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Abstract
Programmable Manipulation of Adherent Cell Motility Using Biological Breadboards
by
Sang-Hee Yoon
Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

Professor Mohammad R. K. Mofrad, Co-chair
Professor Dorian Liepmann, Co-chair

The dynamic nature of cellular attachment and detachment which regulates cell function
must be characterized to understand essential biological phenomena such as embryonic
development, inflammatory immune response, wound repair, cancer metastasis, etc.
Although extensive efforts have been devoted toward cell motility manipulation for a
better understanding cellular dynamics, these efforts have remained in their infancy. A
programmable manipulation of adherent-cell motility therefore has remained a
challenging task. The goal of this research is to design addressable, multi-functional, and
reusable biological platforms, nicknamed biological breadboards (BBBs), to enable the
spatiotemporal manipulation of cell motility at cellular and even subcellular levels,
offering a new method to analyze cellular dynamics in a quantitative way. In this thesis,
this method for cell motility manipulation using BBBs and their applications to
quantitative characterizations of single-cellular and intracellular dynamics are
summarized.

The BBBs consisting of MxN gold electrodes, identical and independently
operated, on Pyrex glass substrate are designed to secure their addressability, thereby
achieving a high-degree-of-freedom in programmable manipulation of adherent cell
motility. This programmable manipulation of adherent cell motility is implicated by two
fundamental mechanisms of cell attachment and detachment. An arginine-glycine-
aspartic (RGD) acid-terminated thiol is introduced to achieve those mechanisms by
tethering the RGD to the gold electrodes via thiol linker. The first mechanism is solved
by a RGD which is a recognition sequence for integrin binding to many extracellular
matrix proteins. The RGD-terminated thiol connects a RGD peptide into the gold
electrodes using its thiol end which shows a spontaneous chemisorption of
R-S-H+Au — R-S-Au+1/2H, where R is a substituent, thereby enhancing cell
adhesion on the BBB. The second mechanism depends on a rapid reductive desorption of
the thiol-gold self-assembled monolayer under negative bias  voltage,
R-S-Au+H" +¢e” — R-S-H+Au . This reaction makes the RGD-terminated thiol and even

a cell or a part of the cell thereon detached from the gold electrodes. The BBBs are
fabricated with microfabrication processes (optical lithography, e-beam evaporation, and
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treatment on Pyrex glass and RGD-terminated thiol treatment on gold electrodes. The
first is intended to achieve a cell-resistive surface which suppresses cell spreading on
them, whereas the second is planned to tether a RGD peptide into gold via thiol linker,
thereby providing a cell-adhesive surface.

In the experimental studies with a mouse embryonic fibroblast cell line (NIH
3T3), cellular and subcellular detachments have been made with the fabricated BBBs
both to quantitatively characterize cellular and subcellular detachment dynamics and to
investigate the addressability, multi-functionality, and reusability of the BBBs, thereby
evaluating the BBBs as biological platforms for programmable manipulation of adherent
cell motility. In addition, the changes in viscoelastic properties of the detached and
retracting thin layer of a NIH 3T3 cell have been investigated.
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Figure 2.1 Biological breadboards (BBBs) for subcellular manipulation and
characterization. Schematic of the BBBs consisting of MXN gold electrodes placed
on a Pyrex glass. The addressability, multifunctionality, and reusability of the
BBBs are derived from their exquisite structure and working principle
(electrochemistry).

Figure 2.2 Working principle of the BBBs. (4) Before (sub)cellular detachment, a
RGD-ligand binding to integrin, focal contact, is formed on a gold electrode treated
with RGD-terminated thiol (cell-adhesive surface), whereas no focal contact is
formed on a Pyrex glass treated with PEG (cell-resistive surface). (B) Upon
(sub)cellular detachment with low bias potential, a living cell or parts of the cell
binding to the RGD-ligand is detached and then spontaneously contracting.

Figure 2.3 Bio-inspired cell adhesion mechanism of the BBBs. (4) A living cell
adheres to a substrate through the cellular interaction of a transmembrane protein,
integrin, with an extracellular matrix protein, RGD, in nature. (B) A living cell is
tethered to a gold electrode via RGD-terminated thiol in the BBBs.

Figure 3.1 Microfabrication processes of the BBBs. (4) Patterning of photoresist
by lithography. (B) Deposition of chrome and gold layers by e-beam evaporation.
(O) Patterning of the deposited Cr/Au layer by lift-off.

Figure 3.2 Photograph of the BBBs after (leff) and before (right) assembly,
showing its transparency in the visual spectrum. The BBBs for cellular detachment
and subcellular detachment are shown in left and right insets, respectively. Scale
bar is 100 pm.

Figure 3.3 Surface-treatment processes of the BBBs. Microfabricated BBBs (a) are
incubating with a PEG solution to achieve a cell-resistive surface on a Pyrex glass
surface, followed by incubating them with a synthesized solution of RGD-
terminated thiol (b) to achieve a cell-adhesive surface on a gold electrode (c). After
loading a living cell on the BBBs (d), a cell or a part of the cell is detached with
low bias potential (e).

Figure 3.4 Detail surface-treatment processes of the BBBs. (4) PEG treatment on
Pyrex glass surface to achieve a “cell-resistive” surface. (B) RGD-terminated thiol
treatment on gold surface to chemically tether the RGD peptide into the gold
electrodes.
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Figure 4.1 Characterizations of two surface-treatments. (4) Measured contact angle
of the Pyrex glass before (upper left) and after (upper right) PEG treatment. Cell
culture on the Pyrex glass before (lower left) and after (lower right) PEG treatment,
showing the non-fouling effect of PEG treatment on the Pyrex glass surface. (B)
Measured contact angle of gold surface without surface-treatment (/eft), with thiol
treatment (middle), and with RGD-terminated thiol treatment (right), showing a
surface modification by RGD-terminated thiol treatment.

Figure 4.2 X-ray photoelectron spectroscopy survey spectrum of the gold surface-
treated with RGD-terminated thiol, showing that gold peak from gold element,
sulfur peak from thiol, nitrogen peak from amine group of RGD peptide, carbon
and oxygen peaks from carboxylic acid group of RGD peptide are existed in the
treated gold surface.

Figure 4.3 Electrochemical characterization of reductive desorption of thiol-gold
self-assembled monolayer. (4) Experimental setup for potentiodynamic
electrochemical characterization of the thiol-gold SAM composed of three
electrodes and a power supply. (B) Cyclic voltammogram, showing a reductive
desorption of the thiol-gold SAM.

Figure 4.4 Various gold elements with different shape and size. (4) 64 pm*-sized
square gold electrodes. Cell adhesion is on none of them. (B) 100 pm*-sized regular
hexagonal gold elements. Cell adhesions are on about 25% of them. (C) 225 pm’-
sized equilateral triangular gold elements. Cell adhesions are on about 25% of
them. (D) 400 um*-sized square gold elements. Cell adhesions are on about 50% of
them. Scale bars are 50 pm.

