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ABSTRACT

In this thesis, we observed the filopodia formation and dynamics of lung cancer

cells (CL1-5) on substrates with different stiffness by structured illumination

nano-profilometry (SINAP).

Cell migration plays a key role in various physiological and pathological processes,

such as tissue development, wound healing, angiogenesis, inflammation, and cancer

metastasis. Most of the previous studies focused on the effects of environmental

chemical cues on the cell migration. Recently, some studies have reported that the cell

migration could also respond to the environmental mechanical stimuli; for example, the

substrate stiffness is one of the most important mechanical stimuli.

The traditional method to measure the cell motility is to trace the moving distance

of a cell for an accumulated time. This method however should take a long time thus

hard to be exerted in vivo and in real-time. Therefore, a way to improve is to observe the

cell morphology and relate it to the cell motility. Evidences have shown that the

formation of filopodia is related to the cell migration. Furthermore, the CL1-5, which

has been shown to be the high invasive lung cancer cell line, has more filopodia than

CL1-0, which is low invasive lung cancer cell line. In this study, we made the

correlation between the formation of filopodia and the substrate stiffness. We speculated



that the substrate stiffness could modulate the filopodia formation and dynamics

through the effects on cell adhesions.

The structured illumination nano-profilometry (SINAP), which is developed by Dr.

Lee’s group, has lateral resolution of 140 nm and depth resolution of 6 nm. This

super-resolution microscopy is advanced in the observation of filopodia, whose

diameters are only between 100 and 300 nm. Without fluorescence labeling and

two-dimensional scanning, the imaging of SINAP is high speed and very suitable for

live-cells observation. However, these techniques require culturing cells on materials of

refractive index close to that of glass, while most studies regarding the effects of

mechanical cues on cellular dynamics were conducted on hydrogel-based substrates.

Here we report the development of culturing substrates of tunable rigidity and

refractive index suitable for SINAP studies. Polyvinyl chloride (PVC)-based substrates

were mixed with a softener called Di(isononyl) Cyclohexane-1,2-Dicarboxylate

(DINCH). The volume ratios of PVC to DINCH were varied from 1:1 to 3:1. The

Young’s moduli of the resulting substrates ranged from 20 kPa to 60 kPa. Human lung

adenocarcinoma cells CL1-5 were cultured on the composite substrates and cell

viability was examined using the MTT assay. The results showed that the PVCs were

successfully applied to the SINAP system and had high biocompatibility. Thus in this

Vi



thesis, the observation of filopodia formation and dynamics were conducted on the PVC

substrates.

The results of cells on different stiffness showed that the cells on soft substrates

had more filopodial density and length than those on the stiff substrates. Inhibiting the

contractility of the stress fibers with blebbistatin treatment increased the density and

length of filopodia on stiff substrates, and mimicked the situation of the cells on the soft

substrates. Therefore, a possible but indirect mechanism of the effects of the substrate

stiffness on filopodia formation might be the formation of the stress fibers, which

antagonize to the formation of the filopodia. On the other respects, we also measured

the stretching rate of filopodia on different stiffness. The results showed no difference in

the protrusion rate and retraction rate between the soft and stiff substrates. This might

resulted from the interval times we took between images. Thus in the future, we should

shorten the interval time to observe the filopodia with higher stretching speed.

From this study, we can understand the effects of the substrate stiffness on the

filopodial density and length. Further studies are needed to determine the underlying

mechanism of these effects. With their medical importance, the results would shed new

light on the therapy and diagnosis of the cancer disease.

Keywords: Filopodia, SINAP, Lung Cancer Cell, Substrate Stiffness
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Chapter 1 Introduction

1.1 M otivation

Cancer has remained the first rank of the ten leading causes of death for thirty years
in Taiwan. Many researchers have devoted their efforts understanding the mechanism
and the therapy of the cancer. The most important stage of cancer progression is the
metastasis. The beginning of the metastasis is the differentiation of epithelial cells
toward a mesenchymal state, which is called the epithelial to mesenchymal transition or
EMT. After EMT, the cell morphology becomes fibroblast like [1]. A key part of the
metastasis is the migration of both host cells and tumor cells. Darwinian proposes that
the emigration of local cancer cells from the primary tumor to the target sites and the
formation of metastasis within distinct organs are triggered by cues from the tumor
microenvironment. The tumor microenvironment induces the transient changes in the
gene expression and increases cell motility, invasion and metastasis [2]. It is also clear
that the interaction between the tumor and the host plays an important role during
metastatic progression. Furthermore, assembly of actin-based cytoskeleton, including
lamellipodia and filopodia, might be related to the motility of the cancer cells.

There are many evidences that the cells can respond to their environments through

soluble chemoattractants, physical and structural properties, such as substrate
1



microtopography and rigidity [3]. In addition to the chemoattractants, more and more
studies put attention on the physical properties of the substrate recently. For example,
cytoskeleton assembly and cell spreading are very different on the soft matrix and stiff
matrix, and the substrate stiffness also regulates the formation and maintenance of
tissues [4-8].

For these reasons, we were interested in the effects of the substrate stiffness on
filopodial dynamics, one of the features of cell migration. In this study, we cultured
lung cancer cells, CL1-5, on substrates with different stiffness, and observed their

filopodia with a super-resolution microscopy, SINAP.

1.2  Thelmportant Roleof Cell Migration

Cell migration plays an important role in embryonic development, wound healing,
inflammation, and cancer metastasis [9]. In the decays, cancer disease has the highest
mortality rate and become a common enemy over world. Actually, the tumor itself is
not the main cause of the death, but the cancer metastasis is uncontrollable and causes
many current therapies ineffective. Therefore, the invasion and cell motility are among
the last frontiers in cancer researches [10].

Cancer cells should escapes from the primary tumor in order to initiate the

metastasis. They degrade the local extracellular matrix (ECM) and weaken their
2



linkages with host tissues. For distant spread, cancer cells should migrate through the

stroma to intravasate a lymph or vascular channel. As arriving at the metastatic site,

cancer cells should extravasate the vascular and migrate to the target tissues [11]. In the

above-mentioned process, how cancer cells control their invasion and migration is a key

part of metastatic studies.

Cell migration can be constructed by a series of cytoskeleton organization. The

actin filament, which is composed of monomer G-actin, is one of the most important

structures in cell migration. At the rapidly growing barbed end, the G-actin

polymerization rate is faster than the depolymerization rate, while at the slowly growing

pointed end, the depolymerization rate is faster than the polymerization rate. Another

force generated by the myosin causes the retrograde flow of the actin filament bundle.

High activation at the barbed end emerges membrane protrusions; in the opposite, the

faster depolymerization and retrograde flow rate retract the cell membrane. This

dynamic of the actin filament drives the moving of the cells. In general, the direction of

cell movement is correlated with the cell protrusion (Fig. 1-1) [12].
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Figure 1-1. Cell migration is dependent on different actin filament structures. [12]

The role of cell motility in cancer metastasis has been highlighted. However, the
test of cell motility is tracking a cell for an accumulated time thus hard to be exerted in
vivo and in real-time. Our way to improve is to observe one of the cell migrating
features, the filopodia, which have been shown to relate to the invasive ability of

metastatic cancer cells [1]. .



1.3  Introduction of Filopodia

The filopodia are first discovered in 1968 by Vacquier, an American Zoologist [13].
Evidences have shown that filopodia participate in several cellular physiological
processes, including cell migration, cell-cell adhesion, and neuronal growth cones, and

might be related to the motility of the cancer cells [1, 12].

1.3.1 Structure of Filopodia

Filopodia are one kind of cytoskeleton mainly composed of filamentous F-actin.
Different from other actin-based cytoskeletons, lamellipodia and stress fibers, parallel
actin filaments in filopodia are cross-linked with the same assembling direction by
actin-binding proteins to form tight bundles. At the beginning of filopodia formation,
actin filaments are reorganized by the activation of myosin-X, which can promote the
convergence of the uncapped or formin-nucleated actin filament barbed ends (the
elongating end) into bundles. ENA/VASP proteins can protect actin filaments from
capping proteins at the barbed ends, thus continuing the actin elongation and avoiding
the branches. The elongating actin filaments are assembled by cross-linking proteins,
fascin for example, to generate stiff actin filament bundles. The stiff bundles deform the

cell membrane with the help of insulin-receptor substrate p53 (IRSp53) (or other



inverse (I)-BAR domain-containing proteins), facilitate membrane protrusions, and

form the filopodia structure (Fig. 1-2) [12].

