Origin Median Young’s Median Young’s Median Young’s
modulus of modulus of modulus of
cells’ nuclei cells’ body cells’ peripheral

(kPa) (kPa) regions (kPa)

UD-SCC-1 Oropharynx 2.8 ± 2.3 2.6 ± 2.5 2.9 ± 1.7
(on uncoated (Tonsil) (n = 35) (n = 35) (n = 109)

substrate)
UD-SCC-1 Oropharynx 2.8 ± 1.6 2.3 ± 1.1 2.3 ± 0.8

(on (Tonsil) (n = 45) (n = 45) (n = 124)
gelatin-coated

substrate)
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Figure 26: The boxplot and the histogram of UD-SCC-1 cells’ Young’s modulus.
Cells cultured on stiff and soft substrates (A) The different substrates stiffness
results in different cellular stiffness. But, the difference is not significant. (B)
Histogram of elastic moduli of cells on the stiff substrate is boarder than on the
soft substrate. UD-SCC-1-G: cells cultured on the gelatin-coated substrate; UD-
SCC-1: cells seeded on the uncoated substrate.

Figure 27: The boxplot and the histogram of UD-SCC-1 nuclear Young’s modulus.
(A) On the soft substrates, nuclei exhibit lower elastic moduli when compared to
the cells on the stiff substrate. (B) Histogram of the elastic moduli is narrow
cells on the soft substrate than those on the stiff substrate. UD-SCC-1-G: cells
cultured on the gelatin-coated substrate; UD-SCC-1: cells seeded on the uncoated
substrate.
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Figure 28: The boxplot and the histogram of UD-SCC-1 Young’s modulus in cells’
peripheral regions. (A) The cells cultured on soft substrates have a significantly
lower elastic modulus when compared to the cells on the stiff substrate. (B)
Histogram of the elastic moduli is boarder and wider when cells cultured on the
stiff substrate than on the soft substrate. UD-SCC-1-G: cells cultured on the
gelatin-coated substrate; UD-SCC-1: cells seeded on the uncoated substrate.

The UD-SCC-1 cells did sense two different surface cultivations, resulting in

different Young’s Moduli, and the cells slightly change their cell cytoskeleton mor-

phology regarding the different substrates. The morphology of UD-SCC-1 cells

was obtained by controlled poking with pyramidal indenter using AFM. In AFM

images (Figure 29), UD-SCC-1 cells are spheroid in shape. On stiff substrates, UD-

SCC-1 cells have stretched-out morphology. By contrast, cells on soft substrates

are round, oval, or spherical.
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Figure 29: The topography of UD-SCC-1 cells. (A) UD-SCC-1 cells were cultured
on an uncoated Petri dish; (B) UD-SCC-1 cells cultured on a gelatin-coated Petri
dish. Actin filaments could be visualized by AFM in cells that UD-SCC-1 cells
displayed more of a spread cellular shape on stiffer substrates.

In Figure 26, the data distributions of UD-SCC-1 cells exhibit a wide frequency

band. The cells respond to the indentation, but the deformation may be complex

because of the heterogeneous structure of living cells. The mechanical response of

cells to the compression varies because of the complexity of the cytoplasm. The

cytoplasm is composed of a cytoskeleton network and many proteins as well as

organelles and vesicles to equilibrate the pressure applied on cells. The heteroge-

neous structures of living cells usually play a dominant role in leading the broad

frequency distribution [50].

Many cultured cell types do not favor to adhere to uncoated glass and plastic

surfaces, especially in low serum or serum-free conditions. A thin layer of gelatin

hence is additionally added as a coating substrate onto the Petri dish for certain

cell types (HOK is the one in our case) to enhance cell attachment and differenti-

ation, whereas in general no specific surface modification (i.e. collagen matrices)

is required for most of the cancerous cells. It has been reported that cells sense

and respond distinctly to soft versus stiff substrates [51]. Cell morphology and

functions can depend strongly on substrate stiffness. Since cell mechanical behav-

ior can be altered using a substrate, the effect of the pattern of the substrate on

cellular mechanical properties should be examined.

The cell morphology strongly depends on the stiffness of the substrate that
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has been inquired before [48, 49]. On stiff substrates, fibroblasts spread invariably

greater and develop concentrated focal adhesion cluster and stress fibers of bundled

F-actin as well as endothelial cells and human blood neutrophils. This may be a

reasonable explanation for the dissimilar elasticity of UD-SCC-1 peripheral regions.

Studies reported that cells respond differently to the various flexibility of sub-

strates [52]. Both epithelial cells and fibroblasts are capable of probing the stiffness

of the substrate, and that proper mechanical feedback is required for regulation of

the formation and dynamics of adhesion and cytoskeleton structure. The response

of the cell to the substrate was suggested that originate at cell-substrate adhesion

sites, where mechanical input might be translated into intracellular signals through

the associated cytoskeleton or enzyme complexes [51]. Many cells, such as smooth

muscle cells, epithelial cells, and 3T3 fibroblasts, are found to spread and organize

with the stable focal adhesions (FAs) and cytoskeleton much on the rigid or stiff

substrate. In contrast, a cell showed diffuse and dynamic adhesion complex on

soft substrates [52, 53]. Changes in the stiffness of the underlying substrate of

cells can affect their function (such as adhesion structures) as well as cell stiffness

[54]. Also, the structure of substrates affects cellular mechanical behavior and

morphology, simultaneously [55]. In another word, biomechanical behavior can be

directly altered by the substrate topography.

The AFM cantilever usually approaches a surface and is used to apply local

forces to living cells to quantify force transduction through the cytoarchitecture to

measure cell mechanics. In other cases, researchers can also use the AFM tip to

pull on cell surface molecules for studies of biomolecular interactions on a single

molecular scale, adhesion of living cells, for instance [56, 57]. In this section,

we are interested in how the physical factors affect the elastic measurements of

living cells using AFM, the physical factors including the indenting force, the

scanning rate, the geometry of probing tips, and operating temperature. Several

studies have reported that the geometric difference of cantilever tip affects precision

in AFM stiffness measurements. Indentation measurements with pyramidal tips

often lead to an overestimation of elastic modulus, while colloidal tips should be

used for mechanical characterization [58, 59]. In this study, the elastic moduli of

cells were performed by indentating cells with a colloidal probe, and the Young’s

modulus is quantified from the recording cantilever deflection while deforming the
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cell. The UD-SCC-1 cells not only modify their morphology with regards to the

different substrates but also respond differently to the different substrates result in

different Young’s modulus. The decrease in Young’s modulus of UD-SCC-1 cells

cultured onto the gelatin-coated substrate is observed. Hence, for the following

AFM measurements, operating on the same background is utilized to observe the

living cells’ behavior.

Human and mammalian cell lines are maintained at 36◦C to 37◦C for optimal

growth. Rising temperature or dropping temperature can cause denaturation of

proteins and disturbance of cell regulation [60, 61].The AFM measurements were

performed in liquid at room temperature within two hours to ensure cell viability.

Because physical cues influence the AFM assessment, the elasticity measurements

in the following sections, are conducted with the colloidal tips and applied with the

optimized force value (depends on cell line) on the sample surface at an optimized

scanning rate of 6µm/s (between 2.5µm/s and 10µm/s) to study the mechanical

response of cells. And the QI mode, a special mode from JPK Wizard 3 AFM

system, was chosen to carry out the contact-mode AFM imaging in order to get

high-quality imaging data.

4.2 Human oral cells

Cell mechanics is a novel label-free biomarker for indicating cell states and patho-

logical changes. Abnormal cells have different characteristics compared to normal

(healthy) cells in terms of morphology, cell growth rate, cell-cell interactions, cell-

extracellular interactions, and cytoskeletal organization. AFM is an established

technique in biological research for differentiating the mechanical properties of

various cell types. AFM permits quantitative high resolution, a non-destructive

image of biosample surfaces. In addition, AFM operating in many different modes

offers a vast amount of information about bio-samples ranging from topography

to mechanical properties characterization. By means of the AFM technique, the

cytoskeleton network changing during the disease progression which is closely as-

sociated with the biomechanics can be confirmed.
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4.2.1 Different disease states of head and neck squamous cells

The oral cells were cultured on the gelatin-coating substrate, and elasticity exper-

iments using the AFM technique were performed to characterize cell deformation.

In AFM, the elastic properties of living cells are delivered from indentation experi-

ments and described quantitatively by Young’s modulus defined here as a measure

of cellular deformability. During AFM measurements, the sharp pyramidal tip on

the spring was used to push against the cell surface for cellular imaging, whereas

colloidal probes were used for mechanical characterization.

The Young’s modulus was obtained by fitting the force-indentation curves with

the Hertz model. Table 5 shows the average and median value of Young’s modulus

of human oral cells with different cancer stages. Turkey’s test presents that the av-

erage Young’s modulus of the HOK cells ((4.6 ± 2.2) kPa) is significantly different

from that of the DOK cells ((2.5± 0.9) kPa). The HOK cells are distinctly different

from four of the oral cancerous cells: UD-SCC-1 ((2.6 ± 1.1) kPa), UD-SCC-2 ((1.9

± 0.9) kPa), UD-SCC-4 ((2.1 ± 0.7) kPa), UD-SCC-6 ((2.6 ± 1.1) kPa), UT-SCC-

14 ((2.0 ± 1.1) kPa). There is a substantial difference in elastic values between

the HOK cells and the UT-SCC-24B cells ((1.5 ± 0.5) kPa). For visualizing and

describing numerical data, the boxplot and the histogram of oral cells’ Young’s

modulus are shown in Figure 30.

A similar trend in Young’s modulus is observed that the average elastic value

of HOK nuclei ((5.6 ± 2.7) kPa) is higher than pathological oral cells: DOK ((3.4

± 1.8) kPa), UD-SCC-1 ((3.1 ± 1.6) kPa), UD-SCC-2 ((2.5 ± 1.6) kPa), UD-SCC-

4 ((2.6 ± 0.9) kPa), UD-SCC-6 ((3.7 ± 1.7) kPa), UT-SCC-14 ((2.9 ± 2.0) kPa)

and UT-SCC-24B ((2.0 ± 0.9) kPa). The boxplot and the histogram of nuclear

Young’s modulus of oral cells are shown in Figure 31.

The Young’s modulus in peripheral regions of healthy HOK cells ((3.6 ±
1.8) kPa) is once again stiffer than that of the dysplastic cells (DOK: (2.0 ±
1.8) kPa)), cancerous cells (UD-SCC-1: (2.8± 0.8) kPa, UD-SCC-2: (1.4± 0.6) kPa,

UD-SCC-4: (2.1 ± 0.7) kPa, UD-SCC-6: (2.3 ± 1.0) kPa and UT-SCC-14: (1.3 ±
0.5) kPa) and metastatic cells (UT-SCC-24B: (1.2 ± 0.3) kPa).The boxplot and the

histogram of Young’s modulus in cells’ peripheral regions of oral cells are shown

in Figure 32.
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Table 5: The Young’s modulus of human oral cells with different cancer stages.