Figure 4.5 Cellular detachment (or patterning) of NIH 3T3 cell using the BBBs. (4)
Optical sequential images, showing a cellular detachment of two cells from a gold
electrode. The average cell-detaching time for single or two cells is 45.2+6.8
seconds. (B) Cellular detachment of cells with 25% confluence whose average cell-
detaching time is 36.7+8.7 seconds. (C) Cellular detachment of cells with 100%
confluence whose average cell-detaching time is 21.1+3.5 seconds. Scale bars are
100 pm.

Figure 4.6 Measured cell-detachment ratio as a function of activation time and
potential for 100% confluent cells. This cell-detachment ratio is S-shaped,
indicating that there is a large deviation in integrin binding to ECM or other cells
which is directly related to a cell-to-cell interaction.

Figure 4.7 Selective cell patterning using the BBBs. (4) Optical image. (B)
Immunofluorescent image. These show that the selective cell patterning of a 2x1
BBB where left electrode is activated but right one is inactivated. For this
immunofluorescent imaging, NIH 3T3 cells were stained for actin with rhodamine
phalloidin (red) and for cell nucleus with DAPI (blue). Scale bar is 100 um.
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Figure 4.8 Cell patterning into “C,” “A,” and “L” shapes using a single 4x4 BBB,
verifying its addressability and reusability. Scale bar is 100 um.

Figure 4.9 Reusability characterization of the BBBs. (4) Unused BBB. (B) First
use of the BBB. (C) First cleaning of the BBB. (D) Second use of the BBB. (F)
Second cleaning of the BBB. (F) Third use of the BBB.

Figure 4.10 Cell viability characterization after (sub)cellular detachment.

Figure 4.11 Subcellular detachment of a NIH 3T3 cell with single activation. (4) 0
secone. (B) 13 seconds. (C) 15 seconds. This subcellular detachment is
accompanied by spontaneous contraction of a detached part of the cell.

Figure 4.12 Subcellular detachment with a series of activations. (4) 0 secone. (B)
16 seconds. (C) 24 seconds. (D) 32 seconds.

Figure 4.13 A cell behavior during its life cycle. (a) Strain-time diagram of a living
cell: being loaded to a substrate (¢=0); extending a protrusion at its front edge (
0<t<t ), translocating its nucleus (¢ <r<t,); being detached and retracting at a

subcellular level (7, <7). (b) Continuum mechanical model for the detached and
retracting thin layer of a cell.

Figure 4.14 Subcellular detachment and retraction using the biological platform.
Measured normalized-strain ¢ as a function of time ¢ of fibroblasts detached in a

subcellular level, which is fitted into &* = 0.799¢* .

Figure 4.15 Experimental setup for the AFM indentation to characterize an elastic
modulus ki 0f the detached thin layer of fibroblasts. After holding a thin layer
with a bent glass microcapillary and then detaching it from a substrate, the detached
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Figure 4.16 Measured cantilever deflection as a function of base displacement for
the detached thin layer, showing the elastic modulus is about 1320+£310 Pa. The
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CHAPTER 1. INTRODUCTION

1.1 Cellular dynamics

A cell in biology is the smallest structural and functional unit of an organism that
integrates all essential life processes, the dynamics of which can provide a wealth of
information concerning biological phenomena. To fully inderstand cellular dynamics in
vivo, our bioengineers and biologists are required to carry out the following research
topics: technical realization of spatiotemporal detachment at a (sub)cellular level, leading
into the programmable manipulation of adherent cell motility; quantitative analysis of
spatiotemporal detachment at a (sub)cellular level to characterize the expression and
development of focal adhesions (FAs) during cellular detachment; measurement of
viscoelastic properties of the thin layer of a living cell which is detached from a substrate
and in turn retracting at a subcellular level. These cellular dynamic phenomena,
especially (sub)cellular detachment from microenvironment, regulate cell function and
behavior, the quantitative characterization of which will lead us to understand critical
biological phenomena such as embryonic development, inflammatory immune response,
wound repair, cancer metastasis, ete.!

The cellular dynamics has recently received considerable attention due to its
important roles in biology. Even though a tremendous amount of research has revealed
important information about fundamental understanding of basic cellular function and
behavior (i.e., cell growth and metabolism, creation of new cell, cell movement), these
extensive efforts have been limited to qualitative analyses.”™ A quantitative
measurement of cellular dynamics has remained elusive and challenging.”” This seems
because the existing methods, previously developed for the characterization of in vivo
cellular dynamics, has their own technical limitations. The research is designed to
develop addressable, multi-functional, and reusable biological platforms, nicknamed
biological breadboards (BBBs), to enable the spatiotemporal manipulation of cell
motility at cellular and even subcellular levels, offering a new method to analyze cellular
dynamics in a quantitative way.

1.2 Previous methods for cellular dynamics characterization

In the cellular dynamics study, the development of a new biological platform that allows
for spatiotemporal manipulation on cellular behaviors (i.e., adherent cell motility) at
subcellular and cellular levels is a desperate need but a highly challenge. Previous
methods developed for the study of cellular dynamics primarily focused on cell
positioning or patterning, placing a cell (or confluent cells) at a target location with a
designed shape, but could not spatiotemporally manipulate cell motility. The previous
approaches can be classified into photolithography!™, e-beam lithography™, dip-pen

lithography!'”), nanoimprint lithography!'", microcontact printing!*'¥), ink-jet printing!"*),
[15]

switchable surface' ™, elastomeric stencil'®, optical tweezer!!, and
(di)electrophoresis.[18’19]

Although the conventional lithography technologies were used over wide
applications, they generally showed several inherent drawbacks: expensive and complex
facilities including a clean room were required; cell positioning was determined only at
the beginning of microfabrication; once a cell was placed, it could not be modified;

manipulation of adherent cell motility could not be made with the lithography
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technologies. The microcontact printing method was unable to direct cell motility and to
make any change in the configuration of a biological platform during experiments. The
ink-jet printing method was time-consuming and also could not manipulate cell motility
spatiotemporally. The switchable surface was a promising method for cell motility
control but its biocompatibility was questionable. Moreover, its fabrication could be
made with special facilities through complex chemical processes. The elastomeric stencil
had the same problems with the microcontact printing method. The manipulation of
adherent cell with the optical tweezer was impossible; it was known to make some
denaturation on a living cell. The (di)electrophoresis was unable to spatiotemporally
manipulate cell motility and had a possibility of cell electrolysis. As an alternative for
spatiotemporal manipulation of cell motility, many researchers attempted to functionalize
a substrate surface to selectively attach or detach a cell to or from the surface!>?%2!,
which were yet far from directing cell motility spatiotemporally. Recently, Bhatia et al.**!
tried to manipulate a distance between two kinds of cells with two pieces of
micromachined silicon substrates, each of which has an interlocking snap-lock
mechanism. Although they controlled the distance between two different cells, this
method also failed to manipulate cell motility spatiotemporally.