As the actin filament bundles reach about one-hundred-nm length, myosin-X might

navigate barbed-end-directed movement by localizing adhesion proteins to the

filopodial tips. The forming of ‘tip complex’ at the barbed ends, which including Dia2,

will gather numbers of actin filament bundles and further elongate the filopodia.

» ARP2/3

M Capping protein
ENA/VASP
F-actin

Fascin

IRSp53

Dia2

Myosin-X

8«@000?0

Figure 1-2. A working model for filopodia formation. [12]

1.3.2 The Role of Filopodia in Cell Migration

Studies have shown the correlation between the filopodia and cell motility [9, 11,
14]. It has been investigated that when cells express high levels of cell motility

promoting proteins, such as caveolin-1, long form collapsing response mediator
6



protein-1 (LCRMP-1) or Gb3, the number of filopodia will also increase. Otherwise,
when cells express high levels of cell motility inhibiting proteins, collapsing response
mediator protein-1 (CRMP-1), the number of filopodia is fewer than cells with lower
levels of CRMP-1. Moreover, if filopodia promoting proteins, WAVE or Arp2/3
complex, are inhibited, the number of filopodia decreases and cell motility also declines
simultaneously [1]. Overall, cells with higher motility would have more number or
more dynamics of filopodia than those with lower motility. Therefore, we could
estimate the cell motility or the metastatic ability by observation of the number and the

dynamics of the filopodia.

1.3.3 Methods for Filopodia Observation

The diameters of filopodia are within the range between one hundred and three
hundred nanometers, which exceed the diffraction limit of the traditional optical
microscopy. The high density of actin filaments in filopodia results in relatively higher
refractive index than cytoplasm, thus losing the contract under bight-field or
phase-contract optical microscopy. In addition to the optical microscopy, scanning
electron microscopy can get more detail structural information of filopodia. However,

the specimen should be plated a layer of conductive materials and conducted in vacuum



as using the scanning electron microscopy. As the result, scanning electron microscopy

could not obtain the live-cell images.

Nowadays, fluorescent labeling is widely used to track a specific target and is

applied in most previous studies with filopodia. However, the transfection of

fluorescence proteins might alter the nature of the cells. Furthermore, the fluorescence

proteins are usually excited by high energy lights, whose phototoxicity might affect the

proliferation and activation of the cells and change the dynamic of filopodia [15-16].

Therefore, a super resolution microscopy without fluorescent labeling might be

necessary to observe the most natural status of a living cell.

Dr. Chau-Hwang Lee’ s group develop a super resolution optical profilometry,

called structured-illumination nano-profilometry (SINAP) [17]. The central concept of

SINAP is to combine structured-illumination microscopy with differential height

images. By projecting a two-dimensional periodic excitation pattern onto the specimen,

optical sections are obtained with improved lateral resolution beyond the diffraction

limit. Furthermore, as the specimen is placed into the linear region of the optical

sectioning axial response curve, the surface profile of the specimen can be calculated by

the sharp slope of the linear region. Consequently, both the lateral and the axial

resolution of the images can be improved to 140 nm and 6 nm, respectively. SINAP has

been successfully used for reconstruction of the three-dimensional morphology of living



cell protrusions [18-19]. In the next chapter, we will introduce the principle of the

SINAP system.

1.4 Introduction of Biomechanics

1.4.1 The Cell Motility in Response to Mechanical Stimuli

Cell migration plays a key role in various physiological and pathological
processes, such as tissue development, wound healing, angiogenesis, inflammation, and
cancer metastasis [9]. It is well known that cell motility can be affected by chemical
signals. Recently, more and more studies have indicated that cell movement can also be
guided by environmental mechanical stimuli. Since there are wide ranges of stiffness in
the body, from soft, neuronal systems with moduli of kilopascal (kPa), to hard, bone
tissues with megapascal (MPa), cells show highly dynamic structures and functions in
response to different mechanical signals [4-6]. Lo et al. in 2000 first demonstrated that
fibroblasts preferentially migrate toward regions of higher stiffness, known as durotaxis
[20]. Furthermore, when cells form complex focal adhesion linkages to the substrates,
they not only exert force to the substrates but also get feedback from the adhesion sites.
As shown in fig. 1-3, cells adhered on stiff substrates receive stronger mechanical

feedback, thus leading to more activation of stress-sensitive proteins, stability of focal



adhesions, and the strength of contractile forces. The above process is crucial in sensing

system for the cell guidance and may be related to the durataxis. However, different cell

types are subject to different stiffness in the body and exhibit different response to

matrix rigidity [21]. This is more interesting in cancer metastasis, which is cancer cells

migrating from one organ to another and therefore adapting to different environmental

stimuli.

1.4.2 Role of Substrate Stiffness in Cancer

The forming of cancer is associated with heterogeneous collections of

surrounding cells, including local tissue cells and their extracellular matrix (ECM),

various soluble factors, inflammatory cells, and remote target tissues. During tumor

initiation and progression, tumor expansion leads to normal tissue disruption, such as

tissue compression, interstitial pressure increasing, and tumor stroma abnormal

expression, resulting in new elastic moduli of the local environments (Table. 1) [22]. In

response to the changing mechanical cues from their environments, cancer cells change

their intracellular cytoskeleton organization, actomyosin contraction and cytoskeleton

tension [5]. These changes alter the cancer cell morphology, proliferation and motility.

For example, studies with human breast cancer reported that highly metastatic and more

invasive cancer cells have a reduction in F-actin concentration of as much as 30%,
10



causing less elastic rigidity than normal cells [23]. Some studies further reported the
correlation between the rigidity of the matrix and the organ-specific metastasis [24].
Additionally, stiff substrates stabilize integrin focal adhesion clusters and enhance
epithelial growth factor (EGF) signaling, which down-regulates ERK and Rho activity
to modulate the cell contractility (Fig. 1-4) [25]. A high level of integrin-ERK-Rho
signaling could enhance the cell growth and promote the malignant transformation of a
tissue; on the contrary, it would antagonize tumor invasion by stabilizing focal adhesion

and inhibiting Rac signaling, which increases cell motility.

A By 1 4
Soft matrix Stiff matrix ‘X" [ ?j Low substrale resilience
A A 7 High receplor displacement
R

High substrate resillence
JL mamic Low receptor displacement
Increased tension

Calcium influx

F
Shiff
X
Myosin activation
Aj’\;"\; ":: Increased energy consumption
Further increase in tension

pap—bp—-‘év—t Fy

ITIT

Figure 1-3. (A) The effects of substrate stiffness on adhesion and cytoskeleton

Cytoskeleton

organization. On soft substrates, cells show dynamic adhesions (arrow), round cell
shape, and unorganized cytoskeleton. On stiff substrate, cells show static focal adhesion,
spreading cell shape, and organized stress fibers. (B-D) Model for the detection of
matrix rigidity. (B) On the soft substrates, the focal adhesion complex is weak. With a
given energy input (black area under the force-displacement graph), the complex can
move over a long distance (x axis). (C) On the stiff substrates, equivalent energy

consumption causes a higher tension (y axis) and a lower displacement of the complex
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(x axis). The increase in tension may open the stress-activated channels and induce an
influx of extracellular calcium. (D) Calcium then causes the phosphorylation of myosin,
thus increasing the energy consumption (gray area under the force-displacement graph)
and the positive-feedback of tension. [5, 20]

Table 1-1. Elastic moduli of tissues and cells involved in cancer. [22]

Normal or resting state Phathological or activated
state
Tissue Breast 0.4-2 kPa 4-12 kPa
Lung 10 kPa 25-35 kPa
Brain 0.26-0.49 kPa 7 kPa
Bone 2-14 Gpa >689 MPa
Liver 0.3-0.6 kPa 1.6-20 kPa
Cells  Epithelial cells ~2 kPa ~0.4 kPa
Fibroblasts ~0.4 kPa ~1 kPa
Mesenchymal stem 0.25-0.9 kPa N/A
cells
Macrophages 1.5 kPa 0.5 kPa
Myeloid N/A 0.17-1.5 kPa (HL60 cells)
T lymphocyte 0.013-0.083 kPa (Jurkat  N/A
cells)
Neutrophils 0.07-0.24 kPa N/A
Stiff

Compliant o JI

Exogenous
Force

|
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Complex Adhesion EGFR
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Figure 1-4. Model of tensional homeostasis and force-dependent malignant
transformation. [25]
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1.4.3 The Effects of substrate stiffness on Filopodia

In the previous section, the mechanical cues from the substrates have been
emphasized. Evidences have suggested that matrix rigidity might control the cell
morphology, differentiation, and migration. However, the mechanism of the
mechanotransduction seems to be still elusive and fragmental. Some studies
investigated that cells sense the rigidity by integrin-mediated stretchy [26]. From the
ECM to the inside of the cell, the matrix-integrin bonds are the primary links. Integrin is
a transmembrane heterodimer composed of an a and a B chain and important in the
forming of focal adhesions. A model of the “motor-clutch™ force transmission system
simulates the traction dynamics of filopodia on compliant substrates with the
counterbalance between adhesion clutches and myosin-driven F-actin retrograde flow
(fig. 1-5) [27]. The model demonstrates distinct contraction behaviors of filopodia on
stiff or soft substrates. Furthermore, the stability of the focal adhesion might be
influenced by the substrate stiffness and then down-regulates the activity of Rho-family
proteins [25]. Rho-family proteins involve in the dynamics of actin filaments and
migration: Cdc42 in filopodia formation and Rho in stress fibers formation, actomyosin
assembly and adhesion. High cellular levels of active Rac most often correlate with low

levels of active Rho, thus performing strikingly different cell morphology [28]. Studies

13



with mesenchymal stem cells find that soft substrates inhibit Rho-induced stress fiber

formation and a-actin assembly [29].