Cell lines Sample Origin Average Young’s Average Young’s Average Young’s
(on modulus of modulus of modulus of

gelatin-coated cells’ nuclei cells’ body cells’ peripheral
substrate) (kPa) (kPa) regions (kPa)

UD-SCC-1 Oropharynx 3.1 ± 1.6 2.6 ± 1.1 2.4 ± 0.8
(Tonsil) (n = 45) (n = 45) (n = 124)

UD-SCC-2 Hypopharynx 2.5 ± 1.6 1.9 ± 0.9 1.4 ± 0.6
(n = 41) (n = 44) (n = 116)

UD-SCC-4 Oropharynx 2.6 ± 0.9 2.1 ± 0.7 2.1 ± 0.7
(Tongue) (n = 35) (n = 35) (n = 100)

UD-SCC-6 Oral cavity 3.7 ± 1.7 2.6 ± 1.1 2.3 ± 1.0
(Tongue) (n = 34) (n = 36) (n = 103)

UT-SCC-14 Oral cavity 2.9 ± 2.0 2.0 ± 1.1 1.3 ± 0.5
(Tongue) (n = 38) (n = 40) (n = 111)

UT-SCC-24B Oral cavity 2.0 ± 0.9 1.5 ± 0.5 1.2 ± 0.3
(Tongue) (n = 27) (n = 30) (n = 79)

DOK Dorsal 3.4 ± 1.8 2.5 ± 0.9 2.0 ± 1.8
tongue (n = 36) (n = 34) (n = 96)

HOK Oral 5.6 ± 2.7 4.6 ± 2.2 3.6 ± 1.8
mucosa (n = 40) (n = 40) (n = 125)

Cell lines Sample Origin Median Young’s Median Young’s Median Young’s
(on modulus of modulus of modulus of

gelatin-coated cells’ nuclei cells’ body cells’ peripheral
substrate) (kPa) (kPa) regions (kPa)

UD-SCC-1 Oropharynx 2.8 ± 1.6 2.3 ± 1.1 2.3 ± 0.8
(Tonsil) (n = 45) (n = 45) (n = 124)

UD-SCC-2 Hypopharynx 2.1 ± 1.6 1.5 ± 0.9 1.3 ± 0.6
(n = 41) (n = 44) (n = 116)

UD-SCC-4 Oropharynx 2.5 ± 0.9 2.0 ± 0.7 2.0 ± 0.7
(Tongue) (n = 35) (n = 35) (n = 100)

UD-SCC-6 Oral cavity 3.6 ± 1.7 2.6 ± 1.1 2.1 ± 1.0
(Tongue) (n = 34) (n = 36) (n = 103)

UT-SCC-14 Oral cavity 2.3 ± 2.0 1.8 ± 1.1 1.3 ± 0.5
(Tongue) (n = 38) (n = 40) (n = 111)

UT-SCC-24B Oral cavity 1.8 ± 0.9 1.4 ± 0.5 1.2 ± 0.3
(Tongue) (n = 27) (n = 30) (n = 79)

DOK Dorsal 2.9 ± 1.8 2.3 ± 0.9 1.6 ± 1.8
tongue (n = 36) (n = 34) (n = 96)

HOK Oral 5.2 ± 2.7 4.6 ± 2.2 3.3 ± 1.8
mucosa (n = 40) (n = 40) (n = 125)
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Figure 30: The boxplot and the histogram of oral cells’ Young’s modulus. (A) The
UT-24B boxplot is condensed which presents more consistent values, whereas the
HOK boxplot shows a longer length of boxplot that values in the boxplot various
quite a bit. The range of Young’s modulus of cancerous oral cells is overlapping.
(B) A clear peak at 5 kPa occurs in the data distribution of HOK cells.
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Figure 31: The boxplot and the histogram of nuclear Young’s modulus. (A) The
HOK has more spread both by the interquartile (IQR) range and the range. The
variation of other oral cells is less with a narrow box. (B) The data distribution of
HOK cells has a peak at 5 kPa, while data distributions of pathological cells have
peaks at about 2 kPa
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Figure 32: The boxplot and the histogram of Young’s modulus in cells’ peripheral
regions. (A) The median value of healthy oral cells is higher than that of patho-
logical oral cells. The level of variation of the healthy oral cells is high. (B) The
pathological cells represent narrow data distributions, while the data distribution
of HOK cells is boarder.
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The dysplastic DOK cells are significantly stiffer than the metastatic UT-SCC-

24B cells, but the DOK cells are significantly softer than the healthy HOK cells.

Before cancer cells form in tissues of the body, the cells go through abnormal

changes called hyperplasia (abnormal multiplication of cells) and dysplasia (ab-

normal changes in cellular shape, size, and organization). Moderate and severe

dysplasia is considered precursors of cancers because of the high risk for progres-

sion to carcinoma. Cytological and architectural alterations are two features of

oral epithelial dysplasia reflecting the loss of normal maturation and stratification

pattern of the surface epithelium [62]. The cytoskeleton network can be readily re-

vealed in living cells with AFM imaging. Indenting through the plasma membrane,

the actin network and dense on the cellular surface can be displayed using AFM.

The microtubules are generally concentrated at the deeper layer of cells compared

to superficial layers and therefore it is difficult to detect under the imaging forces

used [63].

From the AFM images, healthy HOK cells seem to process a pronounced net-

work of actin filaments compared to dysplastic DOK cells. The sub-membrane

structure of the HOK cells exhibits well-aligned actin filamentous structure as

compared with the DOK cells where the F-actins appear as a randomly organized

network and bundles are thinner. There is a distinguished cellular structural fea-

ture as healthy HOK cells transform to dysplastic DOK cells, which is manifested

with a corresponding change in the mechanical properties. The topography of oral

cells is shown in Figure 33.

The increasing deformability as compared to healthy cells due to biochemical

alterations resulting from the onset of the disease: cancer. The determination of

cell deformability indicates the potential use of Young’s modulus as a quantitative

biomarker of cancer-related changes.
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Figure 33: The topography of oral cells: (A) HOK (B) DOK (C) UD-SCC-1 (D)
UD-SCC-2 (E) UD-SCC-4 (F) UD-SCC-6 (G) UT-SCC-14 (H) UT-SCC-24B cells.
Healthy oral cells possess a denser, well-aligned F-actin with longer stress fibers
relative to diseased oral cells. Benign, cancerous, and metastatic cells appear as a
randomly organized actin network.

The data distribution of Young’s modulus (Figure 30(B)) exhibits the nar-

rowest distribution in metastatic cancer cells (UT-SCC-24B) comparing to the

dysplastic cells (DOK) and the cancerous cells (UD-SCC1, UD-SCC-2, UD-SCC-

4, UD-SCC-6, and UTSCC-14). In contrast, the normal cells (HOK) display a

wide distribution of Young’s Modulus. The metastatic cancer cells (UT-SCC-

24B) are 40 % softer than dysplastic cells (DOK), and dysplastic cells (DOK) are

46 % softer than healthy cells (HOK). The outcome is due to the changes to the

cell subcellular structure. The reduced stiffness of these metastatic cancer cells is

due to a remarkable reduction in the well-defined F-actin filaments or their bundles

(stress fibers), which results in a weaker cytoskeletal structure. The cytoskeletal
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remodeling is the major contributor to the observed differences in cell stiffness. A

significant reduction in the thickness of F-actin cables and bundles was previously

reported for different types of cancer cells, ovarian cells, dermal fibroblast cells,

and breast cells [64, 65, 66].

The metastatic UT-SCC-24B cells have the smallest value of Young’s modulus,

with a narrow distribution, indicating a soft cellular structure (Figure 30(A)).

Interestingly, the width distribution (Figure 30(B)) of elastic constants measured

for each cell line gradually decreases with the increasing disease grades (in the

order of healthy, dysplastic, cancerous, metastatic). The highly malignant cells

might represent a good compromise in heterogeneous structures, and cytosol and

cytoskeleton are less structured than their healthier counterparts, leading to a

homogeneous cell body.

The correlation between fibrous structures and cellular elasticity has been dis-

cussed in detail [67, 68]. Studies have shown that cytoskeletal morphology directly

controls cellular mechanical behavior [69]. The cellular cytoskeleton, composed

of F-actin (actin filaments), microtubules, and intermediate filaments, is a highly

cross-linked and dynamic network present in all cells cytoplasm [70, 71]. The three

cytoskeletal components are organized into networks that resist deformation but

can reorganize in response to externally applied forces, and they have important

roles in arranging and maintaining the integrity of intracellular compartments. The

polymerization and depolymerization of actin filaments and microtubules generate

directed forces that drive changes in cell shape and, together with molecular mo-

tors that move along the actin filaments and microtubules, guide the organization

of cellular components [72]. In addition, the effect of multiple drugs disrupting or

stabilizing the integrity of different components of the cytoskeleton on the elastic-

ity of two fibroblast cell lines was investigated by using the atomic force microscope

(AFM) [68]. Among the two main types of cytoskeletal polymer, the actin network

has a large contribution to cell integrity, or elasticity was suggested.

The cytoskeleton, an internal polymer network, in particular, determines a

cells mechanical strength and morphology. The cytoskeleton evolves during the

normal differentiation of cells, is involved in many cellular functions, and is char-

acteristically altered in many diseases, including cancer [73]. In cancer cells, the

cellular architecture is substantially modified by changes in associated protein and
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functional activity. As a consequence, cancer cells have distinctive mechanical

properties from normal cells.

4.2.2 Non-metastatic head and neck squamous carcinoma cells

The stiffness of mammalian cells, as measured with AFM, varied from a few hun-

dred Pa to a few kPa [74, 75, 76]. We measured the oral cell compressive strain

to evaluate the Young’s modulus; the measured values ranged from 1.5 to 4.6

kPa. We have already tried to avoid the possible physical factors which directly

influence the AFM assessment. The quantitative discrepancy in elastic moduli

depends on cells’ disease stages, however, may also depend on the cells’ inher-

ent characteristics, such as cell origins, cell shape, and cell size. In this section,

different non-metastatic HNSCC cell lines originating from different origins were

investigated to show whether the inherent characteristics reflect an influence on

the cellular stiffness.

The UD-SCC-1, the UD-SCC-2 cell lines originate from different lesions of the

tonsil, of the hypopharynx, respectively. The UD-SCC-4, the UD-SCC-6, and the

UT-SCC-14 cell lines are derived from squamous cell carcinomas of the tongue.

The dissimilarity in origins might affect the elastic moduli. The results show that

the UD-SCC-2 cells ((1.9 ± 0.9) kPa) are significantly softer than the UD-SCC-1

cells ((2.6 ± 1.1) kPa), and the UD-SCC-2 cells are also significantly softer than

the UD-SCC-6 cells ((2.6 ± 1.1) kPa). No significant difference among the average

Young’s modulus of UD-SCC-1, of UD-SCC-4 ((2.1 ± 0.7) kPa), of UD-SCC-6, and

the UT-SCC-14 ((2.0 ± 1.1) kPa) is found. The UD-SCC-4, UD-SCC-6, and UT-

SCC-14 cell lines are all derived from patients’ tongues expect the UD-SCC-1 cell

line originates from the tonsil. Despite different cell origins, similar actin filament

networks may cause similar cell elastic values. The boxplot and the histogram of

cancerous cells’ Young’s modulus are shown in Figure 34.

The UD-SCC-2 cells have the smallest whole cell volume appearing smaller

cellular radius while bigger cell size is observed in other cancerous oral cells. The

UD-SCC-2 cells differ not only in their cell origin but also in cell size from other

cancerous cell lines. These differences directly contribute to the smallest mechan-

ical stiffness. The topography of oral cancerous cells is shown in Figure 35.
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4.2 Human oral cells

Figure 34: The boxplot and the histogram of cancerous cells’ Young’s modulus.
(A) cancerous cells’ Young’s modulus reflects an interesting difference. Although
the range of values is overlapping and somewhat comparable. The measures of
central tendency are much lower in the UD-2 as compared to the UD-6 and UD-1.
(B) The distribution of UD-4 cells is narrowest as compared to other cancerous
oral cells.
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Figure 35: The topography of oral cancerous cells. (A) UD-SCC-1 (B) UD-SCC-2
(C) UD-SCC-4 (D) UD-SCC-6 (E) UT-SCC-14 cells. The actin filament struc-
ture of cancerous oral cells is various. Some of them exhibit dot-like filamentous
network, while others organize with long-strands stress fibers.

Our results present that no significant difference in nuclear Young’s modulus of

UD-SCC-1 ((3.1 ± 1.6) kPa), of UD-SCC-2 ((2.5 ± 1.6) kPa), of UD-SCC-4 ((2.6

± 0.9) kPa) and of UT-SCC-14 ((2.9 ± 2.0) kPa). Nevertheless, UD-SCC-6 nuclei

((3.7 ± 1.7) kPa) are significantly stiffer than both UD-SCC-2 nuclei and UD-

SCC-4 nuclei. During the cell culture process, UD-SCC-6 cells clumped together,

instead of as a monolayer growth, observed with optical microscopy. Despite dur-

ing the sample preparation, the UD-SCC-6 cells and UD-SCC-4 cells have been

filtered with cell strainer, cell clumping could still occur and further influence the

AFM assessment. The boxplot and the histogram of nuclear Young’s modulus of

cancerous cells are shown in Figure 36.
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Figure 36: The boxplot and the histogram of nuclear Young’s modulus. (A) The
boxplot of the UD-6 is more spread out than the rest. The Young’s value for UD-6
cells is comparable to the value of the UD-1 and of the UT-14. The data for the
UD-6 boxplot is significantly higher than the values for the boxplot of data of the
UD-2 and the UD-4. (B) The distribution of UD-4 cells is narrowest as compared
to other cancerous oral cells.
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We cannot find a clear connection or reasonable explanation for the stiffness

of cancerous oral cells in peripheral regions. The peripheral regions are the most

complex structures within the cells, the complexity resulting in the inhomogeneous

results. But cancerous cells’ peripheral regions are softer than cancerous cells’

nuclei are observed. The boxplot and the histogram of Young’s modulus in cells’

peripheral regions of cancerous cells are shown in Figure 37.