1.3 Biological breadboards for cellular dynamics characterization

In order to overcome the shortcomings of previous methods, new biological platforms
composed of MxN identical and independently operated gold electrodes on Pyrex glass
substrate, BBBs, are developed here that are able to manipulate cell motility at a
(sub)cellular level by deliberately detaching a living cell or a part of the cell. The
exquisite features of the platforms in cellular dynamics characterization, obtained from
those of a solderless breadboard in electrical engineering, can be summarized into
addressability, multifunctionality, reusability, and ease to use. The gold electrodes are
designed to be independently operated so that the BBBs are entitled to addressability.
Secondly, the BBBs, owing to their working principle, are multifunctional so that they
can perform many spatiotemporal manipulations of cell motility such as (sub)cellular
detachment, cell patterning, cell migration control, etc. This is similar to an electrical
breadboard used for almost all temporary prototypes of analog and digital circuits.
Thirdly, an electrochemical reaction of thiol-gold self-assembled monolayer (SAM)
under negative bias potential makes the BBBs reusable. Moreover, the BBBs can be
easily incorporated with other conventional instruments without any special accessory.
By virtue of these features, they can offer biologists a new experimental method for
exquisite manipulation of cell motility, thereby making it possible to quantitatively
characterize cellular dynamics with low-effort and short-time. In the BBBs, a spatial
manipulation of cell motility is achieved by activating the electrodes of interest, whereas
a temporal manipulation of cell motility is accomplished by activating them at an
intended time. This spatiotemporal manipulation also allows a living cell to move into a
designed area by detaching a part of the cell from the BBBs.

1.4  Potential impacts of biological breadboards

For the last seven decades, a science community has made utmost efforts to understand a
living cell works, which have been rewarded with qualitative data.”) However, as time
goes on, a quantitative interest in cellular dynamics has awakened. A scientific
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community has been willing to understand how a cell functions in a physical and
quantitative way. To some extent, the focus has been changed to the precise measurement
of quantities that will help us to understand essential biological phenomena in a more
exact way.l**! This situation open a door to our new biological breadboards because they
allow for the programmable manipulation of adherent cell motility, and consequently
yield quantitative analyses of cellular dynamics.

There are several expected impacts on scientific and non-scientific communities
by our new biological platforms. The BBBs are designed to be incorporated with other
conventional instruments commonly used in bioengineering and biology. With the BBB,
a significant part of scientific and non-scientific communities will be beneficiated in
understanding cellular dynamics. To explain how this will happen, it is worth to mention
that the reusability of the BBBs make themselves cost-effective and environmentally
friendly, which can also be a possible substitute to a commonly used plastic Petri dish, a
major portion of biowastes and biological wastes in bioengineering and biology. The
environment is therefore less harmed, which is a major concern among all of us. Also, the
fact that there is not yet a well-developed biological platform for the programmable
manipulation of adherent cell motility shows that the BBB can provide bioengineers and
biologists with a new experimental method to characterize cellular dynamics. As an
indispensible tool which will be used in many different laboratories, the BBB will help to
solve scientific problems arising from cell function (i.e., machanotransduction),
pathophysiology, disease progression and its theraphy, etc.!*!

1.5  Dissertation outline

Chapter 2 describes the structure and working principle of the BBBs, followed by their
design and fabrication, including surface treatment in Chapter 3. Chapter 4 provides the
experimental apparatus for the fabricated BBBs as well as experimental results. Finally,
Chapter 5 summarizes the important scientific findings of this research.



CHAPTER 2. STRUCTURE AND WORKING PRINCIPLE

2.1  Overview

New addressable, multi-functional, and reusable biological platforms (biological
breadboards or BBBs) are intended to manipulate the motility of an adherent cell at
subcellular and cellular levels, thereby leading quantitative characterization of cellular
dynamics. The BBBs are designed to be composed of MxN identical and independently
operated gold electrodes on Pyrex glass substrate to secure the addressability in cell
motility manipulation. Due to their superb working principle which will be introduced,
the BBBs play critical roles (i.e., cell positioning, cell patterning, cell migration) in
cellular dynamics characterization. In addition, our platforms have resuablilty originated
from their electrochemistry, thereby potentially replacing a traditional biological tool,
plastic Petri dish.

2.2 Structure of BBB

The BBBs consisting of identical and independently operated gold electrodes are
designed to secure their addressability, achieving a high-degree-of-freedom (DOF) in
spatiotemporal manipulation of cell motility, as shown in Fig. 2.1.

The spatiotemporal manipulation of cell motility is implicated by two
fundamental mechanisms, cell attachment and detachment. The first mechanism is solved
by a bio-inspired approach where a tri-peptide motif of arginine-glycine-aspartic acid
(RGD), a recognition sequence for integrin binding to many extracellular matrix (ECM)
proteins, is tethered to a gold electrode via thiol linker® to promote cell adhesion, as
shown in Fig. 2.24. A RGD-terminated thiol, thiol being chemically combined with RGD,
connects a RGD peptide into the gold electrode using its one end (thiol) which shows a
spontaneous chemisorption of R-S-H+Au — R-S-Au+1/2H, where R is a substituent;

the other end (RGD) provides a cell-grasping site for a cell. The second mechanism
depends on a rapid reductive desorption of the thiol-gold SAM under negative bias
voltage. The SAM starts to be reductively desorbed with negative potential of -0.9 V,

following an electrochemical reaction® of R-S-Au+H'+e — R-S-H+Au which

makes the RGD-terminated thiol and even the cell thereon detached from the gold
electrode, as shown in Fig. 2.2B.

2.3 Working principle of BBB

2.3.1  Bio-inspired cell adhesion mechanism

A cell in general binds to a surface or an extracellular matrix using cell adhesion
molecules. An integrin, one of the most common transmembrane proteins, is known as a
receptor that mediates an attachment between cell and microenvironment which may be
other cell or ECM with cell attachment site (e.g. RGD). A RGD peptide that serves as a
cell adhesion motif constitutes a major recognition system for cell adhesion together with
the integrin®’**, as shown in Fig. 2.34. The integrin-mediated attachment needs to be
kept intact or similar to that of in vivo because it regulates critical cellular function and
behavior such as cell migration, growth, differentiation, and apoptosis. The RGD peptide
was therefore invited to provide a cell with a microenvironment which is biologically
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identical with in vivo one, thereby achieving a cell adhesion mechanism in the BBBs. A
RGD-terminated thiol, borrowed from biology, was used in a surface-treatment for:
chemical binding of the RGD peptide into a gold electrode through spontaneous
chemisorption of thiol with gold; giving a cell adhesion site to a living cell with RGD
peptide, as shown in Fig. 2.3B. This surface-treatment plays important roles in the
spatiotemporal manipulation of cell motility: adhering a living cell to a surface through
RGD peptide; detaching the cell from the substrate through the rapid reductive desorption
of a gold-thiol SAM under negative potential.