As the above-mentioned, the filopodial number and dynamics are highly correlated

with cell motility. With the Evidences that the soft substrates might inhibit the

formation and contractility of the stress fibers, the antagonist of the filopodia formation

pathway, we speculated that the soft substrates might therefore enhance the formation of

the filopodia. However, because of the limitation of the observation technology,

previous studies mostly focus on the changing of cell the migrating direction or cell

polarity, which tracking cells for an accumulated times. For understanding how

substrate stiffness affects the cancer-cell filopodia, the real-time observation of

filopodia activity must be necessary. In this study, we focused on the filopodia activity

of lung cancer cells, CL1-5, under different substrate stiffness. To further clarify the

underlying mechanism, we speculated that the substrate stiffness could affect the

formation of the filopodia through the effects on the cell adhesions. Therefore, we also

inhibited the formation and contractility of the stress fibers on stiff substrate by treating

with blebbistatin, a myosin II inhibitor, which would then weaken the focal adhesions.

The results would make progress in the understanding of the mechanism of cancer

metastasis.
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Figure 1-5. A model for motor-clutch motility on compliant substrates predicts substrate
stiffness-dependent dynamics. (A) Schematic presentation of a mechano-chemical
motor-clutch model. Overall, myosin motors give the actin filament a retrograde flow
with force, Fy, at velocity, Veament. The mechanical stiffness of the clutches, «., and of
the substrate, kg, applies resistance force to loading. ko, and ko represent the rates of
engagement of clutches on F-actin and off F-actin respectively; kon* and kg™ are as the
clutch is loaded with a force. Xcueen(1) represents the strain of stretched clutch. (B)
Model of substrate stiffness-dependent clutch dynamics on soft or stiff substrates. (C)

Prediction of the substrate position under the loading over time. (D) The simulation of

retrograde flow rate on different substrate stiffness. [27]
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Chapter 2 Structured Illumination nano-profilometry

(SINAP)

In our study, we observed the filpodia of lung cancer cells, which are subject to
substrates ~ with  different  stiffness, by advanced optical techniques,
structured-illumination nano-profilometry (SINAP). SINAP combines the concepts of
the structured-illumination microscopy and the differential confocal microscopy to
enhance the resolution and contract of the images. In this chapter, the principle of the

SINAP and the setup will be introduced.

2.1 Differential Confocal Microscopy

Differential confocal microscopy is a realization of differential detection concept
[18-19, 30]. Applying the response curve of diffraction effect, differential confocal
microscopy has nanometer depth resolution. The depth resolution is limited by the noise
from the system and environment, while the lateral resolution is determined by the
diffraction limit. Differential confocal microscopy, which gets the images rapidly
without optical-axial scanning and provides nanometer axial resolution without contact,

is very suitable for live-cell observations.
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The setup of differential confocal microscopy is similar to the standard confocal
microscopy (Fig2-1)[31]. Photo-detector can detect the strongest signal when the light
beam is focused on the sample, reflected or diffracted by the sample, and then mostly
passed through the pinhole (which can remove noise from the defocus plane). The
detected signals decline as the sample leaves the focal plane. The relation between
signal strength and the sample position can be represented as a sinc’(z) function with
diffraction theory, where z stands for the position of the sample at the optical axial. The
peak shows as the sample is located at the focal plane. However, because the slop at the
peak is zero, the signal strength is not sensitive to the axial position of the sample. In

fact, the depth resolution at the focal plane is about only 0.1 micrometer.

photo-detector
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Figure 2-1. The setup and principle of a confocal microscopy. [31]
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In contrast, differential confocal microscopy works in the sharp linear region of the

optical-sectioning axial response curve of confocal microscopy (fig. 2-2). In this region,

the signal strength is highly sensitive to the axial position of the sample. For example, if

the slop of the linear region is 1/um, the 10-nm change in axial position changes the

signal strength by 1%, yielding high depth resolution. Additionally, assuming the

reflectivity of the sample is known or constant, the topography of sample surface can

exactly correspond to different signal strengths. Based on the above benefits, the

differential confocal microscopy can provide nanometer depth resolution with

structured illumination, and described in next section [32].
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Figure 2-2. (A) Positions of the specimen along optical-sectioning axial correspond to
their signal intensity on the response curve. (B) The response curve of the confocal

microscopy. The blue square represents the linear region of the response curve. [32]

2.2 Wide-Field Optical Sectioning Microscopy

Wide-field optical sectioning microscopy was first developed by Dr. Tony

Wilson’s group in 1997 [33]. By projecting a single-spatial-frequency grid pattern onto
18



the sample, recording three images with the grid pattern at different spatial phases, and

using the homodyne detection principle to remove the grid pattern, one can obtain

optically sectioned images similar to those obtained by the confocal microscopy [18].

The image is modulated by projecting a single-spatial-frequency grid pattern onto

the sample. As the patterns are shifted by 1/3 period, we can record three images with

the grid pattern at different spatial phases (Fig. 2-3(b)). Their signal strength can be

represented as below:

1,=Acos(0) 2.1)
I,=Acos(0+2r/3) (2.2)
I;=Acos(0+4r/3) (2.3)

Using the square-law detection principle,

I= \/(11 — L)+ —13)2+ I —13)? (2.4)
, with formula (2.1), (2.2), and (2.3), the grid pattern can be removed to obtain the

optically sectioned images, / in the formula (2.4) (Fig. 2-3(b)) [18].

Figure 2-3. (A) Modulated images shifted by 1/3 periodic phase. (B) Reconstructed

image with square-law detection principle. [18]



Furthermore, because of the high spatial frequency of the grid, the pattern is clearly

imaged only at the focal plane. When the samples are scanned along the optical axial,

their signal response curves are similar to those of the confocal microscopy; thus the

principle of the differential confocal microscopy can be applied to obtain the depth

information (fig. 2-4). In addition, the wide-field optically sectioning microscopy

performs real-time three-dimensional imaging without lateral scanning, enhancing the

image rate of optically sectioning microscopy.

Axial response curve:

Y

T focal plane

anal response
]

axial displacement, pm

Figure 2-4. The axial response curve of the wide-field optical sectioning microscopy.
[18]

2.3 Structured Illumination Microscopy

At the aspect of the Fourier optics, the sample can be expanded by Fourier
transform to be a complex grating with different spatial-frequencies. Because of
diffraction property, as the light source encounters the grating, it will be deflected out.
The higher spatial-frequency the grating has, the bigger the deflection angle is. When

the deflection light is out of the objective, the high-frequent signal will be lost, thus
20



limiting the resolution, which is so called optical diffraction limit. Optical diffraction
limit can be calculated as about 0.61A/NA, or A/2, where A is the wavelength of light
source and NA is the lens aperture of the objective.

The principle of structured illumination microscopy (SIM) is to add a modulating
pattern as the secondary grating to guide the deflected light with high-frequent signals
into the objective, thus improving the lateral resolution (fig. 2-5) [34].
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Figure 2-5. The principle of the structured illumination microscopy. [34]

From Fourier transforms of the wide-field optical images, we can get their

frequency information or optical transfer function (OTF) (fig. 2-6). Namely, the system

will have higher resolution with bigger OTF. For the purpose, a spatially modulated

pattern illuminates a specimen and the phase is shifted by 2n/3 every image. The

modulated image can be reconstructed by homodyne detection principle (formula 2.5)

with three acquired images.
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1 .2 .4
I, = 3 |IO + [ exp (] ?n) + L,exp (] ?n)| (2.5)
From Fourier transforms of the modulated image, it is shown that the center of spatial
spectrum shifts to higher frequency (fig. 2-7(B) red arrow) and the OTF obtains the

higher spatial-frequency information (fig. 2.7(B) white arrow) [34].