Our results indicate that the Young’s Modulus is influenced by the cells’ fea-

tures, especially the sample origin, the cell size, and the cell shape. The filamentous

structures of oral cancer cells, detected by AFM imaging mode, reveal cancerous

cells are comprised of a randomly organized actin network and short actin segments

that leading to a weaker cytoskeleton.

74
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Figure 37: The boxplot and the histogram of Young’s modulus in cells’ peripheral
regions. (A) The median value for the UD-1 is the highest. (B) The Young’s
modulus of the UD-1, the UD-4, and the UT-14 represent a relatively normal or
bull-shaped distribution, while the shape of the UD-2 and the UD-6 is skewed.
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4.2.3 Different disease states of tongue squamous carcinoma cells

AFM measurements measure the cell mechanical properties and reflect the real

cytoskeletal alternations across different conditions. The measurements are influ-

enced by the experimental conditions (the load speed, the number of force recorded

at one place) from AFM, the stiffness of the substrates, and the cell’s inherent

characteristics. Hence, the elastic measurements were conducted under the same

experimental conditions, such as same scanning speed, same cell culture substrates,

and so on. We performed a comparative analysis of the elastic modulus derived

from the indentation data obtained with AFM on human oral cells (both healthy

and cancerous), and the oral cell lines derived from the same origin (tongue cancer)

were used.

The forces curves were analyzed with the Hertz model to determine the values

of Young’s modulus. The HOK cells ((4.6 ± 2.2) kPa) are significantly stiffer

than dysplastic cells (DOK: (2.5 ± 0.9) kPa), and cancerous cells (UD-SCC-4:

(2.1 ± 0.7) kPa, UD-SCC-6: (2.6 ± 1.1) kPa and UT-SCC-14: (2.0 ± 1.1) kPa).

HOK cells are also stiffer than metastatic cells (UT-SCC-24B: (1.5 ± 0.5) kPa).

Metastatic UT-SCC-24B cells present a significant difference in Young’s Modulus

comparing with HOK cells, DOK cells, and UD-SCC-6 cells. The data distribution

of cancerous UT-SCC-14 cells shows the widest range of up to 7 kPa while there

is no occurrence of Young’s moduli greater than 3 kPa for metastatic cells (UT-

SCC-24B). The boxplot and histogram of tongue cells’ Young’s modulus are given

in Figure 38.

Evaluating the elasticity of tongue cells’ nuclei was carried out as well. The

average E value of the HOK nuclei is (5.6 ± 2.7) kPa. The HOK nuclei are sig-

nificantly stiffer than pathological cells’ nuclei (DOK: (3.4 ± 1.8) kPa; UD-SCC-4:

(2.6 ± 0.9) kPa; UD-SCC-6: (3.7 ± 1.7) kPa; UT-SCC-14: (2.9 ± 2.0) kPa; UT-

SCC-24B: (2.0 ± 0.9) kPa).The boxplot and histogram of nuclear Young’s modulus

of tongue cells are shown in Figure 39.
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4.2 Human oral cells

Figure 38: The boxplot and histogram of tongue cells’ Young’s modulus. (A)
The median value of HOK cells’ Young’s modulus is greater than those of the
pathological cells’. (B) The positive skewness can be found in HOK cells. The
distribution of the healthy cells is broader.
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Figure 39: The boxplot and histogram of nuclear Young’s modulus. (A) The
median value of the HOK is the highest one, while the UT-24B exhibit the smallest
median value. (B) The data distribution of the HOK is approximately symmetric,
and a positively skewed distribution is observed in HOK cells.
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The experimental results indicate that the cells lose connection to their neigh-

bors and change their morphology from a cobblestone-like shape to an irregular

shape, especially when oral cells are with higher cancer stages. The UT-SCC-24B

cells emerge from a weaker cytoskeletal structure comprising of less well-defined fil-

amentous structures and short segments. The topography of tongue cells is shown

in Figure 40.

Metastatic UT-SCC-24B cells’ periphery regions ((1.2 ± 0.3) kPa) are sig-

nificantly softer than the healthy cells’ (HOK: (3.6 ± 1.8) kPa), and metastatic

UT-SCC-24B cells’ periphery regions are also significantly softer than that of the

dysplastic cells (DOK: (2.0 ± 1.8) kPa). The boxplot and histogram of Young’s

modulus in cells’ peripheral regions of tongue cells are given in Figure 41.

The network of actin filaments, that are highly concentrated at the cytoplasm

of the cells and associated actin-binding proteins, determines the cell shape and is

involved in a variety of cell surface activities, including motility. The association

of the actin cytoskeleton with the plasma membrane is thus central to the cell

structure and the cell function. The reorganization of cell-cell junctions with an

accompanying change in the structure of the actin cytoskeleton can be induced

during oncogenesis.

Between the Young’s modulus in peripheral regions of the tongue squamous

carcinoma (TSCC) cells (UD-SCC-4: (2.1 ± 0.7) kPa; UD-SCC-6: (2.3 ± 1.0) kPa)

and the Young’s modulus in peripheral regions of the metastatic TSCC cells (UT-

SCC-24B), a substantial difference is observed. No significant difference between

the elastic values of UT-SCC-14 cells’ peripheral regions ((1.3 ± 0.5) kPa) and the

elastic values of UT-SCC-24B cells’ peripheral regions is found. But the UT-SCC-

14 cells’ peripheral regions show a significant difference in the elastic moduli from

the HOK cells’, the DOK cells’, the UD-SCC-4 cells’, and the UD-SCC-6 cells’.

The metastatic UT-SCC-24B tissue is collected from the cancer recurrence of the

same patient. The results indicate that the TSCC cells (UT-SCC-14) with higher

metastatic potential showed a decrease in the elastic moduli compared to TSCC

cells (UD-SCC-4 and UD-SCC-6) with lower metastatic potential.
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4.2 Human oral cells

Figure 40: The topography of tongue cells. (A) HOK (B) DOK (C) UD-SCC-4
(D) UD-SCC-6 (E) UT-SCC-14 (F) UT-SCC-24B cells. Stress fiber organization
of human tongue cells is more diffuse and weak with increasing disease states.
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Figure 41: The boxplot and histogram of Young’s modulus in cells’ peripheral
regions. (A) The UT-24B boxplot is condensed which presents more consistency,
whereas the HOK boxplot shows the larger length of the boxplot. (B) The relative
normal distribution is seen in the HOK, and the data distribution is broader is not
seen in other oral cells.
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The UT-SCC-24B cells exhibit significantly lower Young’s modulus compared

with the oral cells with various conditions of health (HOK), dysplasia (DOK),

and carcinoma (UD-SCC-6). Dysplasia with the presence of abnormal cells is not

usually classified as a malignant tumor, but they have great potential for preceding

the development of cancer. The DOK cells referred to as mild to moderate are

approximately 2-fold softer than the HOK cells but 1.67-fold stiffer than metastatic

UT-SCC-24B cells. Our result is in agreement with those published studies on

human cell lines, where cancer cells are characterized by enhanced deformability,

which are exhibited in the reduction of the stiffness compared to their normal

counterparts [66, 77, 78]. The malignant cells (breast cells and mesothelial cells)

are softer than their counterparts by factors ranging from 2 to 4 [66, 78]. The

variation in stiffness is due to the cytoskeletal instability from the onset of the

tumor. The Young’s modulus indicates that the deformation or compliance of

individual cells is therefore important initiation of cancer, and the difference in

elasticity is accompanied by alternations in cell structure.

The differences in elastic values of the healthy HOK and malignant oral cells

are statistically significant. The disease cells, especially UT-SCC-24B cells appear

more laterally mechanically homogeneous (less structured cytoskeleton led to a

homogeneous body), whereas HOK cells presented more heterogeneous systems

(cytosol and cytoskeleton are more structured than diseased cells) (Figure 40).

Consistent with the previous study, which high malignant breast cancer cell line,

MDA-MB-231 cells represented a good compromise in heterogeneity leading to a

homogeneous cell body [79].

Biological functions and the pathophysiological state of living cells are closely

related to local mechanical properties. It has been suggested that the mechani-

cal properties of cells play a major role in oncogenic processes. The mechanical

stability and integrity of biological cells are provided by the cytoskeleton. The

reorganization of the network actin filament, which is known to contribute to can-

cer, has a strong association with the elastic modulus. The actin cytoskeleton

may induce cell proliferation and activate oncogenes, resulting in tumorigenesis

[80]. Increasing deformability and progression of the transformed phenotype from

a non-tumorigenic oral cell line into a tumorigenic, metastatic cell line are closely

related to the distinguishing remodel of the cytoskeleton [81]. Our findings in-
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dicate that the oral cells significantly alter the cellular elasticity as long as the

progression of the abnormal development of cells (dysplasia) occurs. The AFM

permits monitoring of biomechanical factors in diagnostic research for diseases of-

fers great potential to find new diagnostic factors, particularly in the development

of biomarkers to identify cancer cells and distinguish between differences involving

normal tissues at an early stage of the disease.

4.3 Ultrasounds measurements of human oral healthy and

cancer cells

The detailed mechanical properties of cells enable the potential treatment of dis-

eased cells. Because the oral cells with different disease conditions have different

degrees of cells’ stiffness, the oral cells might have different cellular reactions to

different resonant frequencies. The resonance frequency is mainly determined by

the mechanical and morphological properties. The reflections of oral healthy and

oral cancer cells from acoustic wave irradiation at different frequencies are ob-

served under inverted microscopy (IX70). All US measurements were carried out

together with students as a part of their bachelor or master theses 3.

4.3.1 The response of HOK cells to the ultrasonic waves

The healthy and cancerous cells (HOK and UD-SCC-1) were exposed to two dif-

ferent acoustic waves with exposure times 1, 3, and 5 minutes. The two differ-

ent frequencies used were 24 kHz (150 mA) and 67 kHz (500 mA). The ultrasound

probe was placed above the oral cells at different distances, a range of 0.5 mm to

0.05 mm. The oral cells (HOK and UD-SCC-1) were seeded at high density in

order to present a tight confluent monolayer.

From cell images, the HOK cells responded to the resonance frequencies, nei-

ther at 24 kHz nor at 67 kHz. The HOK cellular morphology remained intact after

exposure to the resonance frequency of 24kHz with exposure times 1, 3, and 5

minutes. The measurement results of HOK cells are shown in Figure 42.

No abnormal behavior was observed in HOK cells after exposure to the fre-

3Simon Sommerhage, Monika Illenseer
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quency of 67 kHz. The two different ultrasonic waves’ radiations did not induce a

resonance catastrophe and do not destroy the HOK cells or change cells’ behav-

ior. HOK cell images before and after the acoustic waves irradiation are shown in

Figure 43).

Figure 42: HOK cells were exposed under the frequency of 24 kHz. The sonotrode
was placed over the cell at a distance of 0.05 mm. (A) the AFM height image (B)
the tip of sonotrode with the diameter of 65µm (C) before irradiation (D) after
1 min irradiation (E) after 3 mins irradiation (F) after5 mins irradiation. Under
the exposure of 24 kHz, no cell death was observed.
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Figure 43: HOK cells were exposed under the frequency of 67 kHz. The sonotrode
was placed over the cell at a distance of 0.05 mm. (A) the AFM height image (B)
the tip of sonotrode with the diameter of 65µm (C) before irradiation (D) after
1 min irradiation (E) after 3 mins irradiation (F) after 5 mins irradiation. Under
the exposure of 67 kHz, no cell death or cell damage was observed.