2.3.2  Cell detachment mechanism

In the BBBs where a living cell binds to the RGD-terminated thiol and stretches on a
substrate before activation, (sub)cellular detachment from the substrate depends on a
rapid reductive desorption of the thiol-gold SAM under negative bias voltage. The SAM
starts to be reductively desorbed with negative potential of -0.9 V, according to
R-S-Au+H" +¢ — R-S-H+Au . This electrochemical reaction makes the RGD-
terminated thiol detached from the gold electrode. Thus, a cell or parts of the cell placed
on the activated gold electrode is detached and then contracting because all adherent cells
are under tension.
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D ACTIVATED ELEMENT (CROM / GOLD)

Figure 2.1 Biological breadboards (BBBs) for subcellular manipulation and
characterization. Schematic of the BBBs consisting of MxN gold electrodes placed on a
Pyrex glass. The addressability, multifunctionality, and reusability of the BBBs are
derived from their exquisite structure and working principle (electrochemistry).
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Figure 2.2 Working principle of the BBBs. (4) Before (sub)cellular detachment, a
RGD-ligand binding to integrin, focal contact, is formed on a gold electrode treated with
RGD-terminated thiol (cell-adhesive surface), whereas no focal contact is formed on a
Pyrex glass treated with PEG (cell-resistive surface). (B) Upon (sub)cellular detachment
with low bias potential, a living cell or parts of the cell binding to the RGD-ligand is
detached and then spontaneously contracting.
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Figure 2.3 Bio-inspired cell adhesion mechanism of the BBBs. (4) A living cell
adheres to a substrate through the cellular interaction of a transmembrane protein,
integrin, with an extracellular matrix protein, RGD, in nature. (B) A living cell is tethered
to a gold electrode via RGD-terminated thiol in the BBBs.



CHAPTER 3. DESIGN AND FABRICATION

3.1  Microfabrication processes
Microfabrication processes combining optical lithography, e-beam evaporation, and lift-
off processes were used to fabricate two different types of the BBBs, one for cellular
detachment whose gold electrode is 500 um in length and 500 um in width, and one for
subcellular detachment whose gold line is 10 pm in width and 3 pm in its neighboring
gap. The detailed microfabrication processes of the BBBs are as follows.

The BBBs were microfabricated on a 4-inch Pyrex glass wafer with a thickness
of 500 um (University Wafer). After its cleaning with a piranha solution of 1:1 (v:v) 96%
sulfuric acid (H,SO4) and 30% hydrogen peroxide (H,O;) for 10 minutes, 1 pm-thick
LOR resist (LOR 10A, MicroChem Corp.) was spin-coated at 4000 rpm for 40 seconds,
followed by soft baking at 170°C for 5 minutes. A 2 pum-thick positive photoresist (S1818,
Rohm and Haas Corp.) was spin-coated on the LOR resist at 4000 rpm for 40 seconds for
double-layer resist stack, followed by soft baking at 110°C for 1 minute. An optical
lithography was done to pattern the double-layer resist stack before an e-beam
evaporation process, as shown in Fig. 3.14. The next was a deposition of 5 nm-thick
chromium (Cr) adhesion layer and 100 nm-thick gold (Au) layer on the wafer, as shown
in Fig. 3.1B. As a color transparency in the visual spectrum is essential to make the BBBs
incorporated with other biological instrument (e.g. inverted optical or fluorescent
microscopes), the Au layer thickness was reduced to be 30 nm for biological experiments,
as shown in Fig. 3.2, right. After the deposition of Cr and Au layers, this wafer was
immersed in an organic solvent mixture (BAKER PRS-3000 Stripper, Mallinckrodt Baker,
Inc.) at 80°C for 4 hours to lift off the double-layer resist stack, as shown in Fig. 3.1C.

The fabricated BBBs were wire-bonded in a chip carrier, followed by assembling
them with a cell-culture-wall made of acrylic resin. The microfabricated BBBs is shown
in Fig. 3.2 where the left is a device after wire bonding in a chip carrier and assembling
with a cell-culture-wall, and the right is a device before them. The left and right insets in
Fig. 3.2 are the scanning electron microscope (SEM) images of the BBBs for cellular
detachment (left inset) and subcellular detachment (right inset).

3.2 Surface-treatment processes

The surfaces of the fabricated BBBs were modified by two surface-treatments, as shown
in Fig. 3.3: polyethylene glycol (PEG) treatment on Pyrex glass and RGD-terminated
thiol treatment on gold. The first is intended to achieve a “cell-resistive” surface which
suppresses cell spreading on it. This prevents a cell from adhering on Pyrex glass, which
makes it easy to spatiotemporally manipulate cell motility with (sub)cellular detachment.
The second is planned to tether a RGD peptide into gold via thiol linker, thereby
providing a “cell-adhesive” surface.

The PEG treatment was accomplished by incubating the BBBs in 2% v/v PEG
silane and 1% v/v hydrochloric acid dissolved in anhydrous toluene for 2 hours at room
temperature. This reaction was carried out in a glove box under a nitrogen purge to
prevent the PEG silane from being exposed to atmospheric moisture. For RGD-
terminated thiol treatment, a RGD-terminated thiol solution was synthesized by
combining cyclo (Arg-Gly-Asp-D-Phe-Lys) (C27H41NoO7, MW 603.68) with succinimide-
terminated thiol, followed by immersing the BBBs into the solution for 2 hours at room
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temperature. This surface-treatment was also done in a moisture-free environment. The
detailed surface-treatment processes of the BBBs are as follows.

3.2.1  Surface-treatment of Pyrex glass with polyethylene glycol

Considering the main functions of the BBBs, their Pyrex surface without gold needs to be
cell-resistive. The surface coated with PEG is known to show anti-fouling behavior
owing to steric repulsion between hydrated neutral PEG chain and protein.**°! Moreover,
the PEG-modified surface is anti-cell adhesive and consequently suppresses cell
spreading even a focal contact on the surface because a cell-adhesion mechanism is
protein-mediated.”*'** After microfabrication, the Pyrex glass surface of the BBBs was
modified with PEG as follows. The BBBs were treated in an oxygen plasma chamber
(PM-100 Plasma Treatment System, March Plasma Systems, Inc.) at 100 W for 30
seconds. The BBBs were then incubated in 2% v/v PEG silane and 1% v/v hydrochloric
acid (Fisher Scientific) dissolved in anhydrous toluene (Fisher Scientific) for 2 hours.
This reaction was carried out in a glove box under a nitrogen purge to avoid atmospheric
moisture. After this surface-treatment, the BBBs were rinsed in fresh toluene and ethanol,
dried under nitrogen, and cured at 120°C for 2 hours. The modified BBBs were stored in
a vacuum desiccator until the next surface-treatment, RGD-terminated thiol treatment.
The PEG is coated only on the Pyrex glass surface because Pyrex glass has hydroxyl
groups on its surface but gold surface does not, as shown in Fig. 3.44.