Figure 2-6. (A) A standard wide-field optical image. (B) The spatial spectrum from
Fourier transforms of the wide-field optical image. The green dotted circle represents

the optical transfer function, and the red arrow indicates the center of spatial spectrum
[34]

Figure 2-7. (A) Three images with 2m/3-shifted phase. (B) The spatial spectrum and
optical transfer function of the reconstructed image by homodyne detection principle.
The red arrow represents the original center of spatial spectrum, and the white arrow

represents the higher spatial-frequency information after modulation. [34]

To achieve 2-D super-resolution, 2D-mesh illumination instead of 1D grid

excitation brings four additional high spatial-frequency components into the imaging

system’s OTF (fig. 2-8) [34].
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Figure 2-8. (A) Two-dimensional-mash illumination grids. (B) Additional four
spectrums with high-frequency information amplify the OTF of the image (central
image). Green dotted circle indicates the original OTF, while the reconstructed image
obtains larger OTF. [34]

Structured illumination microscopy can enhance spatial resolution and obtain

optical section at the same time. Combined with the principle of differential confocal

microscopy, which the axial position and signal strength are linear correlation, SIM can

be applied to surface topography measurement. The system breaks the diffraction limit

to have nanometer spatial resolution and depth resolution at the meanwhile, which is

named as structured illumination nano-profilometry, SINAP.

Consequently, with the advanced microscopy, SINAP, both the lateral and the

axial resolution of the images can be improved to 140 nm and 6 nm, respectively (fig.
23



2-9). SINAP has been successfully used to reconstruct the three-dimensional
morphology of living cell protrusions [17-19]. This technique however requires
culturing cells on substrates with refractive index close to that of glass, while most
studies regarding the effects of mechanical cues on cellular dynamics were conducted
on hydrogel-based substrates, which possess refractive indices close to that of water
[35-37].

In this work, the feasibility of polyvinyl chloride (PVC)-based substrates for

SINAP application was investigated.
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Figure 2-9. (A) The depth resolution of SINAP. (B) The lateral resolution of SINAP.
(B1) Images of an 80-nm-diameter bead. The upper bright field image is compared to
the lower SINAP image. (B,) Comparison of later resolution between the bright field
image and the SINAP image. [38]
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Chapter 3 Culturing Cellson Flexible Substrates of High

Refractive | ndexes

Mechanical cues are shown to regulate the cell motility. In this study, we utilized
the super-resolution microscopy, SINAP, to study the real-time filopodial activities of
lung cancer cells under the stimulations of substrates stiffness. SINAP, as mentioned in
previous chapter, should project a high spatial-frequency grating onto the specimen and
extract the super-resolution images by collection of reflected signals with periodic
phases. This technique however requires the refractive-index difference between the
specimen and their underlying substrates, thus reflecting the signals of the samples.
Unfortunately, most studies regarding the effects of mechanical cues on cellular
dynamics were conducted on hydrogel-based substrates, for example, polyacrylamide
(PA) gel, most commonly used, and poly(ethylene glycol) (PEG), whose refractive
indices are close to those of the culturing environments. Therefore, these materials are
not suitable for SINAP. Here we report the development of cultured substrates with

tunable rigidity and suitable refractive index for SINAP applications.
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biomedical, such as wound-healing suture materials, artificial ligaments and bone

fixators, due to its light weight, easy processing, and low cost (fig. 3-1). Additional uses

are coating for sensors and pacemakers as well as drug delivery systems within the body

[39].

I ntroduction of plasticizer-poly(vinyl chloride) (PVC)

Poly(vinyl chloride) (PVC) has been widely used in fields of industrial and
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Figure 3-1. Synthetic polymers in medicine. [39]

heated or added with free radical initiator, the PVC polymerization proceeds primarily

by a head-to-tail placement of the monomer units. The molecular structure is

primarily —CHj- units alternating with —CHCI- units. The chlorine can be added on the

PVC is polymerized from vinyl chloride monomer (VCM). As the VCM resin is

previous chloride backbone, thus polymerizing to a bulk PVC.
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For fabrication of plasticizer-PVC, a plasticizer, developed by the International

Union of Pure and Applied Chemistry (IUPAC), can incorporates into PVC structure,

increasing its flexibility, workability, and distensibility, or reducing the melt viscosity,

the temperature of a scond-order transition and the elastic modulus of the product [40].

How plasticizers affect the PVC structure, or plasticization process, can be described by

three theories: The Lubricating Theory, which the plasticizer monomer diffuses into the

polymer and weaken the polymer-polymer interactive forces to prevent the formation of

a rigid network as the system is heated, the Gel Theory, taking the plasticized polymer

as intermediate state with a three-dimensional network of weak secondary bonding

forces, and the Free Volume Theory, which the small plasticizer modifies the polymer

backbone to create additional free volume. Overall, adding the plasticizer results in

increased flexibility and softness of PVC. Furthermore, different plasticizers will

exhibit different characteristics in the resulting mechanical and physical properties of

the flexible product. Here in this study, we used Di(isononyl)

Cyclohexane-1,2-Dicarboxylate (DINCH) as a plasticizer. The structure of DINCH is

similar to those of the most used o-phthalates, diisononyl phthalate and di(2-ethylhexyl),

but showing low environmental impact and low bio-toxicity (fig. 3-2) [41-42].
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Figure = 3-2. The structure of HEXAMOLL DINCH, Di(isononyl)
Cyclohexane-1,2-Dicarboxylate. [42]

Another addictive has been added for PVC fabrication, called stabilizer. As
initiating to heat the PVC mixer, the heat-released labile chlorine from PVC will attack
the PVC backbone, causing the thermal degradation of PVC. Stabilizer prevents this to
happen. Today, many mixed metal stabilizers for flexible PVC use zinc compounds,
which exchange their anions to labile chorine atoms on PVC molecules. With backing
up by barium or calcium, zinc octoate may increase the compatibility with PVC at
higher temperature [40].

The PVC with high refractive index about 1.5 is suitable for SINAP system.
Tuning the elastic moduli by plasticizers, the PVC can be adjusted to different stiffness,
thus giving the application in biomechanical studies. Here, we cultured lung cancer cells
on PVC substrates with different stiffness, and studied that how the filopodial dynamics
are affected by the given rigidity stimuli with the advanced super-resolution microcopy,
SINAP. In the following of this chapter, we will report the mechanical modulus, optical

properties, and cell viabilities of the PVC substrates used in our experiments.
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3.2 Materialsand Methods

3.2.1 Substrate Preparation

The stiffness of PVC substrate was tuned by changing the ratio of a Plastic
Hardener (M-F Manufacturing Co., Inc) and a carboxylate type plasticizer, DINCH
(HEXAMOLL DINCH) developed by BASF, Ltd. (Yeou Yuan Trading co., LTD). The
Plastic Hardener, DINCH and ZnBa heat stabilizer (Kindly provided by PAU TAI
INDUSTRIL CORPORATION) were gently spun, dropped onto a regular coverslip
(referred to as coverslip A), and degassed for 1 hour to expel bubbles. Another coverslip
referred to as coverslip B was prepared by covering the coverslip with 1 ml of 0.1M
NaOH solution for 5 min and then aspirated. As the surface of coverslip B dried, a 0.5
ml 3-APTES solution was spread on the NaOH-treated surface, incubated for 5 min, and
the coverslip was rinsed with deionized water to remove excess 3-APTES [43].
Afterward the coverslip B was pressed onto the PVC mixture spun on the coverslip A,
and the mixture was cured for 15min at 185°C in a vacuum oven (fig. 3-3). The
coverslip A was removed after cooling the PVC mixture back to room temperature to
yield a PVC-based substrate with flattened surface.

The fabrication of PA hydrogel mainly followed the protocol described by Tse

and Engler [36]. Briefly, a mixture of 10% acrylamide and 0.3% bis-acrylamide
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solutions  was  prepared, and polymerized with the addition of
tetramethyl-ethylenediamine and 10% ammonium persulfate. The stiffness of resulting
gel was measured to be 34.88 kPa using an atomic force microscope. The PDMS
substrate was made by mixing a silicone elastomer (SYLGARD 184, Dow Corning)
with the curing agent at a 10:1 ratio, degassed for one hour, spun on a regular coverslip,

and cured at 65°C for 3.5 h, as advised by the manufacturer.
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Figure 3-3. Conjugation of PVC onto the APTES-activated coverslips.