4.3.2 The response of UD-SCC-1 cells to the ultrasonic waves

The reaction of UD-SCC-1 cells to the frequency of 24 kHz was observed. How-

ever, the oral cancerous cells only reacted to the acoustic wave as the probe was

placed at a short distance of 0.05 mm over the cells. After a 3-min treatment with

acoustic waves of 24 kHz frequency, cell death was observed in the US-SCC-1 cells.
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Subsequently increasing expose time to 5 mins, the acoustic waves sufficiently dis-

rupted more cancer cells as shown. UD-SCC-1 cell images before and after the

acoustic waves irradiation are shown in Figure 44

Interestingly, the UD-SCC-1 cells first changed the cellular morphology in

response to 67 kHz, 1 min, as shown in Figure 45(D). The cells in the highlighted

area shrank and swelled. The round yellow circles mark the irradiation areas.

The cell death took place with an increased exposure time of 67kHz to 3 mins, as

shown in Figure 45. And more cell death was observed after 5-min exposed to the

frequency (Figure 45(F)).
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Figure 44: UD-SCC-1 cells were exposed under the frequency of 24 kHz. The
sonotrode was placed over the cell at the distance of 0.05 mm. (A) the AFM height
image (B) the tip of sonotrode with the diameter of 65µm (C) before irradiation
(D) after 1 min irradiation (E) after 3 mins irradiation (F) after 5 mins irradiation.
Cells exposed to the frequency of 24 kHz, did indeed induce cell death.
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Figure 45: UD-SCC-1 cells were exposed under the frequency of 67 kHz. The
sonotrode was placed over the cell at the distance of 0.05 mm. (A) the AFM height
image (B) the tip of sonotrode with the diameter of 65µm (C) before irradiation
(D) after 1 min irradiation (E) after 3 mins irradiation (F) after 5 mins irradiation.
The 67 kHz exposure on cells altered cell behaviors and further leading to cell
death.

The resonance frequency is proportional to the Young’s modulus, which is a

measure of elasticity and is mainly determined by mechanical and morphological

properties. The elastic properties of our oral cells were conducted utilizing the

AFM showing a decrease in Young’s modulus from healthy to cancerous cells.

Owing to the divergence in mechanical properties and morphology [37], the natural
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frequencies at which local resonance occurs are expected to differ between healthy

and cancerous cells. A normal mode analysis in the harmonic range [82] reveals the

existence of a healthy-to-cancerous spectral gap in ground frequency of the order

of 36.6 kHz. [83]. Besides, the growth rate of the resonance response of cancerous

cells is faster than that of healthy cells, which is an important requirement for

selectively targeting cancerous tissues.

The acoustic waves irradiation can induce a resonance catastrophe and destroy

the cancerous cells while leaving healthy cells intact. Our results demonstrate that

acoustic waves exhibiting low frequencies (of 24 kHz or 67 kHz) induced high am-

plitude oscillations in cancerous cells. The different reactions of cancerous and

healthy cells enable the cell-selective treatment. Cell types’ response to result-

ing mechanical stress depends on their biophysical properties. Our experimental

system might fulfill the clinical demand for non-invasive tumor ablation, comple-

menting the molecular targeting approach.
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4.4 Human dermal cells

Mutations in the nuclear lamina can cause genome instability and subsequently

disrupt nuclear architecture, chromatin organization, and gene expression [84].

These alterations are often associated with rapid telomere erosion and cellular

aging. The HGPS is due to a mutation in the LMNA gene encoding lamin A

and results in premature aging. However, the fundamental mechanism of rapid

telomere erosion in HGPS patients remains elusive.

To analyze whether nuclear lamina abnormalities affect the cell mechanics,

normal and HGPS fibroblasts were probed using an AFM to characterize the me-

chanical features. Subsequently, the cellular phenotype of progeria cells is improved

by telomere elongation by means of retroviral hTERT infection with the catalytic

subunit human telomerase, which successively elongates the shortened telomeres.

Both normal and HGPS immortalized fibroblasts are further investigated utiliz-

ing AFM to indicate whether the modification changes the cellular mechanical

properties after the immortalization.

4.4.1 Human normal and HGPS dermal cells

Force curve mapping where force curves are collected over an area is used to

calculate the mechanical properties of cells. The stiffness of cells is determined from

the force mapping that is required for calculation of the Young’s modulus. Elastic

measurements of normal and HGPS fibroblasts cultured uncoated Petri dishes were

performed. AFM contact images were obtained in liquids using cantilevers with

pyramidal tips.

The adherently grown human fibroblasts display a typical elongated fibrob-

last morphology (spindle-shaped or stellate-shaped). The HGP164 and the N20

are both in an elongated shape, however, they exhibit a wider cell body in com-

parison with other fibroblast cells. The N20 fibroblasts from the skin biopsy of

a 50-year-old individual display the appearance of HGPS-like abnormal morphol-

ogy. Nevertheless, the anomalous features are not as severe as those of progeria

HGP164 fibroblasts. The observed dissimilarities in morphology might influence

cell mechanical response result in different mechanical properties of fibroblasts.

The topography of human fibroblasts is shown in Figure 46.
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Figure 46: The topography of human fibroblasts established from skin biopsies of
(A, B, and C) three patients with HGPS, (D) a young donor and (E and F) two
old donors; A: HGP003, B: HGP164, C: HGP178, D: 811, E: N14, F: N20. The
fibroblasts have an elongated cell shape. The HGP164 and the N20 cells appear
an elongated, but wider shape compared to other fibroblasts.

The 811 fibroblasts ((5.3 ± 2.0) kPa) show no significant difference in Young’s

modulus as compared to the HGP164 cells ((6.2 ± 2.9) kPa). But, 811 cells are

significantly softer than HGP003 cells ((11.3 ± 5.1) kPa) and than HGP178 cells

((10.3 ± 4.1) kPa). The N14 cells ((7.1 ± 3.0) kPa) are significantly softer than the

HGP003 cells. The N14 cells show no substantial difference in the elastic values

from the HGP164 cells nor the HGP178 cells. The N20 cells ((10.1 ± 7.1) kPa)

present no statistically significant discrepancy in Young’s modulus from HGP003

cells, as well as from HGP174 cells. Skin fibroblasts from a healthy donor, aged

around 50, are significantly stiffer than the HGP164 cells. The boxplot and the

histogram of fibroblasts’ Young’s modulus are given in Figure 47.
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Figure 47: The boxplot and the histogram of fibroblasts’ Young’s modulus. (A)
The median value of the groups of the healthy old donors is about 7, and about 9
for the groups of the patients. (B) The data of the fibroblasts from a young donor
shows a narrow distribution as compared to the data of the fibroblasts from old
donors and patients. The fibroblasts were derived from patients with HGPS (003,
164, and 178), a young donor (811), and two old donors (N14 and N20).
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The HGP003 fibroblasts show no significant difference in Young’s modulus

comparing to the HGP178 cells. Surprisingly, the HGP164 cells have a substantial

difference in elastic values comparing to the HGP003 cells, and the HGP164 cells

are significantly softer than HGP178 cells. No remarkable difference in elastic

values between N14 cells and 811 cells is observed. Between N20 cells and N14

cells, there is also no significant discrepancy in Young’s modulus. N20 cells are

distinctly stiffer than 811 cells.

The results indicate that a clear trend towards increasing elastic modulus

with increasing age. Aged fibroblasts and HGPS fibroblasts are stiffer comparing

to young fibroblasts. The distribution of the Young’s modulus for the fibroblasts

given in Figure 47(B) indicates that the data obtained from the young fibroblasts

(from a young donor) has smaller variation than aged or HGPS fibroblasts.

A single gene mutation is responsible for progeria. The gene, known as lamin

A (LMNA), makes a protein necessary for holding the center (nucleus) of a cell

together. When this gene has a defect (mutation), an abnormal form of the lamin

A protein called progerin is produced and makes cells unstable. This appears

to lead to progeria’s aging process. As shown in Figure 48, the nuclei of HGPS

fibroblasts (HGP003, HGP164, and HGP178) are stiffer than of normal fibroblasts’

(811). Not only HGPS fibroblasts but also fibroblasts from the old donors (N14

and N20) have stiffer nuclei than the 811 fibroblasts’ nuclei. Data from nuclear

elastic values of 811 fibroblasts demonstrates a left-skewed distribution with a

single peak around 5 kPa. The data distribution (Figure 48) of old donors and

HGPS patients’ nuclear stiffness exhibit a broad range and a few of them show a

bimodal distribution.
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Figure 48: The boxplot and the histogram of fibroblast nuclear Young’s modulus.
(A) The median values of Young’s modulus are not similar, and some groups are
more variable than others. (B) The data distribution of 811 is narrow as compared
to the others. The fibroblasts were derived from patients with HGPS (003, 164,
and 178), a young donor (811), and two old donors (N14 and N20).
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The presence of the altered protein makes the nuclear envelope unstable and

progressively damages the nucleus. The nuclear abnormalities might also affect

the mechanical properties of cells’ peripheral regions. Hence, the stiffness of cells’

peripheral regions was analyzed from the same set of force curves. Fibroblasts’

peripheral regions are defined as the zone without the nuclei. In Figure 49, the

average E values in periphery regions of both normal and HGPS fibroblasts are

in the range of 5.5 kPa to 9.5 kPa. The average elastic moduli of aged and HGPS

fibroblasts’ peripheral regions are higher than that of the young fibroblasts’. The

data distribution (Figure 49) of aged fibroblasts’ elastic moduli in peripheral re-

gions shows a broad distribution, where HGPS fibroblasts (HGP164 and HGP178)

reveal a bimodal distribution. The elastic results (Figure 48 and Figure 49) ob-

tained from fibroblasts reveal that the cells’ peripheral regions are softer than

nuclear regions.
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Figure 49: The boxplot and the histogram of Young’s modulus in fibroblasts’
periphery regions. (A) The median value of Young’s modulus are not similar, and
some groups are more variable than others. (B) The distribution of values for the
811 group is narrow as compared to the other groups. The fibroblasts were derived
from patients with HGPS (003, 164, and 178), a young donor (811), and two old
donors (N14 and N20).
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The experimental system allows the comparison of fibroblasts from the healthy

individuals with the patients’ fibroblasts in presence of the mutant lamin A. We

found that the higher cellular stiffness from the healthy donors is observed with

increasing age. Fibroblasts from patients and old donors exhibit higher elastic

moduli and broader data distribution than fibroblasts from the young donor, and

some of these differences are statistically significant. The nuclei of fibroblasts from

old donors (N14 and N20) and HGPS patients (HGP003, HGP164, and HGP178)

reveal higher stiffness compared to nuclei from the young donor (811). The fi-

broblasts from the old donors (N14 and N20) indicate similar nuclear mechanical

properties as the HGPS fibroblasts.

The cell nuclei from old individuals display HGPS-like defects, leading to mul-

tiple morphological anomalies of cell nuclei and disturbances in heterochromatin

organization mitosis, DNA replication and repair, and gene transcription [84]. The

mutations (progerin) in the nuclear lamin A cause the premature aging syndrome

HGPS. Interestingly, progerin transcript also presents in cells of normal (healthy)

individuals during normal aging [85]. Accumulation of progerin is observed with

increasing age, indicating a role of progerin in natural cellular aging [86]. A sug-

gestion is that progerin-dependent mechanisms act in natural aging, and the ex-

cessive activity of the same mechanisms may be the main cause of premature aging

in HGPS [86].

Progerin accumulates in the nuclear envelope, disrupting nuclear architecture,

chromatin organization, and gene expression. These alterations are often associ-

ated with rapid telomere erosion and cellular aging, making telomere size reduction

one of the primary hallmarks of aging. The telomere length of individual chro-

mosomes is variable; none of them have predictable shorter or predictable longer

telomeres. A report showed that telomere shortens with each cell division and

telomere erosion is seen in all human tissues [87]. Another study showed that

during normal human aging, alterations of the nuclear lamina and generation of a

mutant prelamin A protein called progerin have been detected [85, 88]. Progerin

expression in normal human fibroblasts accelerates the loss of telomeres. Telom-

ere length (TL) shortening is associated with age [89]. However, the fundamental

mechanism of rapid telomere erosion in HGPS patients remains elusive.
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4.4 Human dermal cells

4.4.2 Introduction of hTERT into human normal and HGPS dermal

cells

Some studies have shown that the transient transfection of human telomerase

(TERT) extended HGPS cellular lifespan and rescues proliferative defects asso-

ciated with progerin [90, 91]. By means of retroviral hTERT infection with the

catalytic subunit human telomerase might partially restore telomere length and

reverse some of the senescent phenotypes of patient cells and may represent a ther-

apeutic avenue for HGPS. The effect of the retroviral hTERT infection with the

catalytic subunit human telomerase on the biomechanics of fibroblasts is investi-

gated by AFM. AFM represents a powerful tool to relate mechanical changes to

cellular function and structure. All immortalized cell lines were compared with the

uninfected cells to demonstrate the ability of infection with the catalytic subunit

hTERT to reverse manifestations of cellular senescence.