3.2.2  Surface-treatment of gold with arg-gly-asp-terminated thiol

The gold electrodes of the BBBs need to be cell-adhesive in order to promote the
adhesion of adherent cell into the surfaces. For this purpose, the gold electrodes of the
BBBs were treated with RGD-terminated thiol whose solution was synthesized by
chemically combining a cyclo (Arg-Gly-Asp-D-Phe-Lys) (Cy7H41N9O7;, MW 603.68,
Peptides International, Inc.) with dithiobis(succinimidyl undecanoate) (CsoHasN,OsgS,,
MW 603.68, Dojindo Molecular Technologies, Inc.) as follows. The cyclo (Arg-Gly-Asp-
D-Phe-Lys), c(RGDfK), was dissolved in dimethoxysulfoxide (DMSO, Sigma-Aldrich) to
get 1 mM aliquot and stored at -20°C. This reaction was made in a glove box under a
nitrogen purge to prevent the ¢(RGDfK) from being exposed to atmospheric moisture.
The maximum storage period for this solution was 15 days because the peptide easily
loses its characteristics (e.g. anchor for o.,f; integrin). The dithiobis(succinimidyl
undecanoate) was also stored in 1 mM aliquot in DMSO at -20°C. This preparation was
also done in a moisture-free environment. Before the gold surface-treatment, both
aliquots were warmed to room temperature in a desiccator. The ¢(RGDfK) aliquot was
mixed with triethylamine (1% v/v, Fisher Scientific) for 5 minutes to make all primary
amines of the lysine amino acid unprotonated. The same volume of the
dithiobis(succinimidyl undecanoate) was added to the ¢(RGDfK) aliquot and then mixed
well using a vortex mixer for 4 hours to synthesize the RGD-terminated thiol solution.
During the gold surface-treatment, the microfabricated BBBs were incubated with the
solution for 1 hour at room temperature to promote a spontaneous chemisorption between
thiol and gold, followed by sonificating them in DMSO for 3 minutes, rinsing them in
ethanol and phosphate buffered saline (PBS, Sigma-Aldrich) to eliminate all unbound
RGD-terminated thiol from the gold surface. The thiol contacted with gold made a SAM
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according to R-S-H+Au — R-S-Au+1/2H,, thereby tethering RGD peptide to gold
element, as shown in Fig. 3.4B.
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Figure 3.1 Microfabrication processes of the BBBs. (4) Patterning of photoresist by
lithography. (B) Deposition of chrome and gold layers by e-beam evaporation. (C)
Patterning of the deposited Cr/Au layer by lift-off.
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Figure 3.2 Photograph of the BBBs after (/eft) and before (right) assembly, showing
its transparency in the visual spectrum. The BBBs for cellular detachment and subcellular
detachment are shown in left and right insets, respectively. Scale bar is 100 um.
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Figure 3.3 Surface-treatment processes of the BBBs. Microfabricated BBBs (a) are
incubating with a PEG solution to achieve a cell-resistive surface on a Pyrex glass
surface, followed by incubating them with a synthesized solution of RGD-terminated
thiol (b) to achieve a cell-adhesive surface on a gold electrode (c¢). After loading a living
cell on the BBBs (d), a cell or a part of the cell is detached with low bias potential (e).
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Figure 3.4 Detail surface-treatment processes of the BBBs. (4) PEG treatment on
Pyrex glass surface to achieve a “cell-resistive” surface. (B) RGD-terminated thiol
treatment on gold surface to chemically tether the RGD peptide into the gold electrodes.
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CHAPTER 4. EXPERIMENTAL CHARACTERIZATIONS

4.1  Surface-treatment characterization

The quality of the surface-treatment was investigated both by measuring a contact angle
using a goniometer and by detecting the atoms in the treated surface using an x-ray
photoelectron spectroscopy (XPS) system.

4.1.1  Characterization of surface-treatment by contact angle measurement

Two surface-treatments using PEG and RGD-terminated thiol were made to achieve cell-
resistive and cell-adhesive surfaces, respectively. To characterize the surface-treatment
quality, a contact angle on the modified surface was measured by a goniometer. A contact
angle measurement system (KRUSS582, KRUSS) was used to measure the contact angle
in a sessile drop mode which is usually used to estimate the wetting properties of a solid
surface. Based on 10 time measurements, the contact angle of the PEG treated Pyrex
glass surface was 61.5+3.8° whereas that of the untreated Pyrex glass surface was
25.7+1.5°, as shown in Fig. 4.14, upper. This indicates that the PEG treated surface has a
strong hydrophobicity, and consequently prevents a cell adhesion or protein fouling. A
cell loading test using NIH 3T3 cell (mouse embryonic fibroblast cell line) was also made,
as shown in Fig. 4.14, lower. The images obtained after 24 hours of cell loading show the
Pyrex glass surface has been modified into cell-resistive.

To characterize the RGD-terminated thiol treatment, a contact angle was
measured for bare gold, gold with thiol only, and gold with RGD-terminated thiol. The
averaged contact angles of them were 67.3+£2.5°, 53.3+1.3°, and 24.6+2.8°, respectively,
as shown in Fig. 4.1B, indicating that the RGD-terminated thiol treatment has been made
as intended. These experimental results verify in an indirect way that our surface-
treatments are effective to achieve the cell-resistive and cell-adhesive surfaces in the
BBBs.

4.1.2  X-ray photoemission spectroscopy characterization of gold surface-treated with
RGD-terminated thiol
The formation of thiol-gold SAM and the existence of RGD by RGD-terminated thiol
surface-treatment were verified by an XPS survey which is a direct characterization
method. An XPS sample was prepared on a 4-inch silicon wafer e-beam evaporated with
50 nm-thick Au layer and 5 nm-thick Cr adhesion layer. For the RGD-terminated thiol
surface-treatment, the wafer was immersed for 2 hours in the RGD-terminated thiol
solution prepared as summarized in Chapter 3. A bare gold sample without RGD-
terminated thiol treatment was run as a control experiment. The XPS analysis was carried
out with a customized ESCA (Omicron NanoTechnology). The measurement was
performed at 1 x 10™ Torr and all spectra referenced to the position of the Au 4f peaks.
Scans were collected over a range of 20 eV around the peak of interest with a pass energy
of 23.5 eV. Figure 4.2 shows the measured XPS survey spectrum of RGD/thiol/Au
interface. The peaks of Au 4s, Au 4p, Au 4d, and Au 4f indicate the presence of the e-
beam evaporated gold, Au(111); the peaks of S 2p1» and S 2p3/, (inset, right) show the
sulfur from the thiol is in existence on the surface; the peaks of C 1s, O 1s, O KLL, and N
Ls (inset, left) demonstrate there are carbon, oxygen, and nitrogen from amine functional
group (-NH;) and carboxylic acid functional group (-COOH) of the RGD peptide, which
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means the RGD peptide is connected to the surface. For reference, hydrogen cannot be
detected due to the working mechanism of XPS. This XPS survey spectrum verifies that
the surface-treatment using RGD-terminated thiol on the gold element has been done as
designed.