3.2.2 Cell Culture

Human lung adenocarcinoma cells CL1-5 cultured with Dulbecco’s Modified
Eagle’s Medium supplemented with 10% fetal bovine serum and 1% antibiotic were
used for this study. To facilitate cell adhesion to the substrates, the surface of the

PVC-based and PDMS substrates were firstly steriled by UV light for 30 mins, then
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coated with human fibronectin at a concentration of 50 pg/ml for one hour at room
temperature, and finally blocked with 4% bovine serum albumin (BSA) at 4°C
overnight [44]. The surface of the PA gel was coupled with 50 pg/ml fibronectin in
HEPES solution with the aid of 0.2 mg/ml sufosuccinimidyl-6-(4’-azido-2’-nitro-

phenylamino)-hexanoate (sulfo-SANPAH).

3.2.3 Cell Viability

Cell viability was measured by the MTT assay. The cells were then seeded onto
the substrates at a concentration of 10° per ml and cultured at 37°C in a 5% CO,
incubator. After 24 h of cell culture, the coverslips cultured with the cells were moved
to new plates and treated with tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2,
S5-diphenyltetrazolium bromide) for up to 2 h. The resulting intracellular purple

formazan was solubilized by DMSO and quantified by light absorbance at 570 nm.

3.2.4 Substrate Stiffness

The bulk Young’s modulus of the substrates was double-tested using a tissue
deformation imaging stage and the MicroTester (Instron 8848) [45-46]. In the tissue

deformation imaging stage testing, a cube of the substrate with 8mm in length and
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4.5mm in thickness was prepared and secured between two metal plates mounted on a

confocal microscope. One of the metal plates was connected with a computer-controlled

PZT plate. Sinusoidal deformations up to 1—3% of the initial thickness of the sample

were exerted on the held substrate by the PZT plate. The strain of the sample was

measured from the confocal images and the stress was obtained from the PZT plate (fig.

3-4). The Young’s modulus was then calculated from the linear fit for the stress and

strain curve. In the MicroTester testing, the same-sized cube sample was fixed on a

stationary load cell, which recording the stress of the sample, and applied a compressive

forces by a piston to generate the sample a static displacement by 1.75um (about 0.03%

sample thickness) (fig. 3-5). The Young’s modulus was calculated from the linear fit for

the stress and strain (between 5% and 10%) curve.

3.2.5 Refractive Index Measurement

The refractive index of the PVC-based substrates was quantified using phase

contrast tomography [47]. In brief, the substrates were patterned on lines with 6uum in

depth and covered by a glycerol solution for the reference of refractive index. A laser

beam of 405 nm in wavelength was shined to the sample and a reference beam was

separated by a beamsplitter. The interference images between the reference light and

that transmitting the sample were acquired by a CCD camera at a frame rate of 470 per
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second. The refractive index of the substrate was then calculated based on the phase

difference of the images (fig. 3-6).

Cube substrate with 8mm in
length and 4.5mm in thickness

Tissue Deformation Imaging
Stage (TDIS)
Stress was obtained from the

PZT plate.
ﬁ Strain was measured from the
Confocal microscope confocal images.

Figure 3-4. The experiment flow of TDIS testing.
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Figure 3-5. Typical test system configuration of MicroTester. [46]
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Figure 3-6. The experiment flow of refractive index measurement.
3.3 Result

3.3.1 Cell viability

MTT assays were conducted for cells cultured on PVC-based, PA gel, and PDMS
substrates respectively. Cells cultured on regular coverslips were used as control. The
result showed that the growth of the CL1-5 cells on PA gel was the best, with an
averaged viability of 63.5% (range: 60—67%). The averaged viability of cells grown on
the PVC composites and the PDMS substrates were similar, ranging from 30% to 50%,

slightly lower than that for PA gels (fig. 3-7). Such differences may result from the
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variation of approaches adapted for coupling the fibronectin onto the substrate surface.

The proteins were chemically conjugated to the gel surface and may preserve the

greatest biofunctionality. In contrast, the proteins were physically absorbed to the PVC

and PDMS surfaces to reduce the fluid surface tension exerted on the substrate surface,

which should result in conformation change of the proteins and consequently deteriorate

the functionality. Nevertheless, the similar results between the PVC composites and the

PDMS substrates suggest that the former may be a good candidate for various

bioMEMS relevant studies.

3.3.2 Substrate stiffness

It is well known that mammalian cells can sense and response to compliant

substrates, while the stiffness of various tissues ranges from several kPa to hundreds

kPa [5, 27, 48]. For example, the Young’s modulus of skeletal muscles is about 8—17

kPa and that of precalcified bone is about 25—40 kPa [49]. The Young’s moduli of the

PVC composites with various ratios between the PVC and the softener, were 60 kPa, 35

kPa, and 20 kPa, for the mixture ratio of 3:1, 2:1, and 1:1, respectively, compatible with

the physiological range of tissue stiffness (fig. 3-8).
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3.3.3 Optic properties

The refractive indices of PVC and the plastic softener were measured to be
1.53—1.57 and 1.47, respectively. The resultant refractive indices of the PVC
composite hence varied from 1.47 to 1.53, very close to that of glass and much higher
than that of PA gel (~1.33) and PDMS (~1.44) (fig. 3-9). These results suggest that

PVC-based substrates are suitable for SINAP-related studies.
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Figure 3-7. (A) Phase contract images of CL1-5 grown on different substrates. (Scale
bar=100 p m) (B) The averaged viability ratios for cells grown on different substrates.

Error bars represent standard deviation. (n=6) * P < 0.05
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Figure 3-8. The mean Young’s modulus of the PVC composite with various ratios of
PVC and the softener. Error bars represent standard deviation. (n=6 for PVCI1:1 and
PVC3:1, n=1 for PVC2:1).
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Figure 3-9. The resultant refractive indices of the PVC. (A) Phase images calculated by

2D tomographic phase microscope. (B) Refractive index calculated by 3D tomographic
phase microscope.
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3.4 Conclusion

Poly(vinyl chloride) (PVC) is one of the widely used polymers for industrial and

biomedical applications due to its light weight, easy processing, and low manufacturing

cost. There are various methods to modify the surface of the PVC film such as chemical

treatment, plasma treatment, glow discharge, and ion irradiation in order to improve the

biocompatibility [44, 50]. We examine the cell viability of PVC-based substrates, which

is chemically treated by coating fibronectin. Cells grown on fibronectin-coated PVC

substrate was found to be better than other ECM protein (such as gelatin and collagen)

[44]. Our results show that cell number is no less on PVC than on PDMS and no

different between PVC with ratio of 3:1, 2:1, and 1:1, which indicating that the surface

properties do not change by composition of Hardner and Softner.

Our study further demonstrates the optical properties and mechanical properties

of elastic PVC with different ratio of the Hardner to the Softner. The property with high

refractive index may improve some optical techniques: SINAP is one example that we

performed, and total internal reflection fluorescence (TIRF) microscopy may be another.

TIRF microscopy is an ideal technique for interrogating the cell-substratum interface

with contrastive refractive indices, thus the optical properties of the substrate are

considered requirements. Several materials, such as PDMS and PVMS, have been used

to TIRF microscopy, but their elastic modulus are much higher than the physiological
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range of tissue stiffness [51]. PVC may be compatible to TIRF microscopy because its

refractive index is close to glass (1.47-1.53) and the elastic modulus is fitting to the

physiological condition (E = 18-60 kPa).