The retroviral hTERT infection with the catalytic subunit human telomerase

lengthened the telomeres. There is no significant increase in the average Young’s

modulus of the 811 fibroblasts after the hTERT treatment (811: (5.3 ± 2.0) kPa;

811-T: (6.3 ± 3.2) kPa). No remarkable difference in elastic values between the

N14 fibroblasts and the N14-T fibroblasts is observed (N14: (7.1 ± 3.0) kPa; N14-

T: (6.8 ± 3.6) kPa). But a significant difference in cell elasticity is found in the

N20 fibroblasts after the immortalization (N20: (10.1 ± 7.1) kPa; N20-T: (5.5 ±
3.0) kPa). Table 6 shows the quantitative elastic moduli of human normal and

HGPS fibroblasts.

The HGP003-T fibroblasts infected with vectors encoding the human telom-

erase catalytic subunit are stiffer ((12.4 ± 6.4) kPa) in comparison to telomerase-

negative control HGP003 fibroblasts ((11.3 ± 5.1) kPa), but the difference is not

statistically significant. The cell stiffness of the immortalized FN164-T fibroblasts

is significantly higher ((12.4 ± 3.6) kPa) than that of the HGP164 fibroblasts ((6.2

± 2.9) kPa). After the hTER treatment, the average elastic modulus value of the

introduction hTERT in HGP178 fibroblasts decreases (HGP178: (10.3 ± 4.1) kPa;

HGP178-T: (6.8 ± 2.5) kPa), but the decrease is not significant. The boxplot and

the histogram of fibroblasts’ Young’s modulus are given in Figure 50.
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Table 6: The Young’s modulus of human dermal cells

Cell lines Relative telomere Average Young’s Average Young’s Average Young’s
(on uncoated length modulus of modulus of modulus of cells’

substrate) (T/S ratio) cells’ nuclei (kPa) cells’ bodies (kPa) peripheral regions (kPa)

HGP003 ≈1.75 13.6 ± 5.1 11.3 ± 5.1 8.7 ± 3.6
(low PD) (n = 29) (n = 29) (n = 47)

HGP003-T ≈2.25 14.0 ± 6.0 12.4 ± 6.4 11.3 ± 5.3
(low PD) (n = 21) (n = 21) (n = 41)

HGP164 ≈0.625 8.1 ± 3.7 6.2 ± 2.9 5.8 ± 3.8
(high PD) (n = 22) (n = 22) (n = 44)

FN164-T ≈1.4 14.5 ± 4.6 12.4 ± 3.6 13.2 ± 4.2
(middle PD) (n = 27) (n = 27) (n = 50)

HGP178 ≈1.625 10.9 ± 5.1 10.3 ± 4.1 9.5 ± 4.6
(middle PD) (n = 22) (n = 22) (n = 44)

HGP178-T ≈3.375 7.9 ± 3.1 6.8 ± 2.5 7.3 ± 3.3
(low PD) (n = 25) (n = 25) (n = 48)

811 ≈0.53 6.2 ± 2.9 5.3 ± 2.0 5.5 ± 1.9
(middle PD) (n = 23) (n = 23) (n = 32)

811-T ≈1.17 7.6 ± 3.8 6.3 ± 3.2 6.9 ± 4.6
(middle PD) (n = 22) (n = 22) (n = 43)

N14 ≈1.25 9.6 ± 4.8 7.1 ± 3.0 6.1 ± 3.5
(middle PD) (n = 26) (n = 26) (n = 49)

N14-T ≈2.625 9.2 ± 4.8 6.8 ± 3.6 6.0 ± 3.7
(middle PD) (n = 22) (n = 22) (n = 41)

N20 ≈1.375 13.0 ± 6.7 10.1 ± 7.1 8.1 ± 5.1
(middle PD) (n = 21) (n = 21) (n = 48)

N20-T ≈4.0 6.5 ± 4.1 5.3 ± 3.0 5.2 ± 4.1
(middle PD) (n = 25) (n = 25) (n = 50)

Cell lines Relative telomere Median Young’s Median Young’s Median Young’s
(on uncoated length modulus of modulus of modulus of cells’

substrate) (T/S ratio) cells’ nuclei (kPa) cells’ bodies (kPa) peripheral regions (kPa)

HGP003 ≈1.75 13.1 ± 5.1 9.8 ± 5.1 8.0 ± 3.6
(low PD) (n = 29) (n = 29) (n = 47)

HGP003-T ≈2.25 14.4 ± 6.0 14.8 ± 6.4 12.5 ± 5.3
(low PD) (n = 21) (n = 21) (n = 41)

HGP164 ≈0.625 7.5 ± 3.7 5.8 ± 2.9 4.3 ± 3.8
(high PD) (n = 22) (n = 22) (n = 44)

FN164-T ≈1.4 13.2 ± 4.6 11.7 ± 3.6 12.7 ± 4.2
(middle PD) (n = 27) (n = 27) (n = 50)

HGP178 ≈1.625 10.4 ± 5.1 10.4 ± 4.1 8.9 ± 4.6
(middle PD) (n = 22) (n = 22) (n = 44)

HGP178-T ≈3.375 7.6 ± 3.1 6.8 ± 2.5 7.2 ± 3.3
(low PD) (n = 25) (n = 25) (n = 48)

811 ≈0.53 5.7 ± 2.9 5.4 ± 2.0 5.8 ± 1.9
(middle PD) (n = 23) (n = 23) (n = 32)

811-T ≈1.17 7.1 ± 3.8 5.5 ± 3.2 5.9 ± 4.6
(middle PD) (n = 22) (n = 22) (n = 43)

N14 ≈1.25 8.2 ± 4.8 6.7 ± 3.0 5.5 ± 3.5
(middle PD) (n = 26) (n = 26) (n = 49)

N14-T ≈2.625 8.5 ± 4.8 6.6 ± 3.6 5.0 ± 3.7
(middle PD) (n = 22) (n = 22) (n = 41)

N20 ≈1.375 13.2 ± 6.7 7.6 ± 7.1 6.8 ± 5.1
(middle PD) (n = 21) (n = 21) (n = 48)

N20-T ≈4.0 5.5 ± 4.1 4.9 ± 3.0 4.2 ± 4.1
(middle PD) (n = 25) (n = 25) (n = 50)
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4.4 Human dermal cells

Figure 50: The boxplot and the histogram of fibroblasts’ Young’s modulus. (A)
The median values of the groups of HGPS patients are generally higher than the
other groups of healthy donors. The values in the data of some groups are spread
out (N20, 003T, and 178). (B) The data distribution of the 811 group is narrow
as compared to the other groups. The fibroblasts were derived from patients with
HGPS (003, 164, and 178), a young donor (811), and two old donors (N14 and
N20). After the immortalization of fibroblasts, the cells are additionally marked
with T, such as 003T, 164T, and 178T for progeria fibroblasts and 811T, N14T,
and N20T for normal fibroblasts.

The nuclear Young’s modulus of the infected 811-T fibroblasts ((7.6± 3.8) kPa)
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does not show a significant difference in Young’s modulus from the uninfected 811

fibroblasts ((6.2 ± 2.9) kPa). No considerable difference in the elastic moduli is

found between the N14 nuclei ((9.6 ± 4.8) kPa) and the N14-T nuclei ((9.2 ±
4.8) kPa). Before the treatment of hTERT, the N20 fibroblasts’ nuclei ((13.0 ±
6.7) kPa) are significantly stiffer than the nuclear stiffness of immortalized N20

fibroblasts’ (N20-T: (6.5 ± 4.1) kPa). The stiffness of HGP003-T fibroblasts’ nu-

clei ((14.0 ± 6.0) kPa) is not substantially different from the stiffness of HGP003

fibroblasts’ nuclei ((13.6 ± 5.1) kPa). Between the HGP178 and HGP178-T fibrob-

lasts, no significant difference in the nuclear elastic moduli is observed (HGP178:

(10.9 ± 5.1) kPa; HGP178-T: (7.9 ± 3.1) kPa). But, there is a remarkable differ-

ence between the nuclear elasticity of HGP164 fibroblasts ((8.1 ± 3.7) kPa) and

of FN164-T fibroblasts ((14.5 ± 4.6) kPa). The boxplot and the histogram of

fibroblast nuclear Young’s modulus are shown in Figure 51.
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Figure 51: The boxplot and the histogram of fibroblast nuclear Young’s modulus.
(A) The median values of the groups of HGPS fibroblasts are generally higher than
the other groups of normal fibroblasts. The values in some groups are spread out
(N20, 003T, and 178). (B) The distribution of values for the 811 group is narrow
as compared to the other groups. The fibroblasts were derived from patients with
HGPS (003, 164, and 178), a young donor (811), and two old donors (N14 and
N20). Progeria cells (003T, 164T, and 178T) and normal dermal cells (811T,
N14T, and N20T) are infected with a retro virus.

The data distribution of E values in peripheral regions is given in Figure 52.

A broad distribution for aged fibroblasts are observed, while the data for HGPS
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fibroblasts exhibit a bimodal distribution. After the infection of the catalytic sub-

unit hTERT, the Young’s modulus in peripheral regions of the HGPS fibroblasts

indicates that there is no clear difference in Young’s modulus between HGP003 and

HGP003-T fibroblasts (HGP003: (8.7 ± 3.6) kPa; HGP003-T: (11.3 ± 5.3) kPa.

The same trend in Young’s modulus in peripheral regions can be seen in HGP178

fibroblasts: HGP178: (9.5 ± 4.6) kPa; HGP178-T: (7.3 ± 3.3) kPa). But the sta-

tistical analysis indicates that the elastic values of HGP164 fibroblasts’ peripheral

regions are significantly different from that of FN164-T fibroblasts’ (HGP164: (5.8

± 3.8) kPa; FN164-T: (13.2 ± 4.2) kPa). In cell peripheral regions, the stiffness of

fibroblasts from healthy donors (811 and N14) do not dramatically change after

the immortalization (811: (5.5 ± 1.9) kPa; 811-T: (6.9 ± 4.6) kPa; N14: (6.1 ±
3.5) kPa; N14-T: (6.0 ± 3.7) kPa). However, the cytoplasmic regions of uninfected

N20 fibroblasts (N20: (8.1 ± 5.1) kPa) are stiffer than those of immortalized N20-T

fibroblasts (N20-T: (5.2 ± 4.1) kPa).
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4.4 Human dermal cells

Figure 52: The boxplot and the histogram of Young’s modulus in fibroblasts’
peripheral regions. (A) The median value of Young’s modulus of fibroblasts is not
similar, some groups are more variable than others. (B) The data distribution
of the 811 group is narrow as compared to the other groups. The fibroblasts
were derived from patients with HGPS (003, 164, and 178), a young donor (811),
and two old donors (N14 and N20). The telomere length of transfected cell lines
003T, 164T, 178T, 811T, N14T, and N20T) are longer after the retroviral hTERT
infection with the catalytic subunit human telomerase.

The results indicate the retroviral hTERT infection with the catalytic subunit

hTERT alters dermal fibroblasts’ morphology, resulting in the differences in elastic
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4.4 Human dermal cells

values that can been seen not only in the cell nuclei but also in the cell bodies, as

well as in cells’ peripheral regions of fibroblasts. The two different cell lines, the

HGP164 fibroblasts and the normal N20 fibroblasts exhibit a great difference in

Young’s modulus after the immortalization (Lamin A, a major component of the

nuclear lamina, is responsible for nuclear stiffness, and B-type lamins for nuclear

integrity [92]).