4.2 Potentiodynamic electrochemical characterization of reductive desorption of
thiol-gold self-assembled monolayer

A rapid reductive desorption of the thiol-gold SAM was characterized in a
potentiodynamic electrochemical way — cyclic voltammetry (CV) which is the most
effective electroanalytical technique in the redox system study. A voltage supplied by a
constant DC power source (B&K Precision Corporation) was applied between thiol-gold
SAM (or Ag/AgCl electrode) and platinum electrode. A CV sample was prepared by the
same surface-treatment described in Chapter 3. The surface-treated gold element with
RGD-terminated thiol was used as a working electrode while the platinum electrode and
an Ag/AgCl electrode were used as a counter electrode and a reference one, respectively.
The CV was carried out in the Dubecco’s phosphate buffered saline (DPBS (pH 7.4),
Sigma-Aldrich) solution with an EG&G potentiostat model 362 (AMETEK Princeton
Applied Research). A scan started cathodically from 0 V, then annodically back to 0 V
after reaching -2 V at a scan rate of 50 mV s™', as shown in Fig. 4.34. The CV (Fig. 4.3B)
shows the measured current at the working electrode as a function of the applied voltage
with respect to the Ag/AgCl electrode. At a potential range of 0 V to -0.9 V (section a),
the measured current was negligible, which means there is no reductive desorption of the
SAM and consequently the SAM impedes electron transfer across an electrolyte-
electrode interface. The reductive desorption of the SAM, which started and finished at a
potential of -0.9 V (point ») and -1.55 V (point d) respectively, broke the chemical
binding between thiol and gold at a potential range of -0.9 V to -1.55 V (section ¢). The
reductive desorption of the SAM got maximize at a peak of -1.4 V. The measured CV
shows an indisputable evidence of the reductive desorption of the SAM, and also
demonstrates the bias potential required for (sub)cellular detachment.

4.3 Minimum size of gold electrode for cell adhesion

It is very important to make a cell adhere to the gold surface-treated with the RGD-
terminated thiol for subcellular manipulation of cell motility. Twenty types of gold arrays
consisting of equilateral triangular, square, regular pentagonal, regular hexagonal, or
circular electrodes with an area of 64 pm?, 100 pm?, 225 um?, or 400 um” were prepared
to characterize the effect of the geometry and size of the gold electrode on cell adhesion.
NIH 3T3 cells with a concentration of about 1 x 10° cells/ml were loaded on the surface-
treated gold electrode arrays and their optical images were obtained after 24 hours of cell
loading, as shown in Fig. 4.4. No cell adhered to the gold element with a side less than 10
um (Fig. 4.44), while cells made a stable adhesion to the gold element with a side larger
than 10 um (Figs. 4.4B-D). This is because the floated NIH 3T3 cell before cell adhesion
is almost spherical and 10 pum in diameter. For the gold electrodes with the same area (or
side length), the number of cells adhered to the gold electrode gets decreased as the
number of side of the electrode gets increased. In other words, the equilateral triangle-
shaped gold electrode is the most effective in making a cell adhesion thereon. This
tendency is because equilateral triangle, assuming the same area, has the largest
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circumference and a cell prefers a circumferential part of the gold element to center part
for cell adhesion. For reference, the circumferences of equilateral triangle, square, regular
pentagon, regular hexagon, and circle are respectively 4.56a'%, 44", 3.81a"?, 3.724',
and 3.54a"? where a is an area.

4.4 (Sub)cellular detachments

4.4.1 Cell culture

NIH 3T3 mouse embryonic fibroblast cell (Instructional Lab, University of California,
Berkeley) was cultured in Dulbecco's modified Eagle medium (DMEM, GIBCO™)
supplemented with 10% fetal bovine serum (FBS, GIBCO™) and 1% Penicillin-
Streptomycin (GIBCO™) at 37°C in a humidified 5% CO, atmosphere. The cell was
passaged every three days as follows. The cell was washed 1 time in PBS and trypsinized
with Trypsin-EDTA solution 0.5% (1X). After centrifuging, the cell is inoculated into
new Petri dish. The NIH 3T3 cell with a passage number of 5 to 20 was used in the
experiment. Before experiment, the surface-treated BBB was sterilized with 70% ethanol,
washed twice with 1x PBS, and placed into a Petri dish containing 5 ml of cell
suspension in cell culture medium with a concentration of about 1x10° cells/ml. For the
subcellular detachment, the cell-loading concentration was 1x10* cells/ml. After 1 hour,
unattached NIH 3T3 cells were removed by aspirating and washing the BBB in PBS,
followed by replacing old cell culture medium with new one. All experiments were
carried out after 24 hours of cell loading in a self-designed chamber with a humidified 5%
CO; atmosphere and at 37°C.

4.4.2  Cellular detachment

The cellular detachment — detaching all parts of a living cell from substrate — of NIH 3T3
cells was made with the fabricated BBBs both to characterize cell detachment behaviors
and to investigate the addressability and reusability of the BBBs, thereby evaluating the
BBBs as biological platforms for spatiotemporal cell patterning or positioning. The
cellular detachment experiments were carried out for three cases of single or two cells
(Fig. 4.54), sparse cells with about 25% confluence (Fig. 4.5B); confluent cells with 100%
confluence (Fig. 4.5C). A cell-detaching time defined as a time required to detaching 95%
of loaded cells was obtained from experimental results. The cell-detaching times for three
cases, averaged from at least 10 time measurements at activation potential of -1.5 V, were
respectively 45.2+6.8 seconds, 36.7+8.7 seconds, and 21.1+3.5 seconds, showing that
more confluent cells are detached in a shorter time. This is because the detachment of
confluent cells is influenced by neighboring cells. In other words, when one cell is
detached, neighboring cells to the detached one is easily detached because all cells are
connected to each other by a cell-to-cell interaction. To characterize the effect of
activation potential on cellular detachment, a cell-detachment ratio was measured as a
function of activation time and potential. A cell-detachment ratio gets decreased as
activation potential gets increased, as shown in Fig. 4.6. This can be explained by the
reductive desorption of thiol-gold SAM which gets faster as negative potential gets
increased, as shown in Fig. 4.3B. The obtained cell-detachment ratio has S-shape which is
monotonically increasing with two inflection points. This clearly demonstrates that there
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is a large deviation in integrin binding to ECM or other cells which is closely related to a
cell-to-cell interaction.

4.4.3  Selective cell patterning

Two different types of BBB platforms, composed of 2x1 and 4x4 gold electrodes
respectively, were used for selective cell patterning of NIH 3T3 cells, thereby
demonstrating the addressability and reusability of the BBBs in cell manipulation. The
first cell patterning was made with 2x1 BBB where a left electrode was activated to
detach the cells but a right one was inactivated. Figure 4.7 shows optical and
immunofluorescent images where NIH 3T3 cells were stained for actins with thodamine
phalloidin (red) and for cell nuclei with DAPI (blue).