In conclusion, with tunable stiffness and high refractive index, we can exert

SINAP technique on cells grown on PVC, improving the resolution of images. In the

next chapter, we monitor the detail morphological response of a living lung cancer cell

to the mechanical stimulation from environment.
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Chapter 4  Experimental Proceduresfor Filopodia

Observation

41 SINAP System Setup

The SINAP system was composed of a standard upright microscope (Eclipse
LV150, Nikon, Kanagawa, Japan) equipped with a water-immersion objective with a
1.1 numerical aperture (CFI Plan 100xW, Nikon). The illumination wavelength was set
as 550 nm with a bandwidth of 200 nm. The illumination patterns were generated by a
liquid-crystal spatial light modulator (SLM) (HEO 6001-SC-II, HOLOEYE Photonics,
Berlin-Adlershof, Germany). Images were captured by a 14-bit electron-multiplying
CCD camera (DU-885, Andor, Belfast, Northern Ireland), which cooled down at -60°C
to reduce noise. Axial positioning of the sample was controlled by a PZT-driven vertical
stage (P-762.ZL, Physik Instrumente, Karlsruhe, Germany) that has a 10-nm smallest

step size and 0.1% linearity (fig. 4-1) [34].
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Figure 4-1. The setup of SINAP system. [34]

A laser beam firstly passed through a diffuser to decrease the spatial coherent of
the laser beam. If the laser beam has high spatial coherent, the images will be interfered
by the speckle. The wavelength of the laser beam was then filtered between 550nm and
750nm by two bandpass filters due to the phototoxicity of UV light and the heat of the
infrared ray. After the polarization beam splitter (PBS) separated the P wave and the S
wave of the laser beam, only the P wave could pass through the PBS and project on the
SLM. The SLM here was connected to a computer and as a phase modulator, which
could shift the phase with higher speed (about 60 Hz per second). The modulated
pattern was illuminated on the image plane and projected onto the specimen by the 4f
system of the standard upright microscopy. Under this setup, the spatial frequency of
the modulating mesh pattern on the sample surface was about 2 um™, and every pixel

on the image was equaled to 140 nm in reality.
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For live-cell experiment, the microscopy was located in a 37°C incubator to keep
the cell-cultured temperature (fig. 4-2). Moreover, the accurate temperature controlling
could reduce the noise from the thermal expansion of the PZT-driven vertical stage.

The system was setting up by the Kao, Yu-Chiu. The calibration process was

conducted by LABVIEW and MATLAB programs developed by Dr. Lee’s group.

i i

Figure 4-2. (A) The SINAP system in Kuo’s lab. (B) A standard upright microscope in a

37°C incubator.

4.2 Céll-Cultured Chip Preparation

The cell-cultured PVC substrates and cell line were described as the previous
chapter. For long-time observation, the cell-cultured system was enclosed into a closed
chip (fig. 4-3). A one-mm-thick acrylic sheet was cut a central hollow with 3.5 mm in

length and 2.2 mm in width and fixed onto a 10-cm cultured dish. The PVC substrate

43



made onto an 18x18 coverslip was placed into the central hollow. The CL1-5 cells were
then seeded onto the substrates at a concentration of 10" per ml and cultured at 37°C in
a 5% CO; incubator for 24 h before further experiments. Before SINAP observation, the
central hollow was covered by a 24 x 60 coverglass to avoid contaminant and maintain

the medium osmotic pressure.

A B
Cover glass PVC
Cover glasy
Cap Micrascope
Objective —
Acrylic
Sheet Water
)
10-cm. E — e
Cultured Dish

Figure 4-3. (A) The design of the closed chip. (B) The closed chip in the SINAP system.
For the water-immersion objective, diH,O was dropped onto the cover glass cap, and

the objective directly immersed into the water.

4.3 Drug Treatment

For myosin II inhibition, blebbistatin (Sigma-Aldrich) was used at a concentration
of 30uM. Because blebbistatin is sensitive to radiation below 500 nm, live-cell images
were taken between 550 nm and 750 nm as above. After the cells were seeded on the
PVC substrates and cultured for 24 hours, the medium was sucked and drug-contained
medium was added into the chip. Cells were treated with drug for one hour before

SINAP observation.
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4.4 | mmunofluorescence

Cells were fixed for 10 mins in 4% paraformaldehye, permeabilized for 5 mins in
0.01% Triton X-100, and blocked with 1% bovine serum albumin (BSA) for 1 hr at
room temperature. For vinculin staining, cells were incubated with primary antibodies
(1:200 rabbit polyclonal vinculin antibody in blocking solution; Gene Tex®, Inc.)
overnight at 4°C, and incubated with fluorophore-conjugated secondary antibodies
(1:250 Alexa Fluor 488 goat anti-rabbit in blocking solution; Invitrogen) for 2 hr at
room temperature. Cell nuclei were stained using 4’,6’-diamidino-2-phenylindole
(DAPI) dye for 10 mins. Finally, the samples were mounted on slide in mounting media

(Dako) and sealed with nail polish.

4.5 Confocal Images acquisition

Images of the CL1-5 cells were acquired using a laser scanning confocal
microscope (LSM 510 Meta, or LSM 710, Zeiss, Germany) with an 100x objective lens
(Plan-Apochromat Oil M27, NA 1.4, Zeiss). Series of z-stack images or single image
were taken from the focal plane of vinculin staining. The Zen 2009 Light Edition

software (v5.5.285.0, Zeiss) was used to adjust image intensity and contrast.
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4.6 Dataanalysis

Statistical analyses were performed using SigmaPlot'™ (Systat Software Inc., CA).
We evaluated the parameters with Student’s t-test to compare the difference between
differ experimental groups. For this study, a value of p < 0.05 was considered

significant.
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Chapter 5 Results

5.1 High-Refractive-lndex PVC Substrates under the SINAP

SINAP, as demonstrated previous, with nanometer depth and lateral resolution
was advanced in the observation of filopodial dynamic, while the substrates under the
observed sample should have high refractive index. Besides, for our speculation, which
the filopodial dynamic would be related to the matrix rigidity, the substrates should
have tunable stiffness. Based on the above limitation, we cultured lung cancer cells
CL1-5 on the PVC substrates for SINAP application. Figure 5-1 illustrated SINAP
images and bright field images of a CL1-5 cell cultured on PVC substrate with the ratio
of the Hardener to the Softener as 3:1 and 1:1 respectively. The yellow arrow highlights
a filopodium in the SINAP image, which is barely seen in the bright-field image.
Supported by the SINAP, we could quantify the filopodial density and stretching rate of

CL1-5 more accurately.
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Bright field SINAP

Figure 5-1. Comparison between a bright-field image (A, C) and a SINAP image (B, D)
for a CLI-5 cell cultured on PVC substrate with the ratio of the Hardener to the
Softener as 3:1 (A-B) and 1:1 (C-D). The yellow arrows highlight filopodia in the
SINAP image, which is barely seen in the bright-field image. (Scale bar = 10 um)
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5.2 Filopodia Density and Length on Substrates with Different

Stiffness

The lung cancer cells CL1-5 were seeded onto the PVC substrates with hardner
and softner at the ratio of 3:1 and 1:1, whose Young’s modulus were about 60 kPa and
20 kPa respectively. The filopodial number and length of CL1-5 were quantified by
Image J from SINAP images. The filopodial number was normalized by the perimeter
of the cell, represented as “filopodia density”. Figure 5-2 shows the filopodia density of
CL1-5 under PVC1:1, PVC 3:1 and glass. The results reported that the cells cultured on
the soft substrate, whose Young’s modulus was about 20 kPa, had higher filopodial
density (filopodial density = 0.55 number per um, n = 33) than those cultured on the

PVC 3:1 substrate (Young’s modulate = 60 kPa, filopodial density = 0.308 number per

n =18, p = 4.4x10”) and the glass (Young’s modulate = MPa, filopodial density =
0.311 number per um, n = 20, p = 2.7x10”).However, the filopodial density had no
significant difference between the PVC3:1 substrate and the glass (p = 0.915). Besides,
the filopodial length on the soft substrates was longer than those on the stiff substrate
(fig 5-3) (p = 3.643x10™ for comparison of the PVC3:1 and p = 5.071x10” for

comparison of the glass), while the filopodial lengths were not different between the
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PVC3:1 substrate and the glass (p = 0.599). These results agree with previous study [29],

and we further quantified the striking difference here. Furthermore, this difference

might be the result of different adhesive strength, which has been shown to involve in

the rigidity sensing system, between the filopodia and the substrate. Thus we traced the

stretching rate of the filopoida in the next section.

Filopodial Density of CL1-5 under Different Stiffness
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Figure 5-2. Effects of substrate stiffness on the filopodial density. Numbers above each
bar represent the mean of filopodial density. Error bars indicate 95% confidence interval
of the mean. Statistical cell number = 33, 18, and 20 for PVC1:1, PVC3:1, and Glass,
respectively. ** P <0.01.
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Filopodial Length of CL1-5 on different stiffness
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Figure 5-3. Effects of substrate stiffness on the filopodial length. Numbers above each
bar represent the mean of filopodial length. Error bars indicate 95% confidence interval
of the mean. Statistical cell number = 33, 18, and 20 for PVC1:1, PVC3:1, and Glass,

respectively. ** P <0.01.

5.3 Stretching Rate of Filopodia on Substrates with Different

Stiffness

To clarify the mechanism of the difference in filopodial density and length between
different stiffness, the stretching rate of the filopodia was quantified from the time-lapse
images. We recorded the length of a filopodia every ten seconds for five minutes and
portray the dynamic track of the changing length by MATLAB program (fig. 5-4 (a-c)).