Except the fibroblast mechanical properties, we also investigated subcellular

morphologies with the use of AFM. With nano-mechanical measurements, the

cellular surface features are revealed and shown in Figure 53. The organization

of the cytoskeleton in some fibroblasts has visually changed after the immortal-

ization. Both HGP164 fibroblasts and N20 fibroblasts present the divergence in

morphological features, after the immortalization. The FN164-T fibroblasts are

elongated and spindle-shaped, whereas the HGP164 fibroblasts are flatter and in

irregular cellular shape. The stress fibers in FN164-T fibroblasts are thick, while

HGP164 fibroblasts contain thinner and fewer stress fibers. Not only HGP164

fibroblasts but also N20 fibroblasts appear as another morphology feature after

hTERT treatment. The N20 fibroblasts’ bodies are broader than N20-T fibrob-

lasts’. The N20-T fibroblasts infected with the retro virus have visibly increased

stress fibers (actin filament bundles) relative to control N20 fibroblasts. The for-

mation of actin filaments in other fibroblasts might slightly be reorganized after the

hTERT treatment, but the reorganization is not considerable. The reorganization

of stress fibers in fibroblasts leads to differences in cell stiffness.
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Figure 53: The topography of human dermal fibroblasts and hTERT-immortalized
human dermal fibroblasts. (A, B, and C) HGPS fibroblasts, (D, E, and F) HGPS
fibroblasts infected with the catalytic subunit hTERT, (G, H, and I) normal fi-
broblasts and (J, K, and L) normal fibroblasts infected with thecatalytic subunit
hTERT; A: HGP003, B: HGP164, C: HGP178, D: HGP003-T, E: HGP164-T, F:
HGP178-T, G: 811, H: N14, I: N20, J: 811-T, K: N14-T, L: N20-T.

The relative length of telomeres (T/S ratio) is estimated before to indicate

if telomerase expression elongated or restored the length of telomeres of human
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fibroblasts 4. Before the immortalization, the fibroblasts derived from two old indi-

viduals have short telomeres, (N14: 1.25 and N20: 1.375). The HGPS fibroblasts

also have short telomeres (HGP003: 1.75, HGP164: 0.625, and HGP178: 1.625).

The relative telomere length of the young donor (811) is surprisingly the shortest

one with the number of 0.53. By the mean of retroviral hTERT infection with

the catalytic subunit human telomerase, all the human dermal fibroblasts revealed

a longer telomere length. In addition, the relative telomere length of the normal

fibroblasts (811, N14, and N20) increased two times more than before the infection

with the catalytic subunit. The relative telomere length of fibroblasts in detail is

shown in Appendix J.1.

Previous reports indicated that the nuclear morphology of HGPS fibroblasts

did improve nuclear morphology after the hTERT treatment [91]. Without the

hTERT treatment, HGPS fibroblasts exhibited characteristic nuclear blebs and

wrinkles [93]. Nuclear mechanics are tightly coupled to cytoskeletal mechanics via

lamin A/C. The results suggest that the process of immortalization may indirectly

alter the cytoskeleton contributing to differences in the mechanical properties.

From the AFM images, HGP164 fibroblasts and N20 fibroblasts, both reveal an

unorthodox fibroblast morphology, normally fibroblasts display an elongated mor-

phology (spindle-shaped). The abnormal cell structure might due to the altered

nuclear shape that progerin accumulation induced increasing nuclear envelope in-

vaginations [25, 94]. The thick and bundled stress fibers can be observed in both

transfected fibroblasts (the FN164-T and the N20-T). The distinguishable mor-

phological alterations result in changing biomechanical responses. Still how the

infection with the catalytic subunit hTERT affects cell mechanical properties re-

mains ambiguous.

Our results indicate that the E value of some HGPS fibroblasts increased after

the infection of hTERT, whereas other HGPS fibroblasts are softer or remain their

mechanical properties after the hTERT treatment. The hTERT treatment does

not have a significant effect on the biomechanical properties of normal fibroblasts,

except the N20, at least no substantial difference in elasticity or cellular mor-

phology is observed. The immortalized N20-T fibroblasts are significantly softer

than the uninfected N20 fibroblasts. Both HGP178 fibroblasts and N20 fibrob-

4Anna Maria Haschke, Kathrin Jäger
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lasts have a decrease in Young’s modulus after the hTERT treatment. After the

hTERT treatment, HGPS fibroblasts (HGP003 and HGP164) show an increase in

Young’s modulus. The results indicate that the hTERT treatment changes HGPS

fibroblasts’ mechanical properties indicating an increase or a decrease in Young’s

modulus. In HGPS cell lines characterized by short telomeres, the infection with

the catalytic subunit hTERT increase telomere length, increase proliferative ca-

pacity and cellular lifespan and increase (or decrease) cell elasticity. The hTERT

immortalization elicits genome reorganization not only in disease cells but also in

the normal cells, such that whole chromosome territories normally located at the

nuclear periphery in proliferating fibroblasts become mislocalized in the nuclear

interior [95]. Through hTERT immortalization, the telomere length of HGPS cell

lines increases [91], but may present other unexpected genomic instability.

The potential role of telomere elongation as a preventive or therapeutic in-

tervention for several genetic and age-related diseases linking telomere shortening

has been proposed [96, 97, 98]. Transient expression of purified human telomerase

(hTERT) mRNA might partially restore telomere length and reverse some of the

senescent phenotypes of HGPS fibroblasts[90, 91]. Our results show re-expression

of telomerase did change the elasticity of human dermal fibroblasts, however, there

are still numerous challenges ahead to understand the complex biological process.

Numerous aspects at the biochemical, cellular, and organismal level have sug-

gested telomeres interact directly and indirectly with lamins and with lamin in-

teracting proteins, via strictly telomeric proteins and telomere-associated factors

[99]. The depletion of or mutations in LMNA can alter telomere distribution

within the nucleus [100, 101]. Lamins also regulate multiple aspects of telomere

function, including intranuclear diffusion, replication, elongation, heterochromatic

organization, and processing by non-homologous end joining (NHEJ) upon dys-

function, processes that, in turn, are intertwined among them [99]. Altogether

these observations imply an interplay between lamins and telomeres in different

cellular processes, including epigenetics, telomere dynamics, telomere homeostasis,

and DNA repair at dysfunctional telomeres, which, actually, in turn, are among

them interconnected [99].

The connection between telomere and lamins may affect nuclear function by

altering mechanotransduction or the activity of mechanosensitive genes through
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currently unknown mechanisms. The nuclear lamina is coupled to the cytoskeleton

via connections mediated by the inner nuclear membrane (INM) and outer nuclear

membrane (ONM) proteins, termed the linker of nucleoskeleton and cytoskeleton

(LINC) complex [102]. The LINC complex spans the inner and outer nuclear

membranes of the nuclear envelope and connects components of the cytoskeleton,

providing a physical coupling between the nucleoskeleton and cytoskeleton that

mediates the transfer of physical forces across the nuclear envelope [103]. In mam-

mals, forces that move telomeres are generated in the cytoplasm by microtubule-

associated motor proteins and transduced into the nucleus through the LINC com-

plexes of the nuclear envelope [104]. Some studies showed that actin regulates chro-

matin dynamics under normal conditions in nonmigrating S-phase fibroblasts [105],

whereas others reported with observations that microtubules play the dominant

role in regulating chromatin dynamics regardless of the presence of DNA damage

[106]. Regulation of telomere dynamics that is mediated by the intrinsic cytoskele-

tal fluctuations could play a major role in the maintenance of telomere integrity.

Understanding telomere dynamics in the context of laminopathies, cytoskeleton-

related diseases, and cancers may improve our knowledge of the pathophysiology

of lamin-related diseases [107].

Cancer is also considered an age-related disease, as its risk increases with age.

Several studies have investigated the relationship between telomere length and

cancer risk or prognosis [108]. In normal cells, telomere shortening is associated

with cellular senescence and is implicated in tumorigenesis and cancer [109]. Crit-

ically short telomeres activate the DNA damage response, which can lead to a

growth arrest (cellular senescence) or apoptosis. The telomere attrition represents

a (proliferative) barrier to tumor tumorigenesis, but also to aging phenotypes by

limiting tissue regeneration [110]. However, the shortening of human telomeres

has two opposing effects during cancer development. On the one hand, telomere

loss may act as a tumor suppressor mechanism [111]. On the other hand, the

human telomerase is reactivated in cancer indicating that telomerase is required

for the proliferation of cells toward malignancy [112, 113]. Although much has

been learned in recent years about the role of telomere in cancer development,

many basic questions remain. Further research efforts are still needed to reveal

the mechanisms underlying the complexity of the cancer genome.
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5 Conclusion and outlook

Human oral cell

In this project oral cells with different disease stages are studied and used for the

experiments. The influences of the different cultivation substrates are investigated

by AFM. Substrates with different stiffness have a strong influence on both cell

morphology and elasticity, especially on cells’ peripheral regions. In other words,

cell substructure and elasticity are cultivation substrate-dependent. Except for

cultivation substrate, cell origins and sizes impinge on AFM assessment. The

cancerous cells (UD-SCC-2) from the hypopharynx exhibit the smallest diameter,

and the small cell body consequently results in the lowest cellular stiffness com-

paring to other cancerous cells from different origins, such as the tongue or tonsil

(UD-SCC-1, UD-SCC-4, UD-SCC-6, and UD-SCC-14).

AFM scanning in liquid allows real-time observations of living cells and reveals

the high resolution of the surface filaments of the cytoskeleton. The cytoskeleton of

diseased cells is visually reorganized, and the change is more perspicuous accompa-

nied by severe disease conditions. Cells with cancer alter not only the organization

of the cytoskeleton but also the stiffness of cell bodies. The healthy cells (HOK) are

with a significantly higher elasticity as compared to the cancerous cells (UD-SCC-

4, UD-SCC-6, and UT-SCC-14), and the metastatic cells (UD-SCC-24B) have the

softest cell bodies.

Moreover, benign cells are in general considered healthy cells. However, by

consideration of AFM measurement, the benign cells (DOK) present significantly

different cell behaviors as healthy cells. Thus, DOK cells are considered cancerous

cells in this study, they have a higher potential for cancer development.

Besides, the cancerous tongue cells (UT-SCC-14) with high metastatic poten-

tial also behave differently than other cancerous cells that cellular elasticity is lower

than other cancerous tongue cells (UD-SCC-4, UD-SCC-6) with lower malignancy.

Owing to the inherent characteristics, oral cells can react differently to two

different resonance frequencies. The resonance frequency is proportional to the

Young’s modulus, which is a measure of elasticity and is mainly determined by

cellular mechanical and morphological properties. Irradiation of cancerous cells

(UD-SCC-1) with both 24 kHz and 67 kHz, resonance frequencies induce cell death,
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whereas normal cells (HOK) remained intact.

Outlook

The goal of the project is to develop a cell-selective therapy for tumor ablation.

This therapeutic method is based on mechanical resonances instead of cavitation

that affects surrounding tissue. If cells are irradiated with acoustic waves which

force the cells to oscillate with their resonance frequencies, a resonance catastro-

phe is initiated. The resonance frequency is mainly determined by the mechanical

and morphological properties of cells. With knowledge of the mechanical and

morphological properties of cells, we did successfully induced cell death in cancer-

ous cells, while normal cells remained entire. However, how acoustic waves affect

benign and metastatic cells remain obscure. Moreover, co-cultivation of normal

and pathological cells should be tested as well to simulate the human tissue that

is normally surrounding by both normal and cancer cells that exist simultaneously.

Human dermal cells (fibroblasts)

The project begins with observations on biomechanical properties and surface

characterization of fibroblasts with a mutation in the LMNA gene, and fibrob-

lasts without genetic disorders. A mutation in the LMNA gene has been found in

most patients with HGPS that causes the dramatic appearance of aging beginning

in childhood. The characterization of biomechanics is investigated by AFM. The

AFM assessment indicates that normal fibroblasts from old donors have some sim-

ilarities to fibroblasts from patientswith HGPS. The cell elasticity of N20 fibrob-

lasts shows comparable results from HGPS fibroblasts (HGP003, and HGP178).

Not only elasticity, but the AFM images present that the N20 fibroblasts have

a wider shape which is also perceived in HGPS fibroblasts (HGP164). In addi-

tion, the normal fibroblasts from a young donor (811) have softer cell bodies and

softer nuclei than that of both old donors (N14 and N20) and patients with HGPS

(HGP003, HGP164, and HGP178). Our results indicate that normal fibroblasts

become stiffer with aging, and aged fibroblasts behavior HGPS fibroblasts alike.