The detailed staining processes for immunofluorescence microscopy are as
follows. NIH 3T3 cells grown on the BBB were stained for immunofluorescence
microscopy. After fixing the cells on ice with 4% formaldehyde (Fisher Scientific)
solution in chilled PBS for 15 minutes, the cells were washed 3 times with chilled PBS.
The cells were permeabilized with 200 pl 0.5% Triton X-100 (Sigma-Aldrich) in PBS at
room temperature for 10 minutes and were washed 3 times with PBS to make small holes
in their cellular membrane, followed by blocking non-specific binding using 3% non-fat
dry milk in PBS at 4°C for 1 hour and washing the cells once with PBS. 10 pl methanolic
stock solution of rhodamine phalloidin (Biotium, Inc.) was diluted with 200 pl PBS with
1% Bovine Serum Albumin (BSA, Fisher Scientific) for each BBB. The BBB was
incubated with this solution for 20 minutes at room temperature and washed 2 or 3 times
with PBS. For nucleus staining, ProLong® gold antifade reagent with DAPI (Invitrogen)
was added into the cells. Immunofluorescent images were obtained on the inverted
fluorescent microscope (Axiovert 200, Carl Zeiss Microlmaging, Inc.).

The second experiment was a selective cell patterning into “C,” “A,” and “L”
shapes with a single 4x4 BBB (Fig. 4.8). This cell patterning was done in an order of “L,
“A,” and “C” by using a single device which was reused through simplified organic
cleaning process after each usage. Since the reductive desorption of thiol-gold SAM
yields original gold again, the BBBs can be reused. These experimental results shown
above verify the exquisite addressability and reusability of the BBBs.

The detailed cleaning processes to secure the reusability of the BBBs are as
follows. The reductive desorption of a thiol-gold SAM according to
R-S-Au+H" +¢ — R-S-H+Au yields bare gold again, entitling reusability to the BBBs.
Thus, the BBBs are cost-effective and environment-friendly. The BBBs were cleaned to
reuse them after each use in the following method. After each use, all cells on the BBBs
were detached with negative potential of -1.5 V, followed by adding Trypsin-EDTA
solution 0.5% (1X) (Sigma-Aldrich) to completely remove all cellular materials known as
integrin remnants;”" the remnants were also eliminated by sonificating the BBBs with
acetone for 8 minutes, rinsing it 3 times with ethanol (Fisher Scientific), rinsing them 3
times with ethanol (Fisher Scientific), and rinsing them again 7 times with deionized
water. The cleaned BBBs were inspected with an optical microscope to check their
surface. Although one or two remnants were occasionally left on the cleaned BBBs (Fig.
4.9, circle), there was no problem in reusing them. This indicates that our cleaning
process described above is enough to secure their reusability. Because of their reusability,

2
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the BBBs are expected to contribute in reducing a use of disposable experimental stuff in
biological experiments, thereby solving a major concern among all of us, environment
protection.

4.4.4  Viability characterization of detached cell

In our BBBs, the spatiotemporal manipulation of cell motility is done by deliberately
detaching a living cell at a (sub)cellular level. A detached cell should be therefore alive
rather than electrocuted after (sub)cellular detachment. If a detached cell from the BBBs
is electrocuted, these platforms cannot perform their functions as biological platforms for
(sub)cellular manipulation and characterization. Thus, this characterization was made to
bring forward a clear-cut evidence showing that a detached cell is still alive, that is,
viability of detached cell. In this experiment, NIH 3T3 cells bound to the BBBs were
detached by an electrical activation signal of -1.5 V, followed by collecting the detached
cells with a centrifuge and loading them into a plastic Petri dish. After 24 hours of cell
loading, their viability was observed, as shown in Fig. 4.10. This observation shows that
about 75% of the detached cells are still alive after cellular detachment. Compared to a
general cell passage at which about 95% of cells are viable, this result is comparable and
lays a technical foundation for spatiotemporal manipulation of cell motility by
(sub)cellular detachment of a living cell with the BBBs.

4.4.5  Subcellular detachment

Single cell motility was manipulated by subcellular detachment with the BBB consisting
of 10 um-width gold electrode lines with a gap of 3 um (Fig. 3.2, right insef). At
subcellular detachment, RGD peptides are linked to all gold electrodes except activated
ones. Since a living cell in general has much higher affinity for RGD peptide than for
gold surface, a cell exposed to subcellular detachment is subject to spontaneously move
into a designated direction. For example, when some part of a cell (cytoplasm) located at
3 o’clock direction is detached, the cell migrates into 9 o’clock direction. The subcellular
detachment experiment was performed to open a possibility for spatiotemporal
manipulation of cell motility and also to show the multifunctionality of the BBBs, i.e. cell
patterning and cell motility control. A subcellular detachment experiment using NIH 3T3
cell was made with the same experimental conditions and apparatus as those of cellular
detachment. As shown in the optical sequential images of the subcellular detachment (Fig.
4.11), the subcellular detachment was accomplished by contracting a detached cytoplasm
which reaches its completion within 16 seconds. This relative fast contraction of
subcellular detachment using a single cell, compared to that of cellular contraction using
confluent cells, can be explained by high-strain state of a cell. A single cell is always
under higher-strain than confluent cells are because there is no constraint in stretching
itself with focal contacts, thereby leading a fast contraction of the detached cytoplasm in
the subcellular detachment.

In the next subcellular detachment experiment, a cell was sequentially detached
with a series of activations where the first activation (activation 1) was followed by the
second one (activation 2) after 16 seconds. The optical sequential images (Fig. 4.12)
reveal that repetitive activations within dozens of seconds do not have any influence on
cell’s viability and a subcellular-detaching amount is gradually increasing.
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4.5 Measurement of viscoelastic properties in the detached and retracting thin
cytoskeletal layer of fibroblasts

4.5.1 Overview

The thin layer of mouse fibroblast NIH 3T3 cells, detached from a substrate and in turn
retracting, is investigated to characterize its viscoelastic properties using time-sequential
image of the thin layer retraction in conjunction with atomic force microscopy
indentation on it. The former is intended to acquire the normalized-strain profile of the
retracting motion of a thin layer, while the latter is made to determine its elastic strength.
The measured viscoelastic properties have demonstrated that the detached and retracting
thin layer of fibroblasts has 67% decreases in elastic strength but 30-fold increases in
damping capacity, compared to an attached one.

A living cell reversely polymerizes soluble actin monomers into filaments by
incorporating the monomers with accessory proteins at its thin layer, leading or trailing
edge. This biological phenomenon is believed to provide the cell with main motile force
for migration by extending (or detaching) and attaching (or retracting) a thin layer. Any
irregularity in the cell’s physical properties may therefore undermine the biological
functions of the cell in health and disease, potentially leading to serious
pathophysiological consequences of mental retardation, vascular disease, tumor
formation, etc."" The physical properties, e.g. viscoelasticity, of the thin layer therefore
must be quantitatively characterized for a better understanding of cellular dynamics.