However, it was hard to compare the dynamic tracks of three groups, thus we further
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quantified the stretching rate of the filopodia. According to previous studies, the

protrusion rate and the retraction rate could be separated. The protrusion rate might not

be affected by the matrix rigidity, since integrins at the leading edge of the filopodia

were not yet attached to ECM ligands. Conversely, the retraction of filopodia would

mediate the rigidity sensing as the focal adhesion had formed at the filopodial tips [26].

Therefore, in our analysis, we found out the peaks and valleys of each track (fig. 5-4

(d-f)), and calculated the protrusion rate or retraction rate between the adjacent peak and

valley (fig. 5-4 (g-1)).

Figure 5-5 shows the results of the protrusion rate and the retraction rate of

filopodia of CL1-5 on substrates with different stiffness. The filopodial protrusion rate

of CL1-5 on the soft PVCI:1 substrate (protrusion rate = 0.051um per second) was

slightly slower than that on the stiff PVC3:1 substrate (protrusion rate = 0.054um per

second, p = 0.037) but not different from that on the glass (protrusion rate = 0.061pum

per second, p = 0.528). However, the filopodial retraction rate of CL1-5 on the soft

PVCI:1 substrate (retraction rate = -0.051um per second) was a little slower than that

on the glass (retraction rate = -0.065um per second, p = 0.041) but not different from

that on the stiff PVC3:1 substrate (retraction rate = -0.053um per second, p = 0.820).

Moreover, there were no differences in whether the protrusion rate or the retraction rate
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between PVC3:1 group and glass group (p = 0.326 for comparison in protrusion rate

and p = 0.114 for comparison in retraction rate).
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Figure 5-4. The data processing. (A-C) The raw data of filopodia tracking. Red lines
represent the cells cultured on PVCI:1; blue lines represent the cells cultured on
PVC3:1; black lines represent the cells cultured on glass. (D-F) Schematic diagram of
data processing. The each demonstrated line is one of the filopodial track. The red
circles indicate the found peaks and valleys. (G-I) The protrusion tracks of the filopodia.
(J-L) The retraction tracks of the filopodia. Statistical filopodia number = 51, 50, and 34
for PVCI1:1, PVC3:1, and Glass, respectively.
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The forming of tip complex to connect the filopodia and the substrate is related to

the length of the filopodia. Therefore, we grouped the filopodia with different lengths

and calculated their protrusion rate and retraction rate again. The demarcation length

was defined as the median length of all the traced filopoida, and was four um. Figure

5-6 shows the re-calculated results of the protrusion rate and the retraction rate of

filopodia of CL1-5 on different stiffness with different starting length. After grouping

with the filopodial length, comparisons of the protrusion rates, whether between

different stiffness but the same starting length or between the different starting but the

same stiffness stimulation length, were no significant difference (fig. 5-6 (a)) (p values

were shown as the below).

PVC 1:1 PVC3:1 glass
P value
>4 <4 >4 <4 >4 <4
>4 - 0.766 0.241 - 0.717 -
PVC 1:1
<4 - - - 0.066 - 0314
>4 - - - 0.737 0.297 -
PVC 3:1
<4 - - - - - 0.578
>4 - - - _ _
glass
<4 - - - - - -

On the other hand, the retraction rate was slightly slower as the filopodia was

shorter in the PVC 1:1 experiment. It also showed that the short filopodia of cells on the

PVCI:1 retracted more slowly than those short filopodia of cells on the glass, and the
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long filopodia of cells on the PVC3:1 retracted more slowly than those long filopodia of

cells on the glass (fig. 5-6 (b)) (p values were shown as the below).

PVC1:1 PVC3:1 glass
P value
>4 <4 >4 <4 >4 <4
>4 - 0.002 0.637 - 0.055 -
PVC 1:1
<4 - - - 0.325 - 0.009
>4 - - - 0.356 0.040 -
PVC 3:1
<4 - - - - - 0.376
>4 - - _ - _
glass
<4 - - - - - -

However, these differences in stretching rate showed no correlation to the

differences in filopodial density and length of CLI1-5 on different stiffness, as

demonstrated in section 5-2. Therefore, the different density and length of filipodia

resulted from the different stiffness stimulation should be controlled by other

mechanism.
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A Protrusion Rate of Filopodia of CI.1-5 on Different Stiffness
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Figure 5-5. (A) The protrusion rate of the filopodia of CL1-5 on substrates with
different stiffness. (B) The retraction rate of the filopodia of CL1-5 on substrates with
different stiffness. Numbers above each bar represent the mean of protrusion rate. Error

bars indicate 95% confidence interval of the mean. * P < 0.05.
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;A Protrusion Rate of Filopodia of CL1-5 on Different Stiffness
with Different Starting Length
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Figure 5-6. (A) The protrusion rate of the filopodia of CL1-5 on substrates with
different stiffness. (B) The retraction rate of the filopodia of CL1-5 on substrates with
different stiffness. The white bars represent that the starting length of filopodia is longer
than 4pm, while the dark-gray bars represent that the starting length of filopodia is
shorter than 4um. Numbers above each bar represent the mean of protrusion rate. Error
bars indicate 95% confidence interval of the mean. * P <0.05. ** P <0.01.
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5.4 Filopodial Density and Length on Substrates with Different

Stiffnesswith Blebbistatin Treatment

The forming of filopodia has been shown to be against to the stress fibers, since the
high cellular level of active Rac expressing, which down-regulated the formation of
filopodia, is often correlated with the low level of Rho, the stress fibers enhancing
proteins [28]. It has been reported that stiff substrates stabilize integrin focal adhesion
clusters and enhance the contractility and the formation of the stress fibers [29].
Therefore, we speculated that the increase in filopodial density and length might be
correlated with the inhibition of Rho-induced stress fiber formation and stability when
the cells were cultured on the soft substrates. To exam this speculation, the cells
cultured on different stiffness were treated with 50 uM blebbistatin, a myosin II
inhibitor, for one hour before observed under SINAP. The maturation of focal adhesions
was checked by staining of vinculin, a focal adhesion protein (fig. 5-7). From the
images of those without treatment, we could see that cells had more mature focal
adhesions (green punta) on stiff substrates than on soft substrates. After the blebbistatin
treatment, the focal adhesions decreased on three substrates. Figure 5-8 shows the
results of filopodial density of CL1-5 on different stiffness before and after the

treatment with blebbistatin. After treated with blebistatin, the filopoidal densities of
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CL1-5 on all range of stiffness dramatically increased (n = 10, p = 0.046 for PVCI:1, n
=13, p = 2.112x10° for PVC3:1, and n =10, p = 0.006 for glass). The more striking
result with the blebbistatin treatment was that the difference in filopodial density
between cells on soft (PVC 1:1) and on stiff (PVC3:1) substrates was disappeared (p =
0.091). Although the filopodial density of cells on glasses was slightly lower than those
on soft substrates (p = 0.014), the difference in the experiment with blebbistatin
treatment was reducing comparing to that without blebbistatin treatment.

We also compared the filopodial length of cells on different stiff after blebbistatin
treatment (fig 5-9). The results revealed that the filopoida of cells on stiff (PVC3:1)
substrates and glass were longer after the treatment, while the filopoidal length of cells
on soft (PVC1:1) substrate remained steady (n = 10, p = 0.484 for PVC1:1,n=13,p =
0.005 for PVC3:1, and n =10, p = 1.163x10™* for glass). However, comparing the
filopodial length after the blebbistatin treatment, there was no manifest difference
between substrates with different stiffness (p = 0.982 for comparison between PVCl1:1
and PVC3:1, p = 0.112 for comparison between PVC1:1 and glass, and p = 0.066 for
comparison between PVC3:1 and glass). In other words, it could imply that the
treatment with blebbistatin on stiff substrates (PVC 3:1 and glass) would mimic the

situations which the cells met on the soft substrates.
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PVCI:I PV(C3:1 Glass

DMSO (Control)