Progeria syndrome is associated with accelerated telomere erosion. By means

of retroviral hTERT infection with the catalytic subunit human telomerase can re-

store telomere length of HGPS fibroblasts without transforming fibroblasts. Trans-
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fection is a technique that delivers nucleic acids to specific subcellular cells. The

method is recently suggested as a potential treatment for Progeria to prevent cell

cycle arrest and senescence. The results from AFM measurements present a de-

crease or an increase in cell elasticity after the hTERT treatment. After hTERT

treatment, the cytoskeleton filaments became thicker in HGPS fibroblasts, whereas

no obvious cytoskeleton alternations in normal fibroblasts are noticed. However,

how the retroviral hTERT infection with the catalytic subunit human telomerase

affect in the biomechanics of fibroblasts remains elusive. The impact of the hTERT

treatment on the cellular mechanics and on cytoskeleton structures is observed us-

ing AFM, but the hTERT treatment might at the same time affects the stability

of the chromosome in the cell nucleus; as a result, different cellular processes are

disturbed.

Outlook

The object of the project is to investigate the biomechanics and cytoskeleton of

HGPS fibroblasts and their normal counterpart and seek a possible treatment for

the rare disease. From the AFM results, HGPS fibroblasts have different cell me-

chanics and different surface characterization after the hTERT treatment. Still

because of the patient diversity more samples have to be examined using AFM.

More measurement techniques can be utilized in order to understand the mech-

anisms behind, such as cell staining, PCR, etc. It is also interesting to examine

the effect of transfection not only on fibroblasts but also on cardiac cells or mus-

cle cells. After all, patients with HGPS suffer from aging-associated symptoms

including lack of subcutaneous fat, hair loss, joint contractures, and a cardiovas-

cular disease resembling atherosclerosis.
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A.1 Approximate amount of cells seeded in a Petri dish

Table A.1: Approximate amount of cells seeded in a Petri dish three days before
measurements

Cell lines Amount of cells Comment

UD-SCC-1 300 - 400µml of 9 ml
UD-SCC-2 300 - 400µml of 9 ml
UD-SCC-4 200 - 300µml of 9 ml strain through 40µm cell strainer
UD-SCC-6 300 - 500µml of 9 ml strain through 40µm cell strainer
UT-SCC-14 200 - 400µml of 9 ml strain through 40µm cell strainer

UT-SCC-24B 200 - 400µml of 9 ml strain through 40µm cell strainer
DOK 200 - 400µml of 9 ml
HOK 100 - 200µml of 4 ml

HGP003 100 - 200µml of 2 ml
HGP003-T 100 - 200µml of 3 ml

HGP164 (FN164) 300µml of 2 ml low growth rate
HGP164-T (FN164-T) 100µml of 3 ml

HGP178 100 - 200µml of 3 ml
HGP178-T 100 - 200µml of 3 ml

811 200 - 300µml of 3 ml
811-T 400 - 500µml of 4 ml
N14 100 - 200µml of 2 ml

N14-T 200 - 300µml of 3 ml
N18 -

N18-T 100µml of 3 ml strain through 40µm cell strainer
N20 300µml of 2 ml low growth rate

N20-T 200 - 300µml of 3 ml
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B Appendix

B.1 The calibration curve of the ultrasound probe

Figure B.1: Vibration velocity- target current characteristics of the two resonances
according to the measurements using laser Doppler vibrometer: (A) at the reso-
nance frequency of 33.1 kHz (B) at the resonance frequency of 49.5 kHz
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C Appendix

C Appendix

C.1 The average Young’s modulus of human oral cells

Table C.1: The average Young’s modulus of human oral cells with different cancer
stages

Cell lines Sample Origin Young’s modulus Young’s modulus Young’s modulus
of cells’ nuclei of cells’ bodies of cells’ peripheral

(kPa) (kPa) regions (kPa)

UD-SCC-1 Oropharynx 3.8 ± 2.3 3.4 ± 2.5 3.3 ± 1.7
(on uncoated (Tonsil) (n = 35) (n = 35) (n = 109)

substrate)
UD-SCC-1 Oropharynx 3.1 ± 1.6 2.6 ± 1.1 2.4 ± 0.8

(on (Tonsil) (n = 45) (n = 45) (n = 124)
gelatin-coated

substrate)

Cell lines Sample Origin Young’s modulus Young’s modulus Young’s modulus
of cells’ nuclei of cells’ bodies of cells’ peripheral

(kPa) (kPa) regions (kPa)

UD-SCC-1 Oropharynx 3.1 ± 1.6 2.6 ± 1.1 2.4 ± 0.8
(Tonsil) (n = 45) (n = 45) (n = 124)

UD-SCC-2 Hypopharynx 2.5 ± 1.6 1.9 ± 0.9 1.4 ± 0.6
(n = 41) (n = 44) (n = 116)

UD-SCC-4 Oropharynx 2.6 ± 0.9 2.1 ± 0.7 2.1 ± 0.7
(Tongue) (n = 35) (n = 35) (n = 100)

UD-SCC-6 Oral cavity 3.7 ± 1.7 2.6 ± 1.1 2.3 ± 1.0
(Tongue) (n = 34) (n = 36) (n = 103)

UT-SCC-14 Oral cavity 2.9 ± 2.0 2.0 ± 1.1 1.3 ± 0.5
(Tongue) (n = 38) (n = 40) (n = 111)

UT-SCC-24B Oral cavity 2.0 ± 0.9 1.5 ± 0.5 1.2 ± 0.3
(Tongue) (n = 27) (n = 30) (n = 79)

DOK Dorsal 3.4 ± 1.8 2.5 ± 0.9 2.0 ± 1.8
tongue (n = 36) (n = 34) (n = 96)

HOK Oral 5.6 ± 2.7 4.6 ± 2.2 3.6 ± 1.8
mucosa (n = 40) (n = 40) (n = 125)
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C.2 The median Young’s modulus of human oral cells

C.2 The median Young’s modulus of human oral cells

Table C.2: The median Young’s modulus of human oral cells with different cancer
stages

Cell lines Sample Origin Young’s modulus Young’s modulus Young’s modulus
of cells’ nuclei of cells’ bodies of cells’ peripheral

(kPa) (kPa) regions (kPa)

UD-SCC-1 Oropharynx 2.8 ± 2.3 2.6 ± 2.5 2.9 ± 1.7
(on uncoated (Tonsil) (n = 35) (n = 35) (n = 109)

substrate)
UD-SCC-1 Oropharynx 2.8 ± 1.6 2.3 ± 1.1 2.3 ± 0.8

(on (Tonsil) (n = 45) (n = 45) (n = 124)
gelatin-coated

substrate)

Cell lines Sample Origin Young’s modulus Young’s modulus Young’s modulus
of cells’ nuclei of cells’ bodies of cells’ peripheral

(kPa) (kPa) regions (kPa)

UD-SCC-1 Oropharynx 2.8 ± 1.6 2.3 ± 1.1 2.3 ± 0.8
(Tonsil) (n = 45) (n = 45) (n = 124)

UD-SCC-2 Hypopharynx 2.1 ± 1.6 1.5 ± 0.9 1.3 ± 0.6
(n = 41) (n = 44) (n = 116)

UD-SCC-4 Oropharynx 2.5 ± 0.9 2.0 ± 0.7 2.0 ± 0.7
(Tongue) (n = 35) (n = 35) (n = 100)

UD-SCC-6 Oral cavity 3.6 ± 1.7 2.6 ± 1.1 2.1 ± 1.0
(Tongue) (n = 34) (n = 36) (n = 103)

UT-SCC-14 Oral cavity 2.3 ± 2.0 1.8 ± 1.1 1.3 ± 0.5
(Tongue) (n = 38) (n = 40) (n = 111)

UT-SCC-24B Oral cavity 1.8 ± 0.9 1.4 ± 0.5 1.2 ± 0.3
(Tongue) (n = 27) (n = 30) (n = 79)

DOK Dorsal 2.9 ± 1.8 2.3 ± 0.9 1.6 ± 1.8
tongue (n = 36) (n = 34) (n = 96)

HOK Oral 5.2 ± 2.7 4.6 ± 2.2 3.3 ± 1.8
mucosa (n = 40) (n = 40) (n = 125)
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D Appendix

D Appendix

D.1 The Young’s modulus images of human oral cells with

different cancer stages

Figure D.1: The Young’s modulus images of human oral cells. (A) HOK (B)
DOK (C) UD-SCC-1 (D) UD-SCC-2 (E) UD-SCC-4 (F) UD-SCC-6 (G) UT-SCC-
14 (H) UT-SCC-24B cells. The images are for visualizing information related to
the stiffness. A flexible material has low Young’s modulus and changes its shape
considerably. By measuring the elastic properties of cancerous cells compared to
normal cells, may help identify diseases detectable with elasticity imaging, and
even may aid differential diagnosis based on quantitative elastic modulus data for
different pathological processes.
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E Appendix

E.1 The AFM height images of UD-SCC-1 cells cultured

on the uncoated substrate

Figure E.1: The AFM height images of UD-SCC-01 cells cultured on the uncoated
substrate. The cell height of UD-SCC-01 on the stiff (uncoated) substrate is in
the range of 1.65µm to 3.18µm. Actin filaments of UD-SCC-01 are not organized
and F-actin bundles are oriented randomly with short segments.
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E.2 The AFM height images of UD-SCC-1 cells cultured on the gelatin-coated

substrate

E.2 The AFM height images of UD-SCC-1 cells cultured

on the gelatin-coated substrate

Figure E.2: The AFM height images of UD-SCC-01 cells cultured on the gelatin-
coated substrate. The UD-SCC-01 cells on soft (gelatin-coated) substrate possess
a cell height of 1.8µm to 2.09µm. UD-SCC-01 cells present short actin filaments.
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E.3 The AFM height images of squamous carcinoma UD-SCC-2 cells

E.3 The AFM height images of squamous carcinoma UD-

SCC-2 cells

Figure E.3: The AFM height images of UD-SCC-02 cells cultured on the gelatin-
coated substrate. UD-SCC-02 cells present small spheroid cell bodies and form
clusters containing stress fibers.
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E.4 The AFM height images of tongue squamous carcinoma UD-SCC-4 cells

E.4 The AFM height images of tongue squamous carci-

noma UD-SCC-4 cells

Figure E.4: The AFM height images of UD-SCC-04 cells cultured on the gelatin-
coated substrate. In UD-SCC-04 cells, the microfilaments form a web-like mesh-
work, and actin aggregates are dot-like and arranged in short strands that look
like broken or poorly assembled actin structures.

121



E.5 The AFM height images of tongue squamous carcinoma UD-SCC-6 cells

E.5 The AFM height images of tongue squamous carci-

noma UD-SCC-6 cells

Figure E.5: The AFM height images of UD-SCC-06 cells cultured on the gelatin-
coated substrate. UD-SCC-06 cells reveal long, but less-organized microfilaments.
The stress fibers are straight and spread disorderly.
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E.6 The AFM height images of tongue squamous carcinoma UT-SCC-14 cells

E.6 The AFM height images of tongue squamous carci-

noma UT-SCC-14 cells

Figure E.6: The AFM height images of UT-SCC-14 cells cultured on the gelatin-
coated substrate. A weak actin network is observed in UT-SCC-14 cells. F-actin
arranges in a less parallel pattern in the spreading area of the cell surface.
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E.7 The AFM height images of metastatic tongue squamous carcinoma

UT-SCC-24B cells

E.7 The AFM height images of metastatic tongue squa-

mous carcinoma UT-SCC-24B cells

Figure E.7: The AFM height images of UT-SCC-24B cells cultured on the gelatin-
coated substrate. Diffused microfilaments are conspicuous in UT-SCC24B cells.
The stress fibers arrange in short strands, dotted actin structures form ring-like
surrounding the cell body.

124



E.8 The AFM height images of human dysplastic oral mucosa cells

E.8 The AFM height images of human dysplastic oral mu-

cosa cells

Figure E.8: The AFM height images of DOK cells cultured on the gelatin-coated
substrate. A degraded matrix of the actin network is observed in DOK cells.
F-actin filaments are thin and fragmented.