+ Blebbistatin

Figure 5-7. Focal adhesions of cells on different stiff with treatment of DMSO (control)
or 30 uM Blebbistatin. Vinculin was stained to visualize the size of mature focal
adhesions (Green). Nucleus was stained with DAPI (blue). (A-C) Cells cultured on
PVCI:1 (A), PVC3:1 (B), and glass (C) were treated with DMSO as control. (D-E)
Cells cultured on PVCI1:1 (D), PVC3:1 (E), and glass (F) were treated with 30 uM
Blebbistatin to inhibit myosin II-mediated contractility of stress fibers. (Scale bars =
10um)
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Filopodial Density of CL1-5 on different stiffness
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Figure 5-8. Treatment with blebbistatin increases the filopodial density on substrates
with all stiffness. The white bars represent the cells without blebbistatin treatment,
while the dark-gray bars represent the cells with blebbistatin treatment. Numbers above
each bar represent the mean of filopodial density. Error bars indicate 95% confidence
interval of the mean. Statistical cell number = 10, 13, and 10 for PVC1:1, PVC3:1, and
Glass, respectively. * and ** represent the difference between different stiffness, P <

0.05 and P < 0.01, respectively. # and ## represent the difference between cells without

and with blebbistatin treatment, P < 0.05 and P < 0.01, respectively.
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Filopodial length of CL.1-5 on different stiffness
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Figure 5-9. Treatment with blebbistatin increases the filopodial length on substrates
with all stiffness. The white bars represent the cells without blebbistatin treatment,
while the dark-gray bars represent the cells with blebbistatin treatment. Numbers above
each bar represent the mean of filopodial length. Error bars indicate 95% confidence
interval of the mean. Statistical cell number = 10, 13, and 10 for PVC1:1, PVC3:1, and
Glass, respectively. * and ** represent the difference between different stiffness, P <
0.05 and P < 0.01, respectively. # and ## represent the difference between cells without

[ -blebbistatin
2 +blkebbislalin

and with blebbistatin treatment, P < 0.05 and P < 0.01, respectively.
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Chapter 6 Discussion, Conclusion, and Future Work

6.1 Discussion

6.1.1 Increase in Filopodial Density and Length on Soft Substrates

Our study has uncovered an important mechanical role in the density and length of
the filopodia, which are said to be correlated with the cell motility [1]. Culturing lung
cancer cells on substrates with different stiffness at 20 kPa, 60kPa, and MPa, we saw
more filopodial density and longer filopodial length on soft substrates than on stiff
substrates. To study the underlying mechanism, we treated the cells with a myosin II
inhibitor, blebbistatin, and found that the difference in filopodial density and length on
different stiffness were compensated. This was consisted with the previous studies that
the treatment with blebbistatin would cause an elongation in filopodial length and an
increase in filopodial number and branching in neural cells [52-53]. Furthermore,
inhibition of the myosin II by blebbistatin treatment inhibited the contractility of stress
fibers, causing a decrease in maintenance and formation of stress fibers and focal
adhesions [54]. Another study also reported that treating cells with blebbistatin could
accelerate the cell migration [55]. This mimicked the situation of cells cultured on the

soft substrates. Studies have reported that soft substrates inhibit Rho-induced formation
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and a—actin assembly of stress fibers, disturb the maturation of focal adhesion, weaken

the connection between the cytoskeletons and the focal adhesions, and further limit the

contractility of the stress fibers, while the causal relationship of the above phenomena is

still dubious and seems to be complementary [28-29, 56]. With the knowledge that the

formations of stress fibers and filopodia are in antagonist pathways [28, 57], the

increase in filopodial density and length of cell on soft substrates would result from the

suppression of the stress fiber pathway.

In other respects, it should be considered that there is other mechanism to directly

enhance the filopodia formation of cells on soft substrates. For example, it has been

reported that mechanical strain in actin network increase the activity of FilGAP, which

participates in Rho-pathway and down-suppresses the Rac activity [58]. Higher

substrate stiffness would increase the contractility of stress fibers and the maturation of

focal adhesions, and both could increase the strain in inside-out and outside-in

mechanotransductions [59]. Another study also indicated that equibiaxial stretch

decreased the activation of Rac [60]. As the results, stiff substrates might inhibit the Rac

activity by increasing the strain of the cells. Although some studies have shown that the

Rac activity was higher as cells adhered on substrates than as cells suspended, the active

Rac involves in a number of distinct pathways, which lead to absolutely different cell

responses [61-63]. Indeed, the total amounts of cellular Rac were equal in attached cells
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and suspended cells; thus the competition between the formations of focal adhesions
and filopodia should play a role [61]. Furthermore, the Rac activity defined in these
papers was the bonding of Rac to PAK, which mainly involves in focal adhesion
maturation, thus causing a result that fewer Rac proteins are available for filopodia
formation as the cells are tightly adhered to the substrates. However, further measuring
in the activity of Rac in filopodia forming pathway or other filopodial promoting
proteins, such as Cdc42 and Arp2/3, is needed to clarify the mechanism of

matrix-rigidity-modulating filopodial formation.

6.1.2 Correlation between Filopodial Stretching and Substrate Stiffness

Our study in filopodial stretching rate showed no correlation to the substrate
stiffness. However, there have been numbers of research reporting that the focal
adhesions on the filopodia could also sense the substrate stiffness. They showed that
retraction rate is faster on stiff substrates, and the range is approximately from 0.05
um/s to 0.6 um/s, when adhesions occur or when there are no or weak adhesions
respectively [26-27]. The protrusion rate might not be controlled by the substrate
stiffness since the forming of focal adhesion is not yet completed, but the retraction rate
might be. Therefore, our results of independence in filopodial retraction rate and its

substrate stiffness could imply that the focal adhesions of filopodia might not yet form
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and connect to the substrate. However, the retraction rates in our results were about

0.05um/s - 0.07 um/s, which seemed too slow if there were no adhesion or weak

adhesions. As the results, this slow retraction rate might come from the time intervals of

recording images we took. The time interval in our experiment was ten seconds. If a

filopodia with retraction rate at 0.6 um/s was tracked in two adjacent images, its starting

length should be more than 6 um and stretch in the same direction, or it would disappear

on the next image or the rate would be underestimated. However, the mean and median

of filopodial length was about 4um, thus decreasing the chance of tracking a 6

um-length filopodia. We also could not distinguish whether the filopodia changed their

stretching directions within ten seconds. Therefore, we should shorten the time interval

to trace those filopodia with higher stretching rate.

6.2 Conclusion

In our study, culturing cells on PVC substrate, which has high refractive index and

tunable stiffness, could be applied in the SINAP system to study how cells respond to

the mechanical stimuli. The Young’s moduli of the resulting substrates ranged from 20

kPa to 60 kPa, which was compatible with the physiological range of tissue stiffness.

We quantified the density and length of filopodia on different stiffness with the

super-resolution SINAP images, and showed that the soft substrate would increase both
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the density and length of filopodia, which implied an increase in cell motility. Further

treatment with blebbistatin on stiff substrates could mimic the situation of the soft

environments, thus explaining the role of stiff-enhanced focal adhesions and contractile

stress fibers in cell response to environmental mechanical stimuli (fig. 6-1).

StHT Subsirate

Soft Substrate

LTTTY 2

+ Blebbistatin

Stress Fiber 1 Stress Fiber ¥
Focal Adhesion + Filopodial Focal Adhesion ¥ Filopodia T
Strain 4+ Strain ¥

Figure 6-1. The model of the effects of substrate stiffness on filopodial formation. The
cells on the stiff substrate show contractile stress fibers, static focal adhesions, and
higher strain, thus inhibiting the filopodia formation. On the other hand, cells on the soft
substrate show unorganized cytoskeletons, weak focal adhesions, and lower strain, thus
promoting the filopodia formation. Treating cells with blebbistatin inhibits the

contractility of the stress fiber and mimics the situation of the soft substrates.
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6.3 FutureWork

Our study connected the relation between substrate stiffness and filopodia

formation. However, it has been reported that the spread area of cells are correlated with

the substrate stiffness, and the spread area might also affect the formation of focal

adhesions and stress fibers [5, 64]. To exclude the possibility that the soft substrates

limit the formation of focal adhesions and stress fibers by decreasing the cell spread

area, we should control the cell shape and spread area on different stiffness.

Microcontact printing, which has been used in our lab, could be a chosen method to

confine the cell spread area.

The active level of filopodia promoting proteins on different substrates should be

the wunderlying mechanism of the rigidity-modulated filopodia formation as

above-mentioned. Such as Rac, Cdc42, EGFR, and Arp2/3 are shown to participate in

the filopodia formation. However, since the active levels of these proteins have not been

connected to the mechanical stimuli, direct effects of the substrate stiffness on filopodia

formations are still dubious.

The last, we speculated that the formation of filopodia was a feature of cell motility

[1]. However, the previous studies were conducted on stiff cell-cultured dishes, and the

morphology of cell motility is also cell-line specific [65]. Thus, we should still exam the

motility of CL1-5 on different stiffness to confirm our model.
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