125



E.9 The AFM height images of human oral keratinocyte cells

E.9 The AFM height images of human oral keratinocyte

cells

Figure E.9: The AFM height images of HOK cells cultured on the gelatin-coated
substrate. HOK cells display a tight filamentous network, the bundles of actin
filaments are large, thick-straight, and well-organized. The actin cytoskeleton
runs across the cell in a parallel direction.
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F Appendix

F.1 The response of UD-SCC-1 cells to the resonance fre-

quency of 24 kHz

Figure F.10: UD-SCC-1 cells are exposed under the frequency of 24 kHz. The
sonotrode is placed over the cell at the distance of 0.05 mm. (A) the AFM height
image (B) the tip of sonotrode with the diameter of 65µm (C) before irradiation
(D) after 1 min irradiation (E) after 3 mins irradiation (F) after 5 mins irradiation.
Cells exposed to the frequency of 24 kHz, the irradiation-induced cell death.
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F.2 The response of UD-SCC-1 cells to the resonance frequency of 67 kHz

F.2 The response of UD-SCC-1 cells to the resonance fre-

quency of 67 kHz

Figure F.11: UD-SCC-1 cells are exposed under the frequency of 67 kHz. The
sonotrode is placed over the cell at the distance of 0.05 mm. (A) the AFM height
image (B) the tip of sonotrode with the diameter of 65µm (C) before irradiation
(D) after 1 min irradiation (E) after 3 mins irradiation (F) after 5 mins irradiation.
When cells were exposed to the frequency of 67 kHz, they changed their cellular
morphology.
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G Appendix

G.1 The average Young’s modulus of human dermal cells

Table G.1: The average Young’s modulus of human dermal cells with different
conditions

Cell lines Relative telomere Young’s modulus Young’s modulus Young’s modulus
(on uncoated length of cells’ nuclei cell’ bodies of cells’ peripheral

substrate) (T/S ratio) (kPa) (kPa) regions (kPa)

HGP003 ≈1.75 13.6 ± 5.1 11.3 ± 5.1 8.7 ± 3.6
(low PD) (n = 29) (n = 29) (n = 47)

HGP003-T ≈2.25 14.0 ± 6.0 12.4 ± 6.4 11.3 ± 5.3
(low PD) (n = 21) (n = 21) (n = 41)

HGP164 ≈0.625 8.1 ± 3.7 6.2 ± 2.9 5.8 ± 3.8
(high PD) (n = 22) (n = 22) (n = 44)

FN164 ≈0.75 8.3 ± 5.5 6.5 ± 5.0 5.8 ± 5.4
(middle PD) (n = 23) (n = 23) (n = 55)

FN164-T ≈1.4 14.5 ± 4.6 12.4 ± 3.6 13.2 ± 4.2
(middle PD) (n = 27) (n = 27) (n = 50)

HGP178 ≈1.625 10.9 ± 5.1 10.3 ± 4.1 9.5 ± 4.6
(middle PD) (n = 22) (n = 22) (n = 44)

HGP178-T ≈3.375 7.9 ± 3.1 6.8 ± 2.5 7.3 ± 3.3
(low PD) (n = 25) (n = 25) (n = 48)

811 ≈0.53 6.2 ± 2.9 5.3 ± 2.0 5.5 ± 1.9
(middle PD) (n = 23) (n = 23) (n = 32)

811-T ≈1.17 7.6 ± 3.8 6.3 ± 3.2 6.9 ± 4.6
(middle PD) (n = 22) (n = 22) (n = 43)

N14 ≈1.25 9.6 ± 4.8 7.1 ± 3.0 6.1 ± 3.5
(middle PD) (n = 26) (n = 26) (n = 49)

N14-T ≈2.625 9.2 ± 4.8 6.8 ± 3.6 6.0 ± 3.7
(middle PD) (n = 22) (n = 22) (n = 41)

N18 ≈1.0 - - -
(middle PD)

N18-T ≈2.5 6.5 ± 4.3 5.8 ± 3.8 6.2 ± 3.7
(middle PD) (n = 24) (n = 24) (n = 48)

N20 ≈1.375 13.0 ± 6.7 10.1 ± 7.1 8.1 ± 5.1
(middle PD) (n = 21) (n = 21) (n = 48)

N20-T ≈4.0 6.5 ± 4.1 5.3 ± 3.0 5.2 ± 4.1
(middle PD) (n = 25) (n = 25) (n = 50)
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G.2 The median Young’s modulus of human dermal cells

G.2 The median Young’s modulus of human dermal cells

Table G.2: The median Young’s modulus of human dermal cells with different
conditions

Cell lines Relative telomere Young’s modulus Young’s modulus Young’s modulus
(on uncoated length of cells’ nuclei cell’ bodies of cells’ peripheral

substrate) (T/S ratio) (kPa) (kPa) regions (kPa)

HGP003 ≈1.75 13.1 ± 5.1 9.8 ± 5.1 8.0 ± 3.6
(low PD) (n = 29) (n = 29) (n = 47)

HGP003-T ≈2.25 14.4 ± 6.0 14.8 ± 6.4 12.5 ± 5.3
(low PD) (n = 21) (n = 21) (n = 41)

HGP164 ≈0.625 7.5 ± 3.7 5.8 ± 2.9 4.3 ± 3.8
(high PD) (n = 22) (n = 22) (n = 44)

FN164 ≈0.75 7.6 ± 5.5 5.8 ± 5.0 3.4 ± 5.4
(middle PD) (n = 23) (n = 23) (n = 55)

FN164-T ≈1.4 13.2 ± 4.6 11.7 ± 3.6 12.7 ± 4.2
(middle PD) (n = 27) (n = 27) (n = 50)

HGP178 ≈1.625 10.4 ± 5.1 10.4 ± 4.1 8.9 ± 4.6
(middle PD) (n = 22) (n = 22) (n = 44)

HGP178-T ≈3.375 7.6 ± 3.1 6.8 ± 2.5 7.2 ± 3.3
(low PD) (n = 25) (n = 25) (n = 48)

811 ≈0.53 5.7 ± 2.9 5.4 ± 2.0 5.8 ± 1.9
(middle PD) (n = 23) (n = 23) (n = 32)

811-T ≈1.17 7.1 ± 3.8 5.5 ± 3.2 5.9 ± 4.6
(middle PD) (n = 22) (n = 22) (n = 43)

N14 ≈1.25 8.2 ± 4.8 6.7 ± 3.0 5.5 ± 3.5
(middle PD) (n = 26) (n = 26) (n = 49)

N14-T ≈2.625 8.5 ± 4.8 6.6 ± 3.6 5.0 ± 3.7
(middle PD) (n = 22) (n = 22) (n = 41)

N18 ≈1.0 - - -
(middle PD)

N18-T ≈2.5 5.4 ± 4.3 5.3 ± 3.8 5.6 ± 3.7
(middle PD) (n = 24) (n = 24) (n = 48)

N20 ≈1.375 13.2 ± 6.7 7.6 ± 7.1 6.8 ± 5.1
(middle PD) (n = 21) (n = 21) (n = 48)

N20-T ≈4.0 5.5 ± 4.1 4.9 ± 3.0 4.2 ± 4.1
(middle PD) (n = 25) (n = 25) (n = 50)
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H Appendix

H Appendix

H.1 The Young’s modulus images of human dermal cells

with different conditions

Figure H.1: The Young’s modulus images of human dermal cells. (A) HGP003
(B) HGP164 (C) HGP178 (D) HGP003-T (E) FN164-T (F) HGP178-T (G) 811
(H) N14 (I) N20 (J) 811-T (K) N14-T (L) N20-T cells. The Young’s modulus is
a measure of describing the stiffness or rigidity of a material. The pale-yellow in
the images indicates the area of culture substrates, whereas the brown color area
points out the location of the cell body.
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I Appendix

I Appendix

I.1 The AFM height images of human dermal cells from

HGPS003 patient

Figure I.2: The AFM height images of HGP003 and HGP003-T fibroblasts cultured
on the uncoated substrate. (A-C): HGP003; (D-F): HGP003-T. In presence of
hTERT or absence of hTERT, the actin cytoskeleton of fibroblasts presents an
extensive network of long stress fibers running across the cell body in the same
direction.
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I.2 The AFM height images of human dermal cells of HGPS164 patient

I.2 The AFM height images of human dermal cells of HGPS164

patient

Figure I.3: The AFM height images of HGP164 and FN164-T fibroblasts cultured
on the uncoated substrate. (A-C): HGP164; (D-F): FN164-T. Fibroblasts contain
a network of thick microfilaments after hTERT treatment.
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I.3 The AFM height images of human dermal cells from HGPS178 patient

I.3 The AFM height images of human dermal cells from

HGPS178 patient

Figure I.4: The AFM height images of HGP178 and 178-T fibroblasts cultured on
the uncoated substrate. (A and B): HGP178; (C and D): HGP178-T. The images
reveal a slight reorganization of the actin cytoskeleton after the immortalization.
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I.4 The AFM height images of human dermal cells from 811 young donor

I.4 The AFM height images of human dermal cells from

811 young donor

Figure I.5: The AFM height images of 811 and 811-T fibroblasts cultured on
the uncoated substrate. (A-C): 811; (D-F): 811-T. Fibroblasts have a typical
spindle shape with numerous stress fibers commonly found in spread cells. The
immortalization did not dramatically alter the actin filament network.
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I.5 The AFM height images of human dermal cells from N14 old donor

I.5 The AFM height images of human dermal cells from

N14 old donor

Figure I.6: The AFM height images of N14 and N14-T fibroblasts cultured on the
uncoated substrate. (A and B): N14; (C-E): N14-T. The images indicate that the
microfilament system did not strongly respond to hTERT treatment.
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I.6 The AFM height images of human dermal cells from N18 old donor

I.6 The AFM height images of human dermal cells from

N18 old donor

Figure I.7: The AFM height images of N18-T fibroblasts cultured on the uncoated
substrate. The fibroblasts appear as spindle-shaped morphology and cells process
multilayer structures.
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I.7 The AFM height images of human dermal cells from the N20 old donor

I.7 The AFM height images of human dermal cells from

the N20 old donor

Figure I.8: The AFM height images of N20 and N20-T fibroblasts cultured on the
uncoated substrate. (A and B): N20; (C and D): N20-T. Actin structures of N20
cells exhibit an extensive network of long and curved stress fibers through the cell
in various directions, whereas the actin filaments are reorganized in N20-T cells,
formation is directional.
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J Appendix

J Appendix

J.1 The relative telomere length of the human dermal cells

Figure J.1: The relative telomere length (T/S ratio) of fibroblasts.The cellular
phenotype of progeria cells is improved by telomere elongation by means of retro-
viral hTERT infection with the catalytic subunit human telomerase, which suc-
cessively elongates the shortened telomeres. The image is provided by the group
of Prof. Dr. med. Michael Walter. (+hTERT: presenting immortalized cells with
elongated telomeres; low PD: telomere length of cells at the low passage before
hTERT treatment; high PD: telomere length of cells at the high passage before
hTERT treatment; low PD is defined as less than the passage number of 20, while
high PD is taken as cells at above passage 40)
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K Appendix

K.1 The boxplots and the histogram of human normal and

HGPS fibroblasts before-and-after the hTERT treat-

ment

Figure K.1: The boxplots and the histogram of normal and HGPS human fibrob-
lasts. (A) The median value of HGPS fibroblasts is significantly greater than that
of normal fibroblasts dspite the hTERT treatment. (B) The data distribution of
HGPS fibroblasts is broader than that of normal fibroblasts. CON: fibroblasts from
healthy donors; HGPS: fibroblasts from Progeria patients; CON-T: normal fibrob-
lasts after the hTERT treatment; HGPS-T: HGPS fibroblasts after the hTERT
treatment.
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K.2 The boxplots and the histogram of human fibroblasts before-and-after the

hTERT treatment

K.2 The boxplots and the histogram of human fibroblasts

before-and-after the hTERT treatment

Figure K.2: The boxplots and the histogram of human fibroblasts before-and-after
the hTERT treatment (A) No significant differences are found within the groups
(B) The data distribution seems not to skew after the treatment. BeforehTERT:
HGPS- and normal-fibroblasts before the hTERT treatment; AfterhTERT: HGPS-
and normal-fibroblasts after the hTERT treatment.
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