There have been a variety of methods developed to measure the physical
properties of a cell, which can be classified into a magnetic-particle-based cytometry,*” a
micropipette aspiration,*® an optical tweezer,””! a fluid shear flow method,"®! a
cytoindenter,”” and an atomic force microscopy (AFM).* These approaches are,
however, mostly limited to adherent cells with no motion and cannot help in
quantification of the physical properties of the motile thin layer (less than 1 pm). In this
experiment, the viscoelastic properties of the motile thin cytoskeletal layer of fibroblasts
are measured by incorporating the retraction profile of the detached thin layer from a
substrate with the elastic modulus measured by AFM indentation, thereby yielding a
continuum mechanical model for the motile thin cytoskeletal layer.

4.5.2  Viscoelastic model of detached and retracting thin cytoskeletal layer

When a cell repeatedly extends a leading edge, translocating a nucleus, detaching
(retracting) a trailing edge during its life cycle, the strain versus time diagram of a thin
layer can be simplified, as shown in Fig. 4.134. A thin layer extends and attaches to a
substrate at 0 <7 <, ; it translocates a nucleus with keeping its morphology at #, <t<t¢,;

it is detached and in turn is retracting at ¢, <¢. A standard linear viscoelastic solid model

composed of two springs kj, k> and one dashpot ¢ (Fig. 4.13B) is adopted to describe the
retraction motion of the detached thin layer, and consequently to quantify its dynamic
viscoelastic properties. Assuming that the thin layer is isotropic and viscoelastic, this
model is used because it can take two phenomena of creep and stress relaxation into
account.

Assuming that the thin layer is an isotropic and viscoelastic continuum, its stress
o and stress ¢ are written as
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o =ke =k, +cég,, (4-1)
E=¢ +é,, (4-2)

where the subscripts of 1 and 2 refer to the springs of elastic and viscous components,
respectively. Combining these two equations yields

(k, + k)0 +c6 = k ke + k cé. (4-3)

A unit-cell migration mechanism enables us to assume the stress and strain profiles of the
thin layer at the STEP-1 (0<¢<{,, relaxation phase) as follows. The initial stress at

t=t, is oy and the strain is a Heaviside function with a jump of gy at #=7,~0 due to

t<t,,

(1) = &,H (),

£(t) = £,0(t), ()

where H(¢) is a Heaviside function and J(¢) is a Dirac delta function. The linear
viscoelastic equation about stress and strain can be rewritten as

(k, +k,)o(t)+co(t) = kk,e,H(t) + kics,0(¢). (4-5)
The Laplace transformation of above equation yields

klkz _kithy, _kithky,
o) =—=—¢,|1-e ¢ |+0.e ¢ . 4-6
) Kk, 0 (4-6)

The stress oy, of the thin layer at f=t, ~o0 is therefore expressed as

o.= klkz
¢k +k,

&, (4-7)

At the STEP-II (¢ >t,, creep phase) where the strain exponentially decays from
go to zero after the thin layer is detached at 7 =t,, the stress is considered as an inverted

Heaviside function with a jump of 6p at ¢ =1,,

o()=o, (I_H(t_tz))a

G(t) ==0,0(1=1,). 9
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Using these two equations, the viscoelastic equation about stress and strain is represented
as

(k,+k))o, (1 —-H(t— tz)) —co,0(t—t,)=kk,e(t—t)+kcé(t—t,). (4-9)

The stain profile at the STEP-II is calculated through the Laplace transformation of above
equation,

ct-t)=z,|1-— i (4-10)
0 kK, '

Thus, the strain profile normalized with respect to ¢y is therefore given by

by
A Ul {1——]‘2 ]e'c“ " (4-11)

& k +k,

4.5.3  Image acruisition of detached and retracting thin cytoskeletal layer

For the image acquisition of the retraction motion of a detached thin layer, the BBBs
(Fig. 3.2, right insect) composed of multiple gold electrodes on Pyrex substrate were
fabricated the microfabrication techniques of optical lithography, e-beam evaporation,
and lift-off process. Each gold electrode, 10 um in width and 3 pm in neighboring gap,
was functionalized with a RGD-terminated thiol to achieve a cell-adhesive surface,
whereas the Pyrex substrate was coated with the a PEG to provide a cell-resistive surface
which suppresses cell spreading on it. One end (RGD peptide) of the RGD-terminated
thiol constitutes a major recognition system for cell adhesion and the other end (thiol
compound) connects the RGD peptide into the gold electrodes by making a gold-thiol
self-assembled monolayer (SAM) following the spontaneous chemisorption of
R-S-H+Au — R-S-Au+1/2H, where R is a substituent. Before subcellular detachment

(Fig. 2.24), a cell binds to the RGD peptide through its integrin and stretches on the
surface of the biological platform. Upon subcellular detachment (Fig. 2.2B), the thin layer
of a cell is detached by a rapid reductive desorption of the SAM under low bias voltage

of -1.3 to -1.8 V, R-S-Aut+H +e¢” — R-S-H+Au . Based on this electrochemical reaction,
the RGD-terminated thiol and even the thin layer thereon can be detached from the gold
electrodes.

A subcellular detachment experiment using fibroblast was performed with the
fabricated biological platform dipped in the CO, independent media containing 10% FBS
and 1% pen-strep at 36°C. An electrical activation signal was given by a three-electrode
system composed of a gold (of the BBB), a platinum, and an Ag/AgCl electrodes which
play as working, counter, and reference electrodes, respectively. The retraction behavior
of the detached thin layer was recorded with a charge-coupled device camera. A strain
profile of the detached thin layer was obtained from the recorded time-sequential images
(Fig. 4.11); being normalized with respect to initial strain &y (Fig. 4.14); being fitted into
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an exponential curve using a commercial data analysis software (Origin Pro 8,
Exp2PMod1 mode). Through this curve fitting, a mathematical function that has the best

fit to the experimental results was determined as &*=0.799¢ """ showing
k /I(k;+k,)=0.799 and k,/c=0.055.

4.5.4 AFM indentation

As these two equations were not enough for calculating the three parameters of ki, k», and
¢, the elastic modulus of the detached thin layer of fibroblasts was measured with an
Autoprobe CP AFM (Park Science Instruments) at a low-speed of 10 nm/s which can
quantify an elastic modulus without involving viscous damping. The elastic modulus was
obtained by these slow indentations on the detached thin layer by measuring the
deflection of an AFM microcantilever at each point of interest.

The detailed AFM indentation method is as follows. The elastic modulus of the
detached thin layer of fibroblast cells was measured with an Autoprobe CP AFM. All
measurements were made at a low-indentation-speed of 10 nm/s to eliminate a viscous
damping effect, by the dashpot of the detached thin layer, in quantifying the elastic
modulus. The elastic modulus was determined by measuring the deflection of an AFM
microcantilever (HYDRA2R-100N, Nanoscience Instruments, Inc.) at each point of
interest of the fibroblasts. Although the AFM microcantilever has a nominal spring
constant of 0.011 N/m, the measured spring constant of the AFM microcantilever was
determined as 0.016+0.005 N/m, which was used in the AFM indentation in this
experiment. Before AFM indentations (Fig. 4.15), the furthermost end of the thin layer of
fibroblasts (indicated by “o” in the inset of Fig. 4.16) was lightly held with a glass
microcapillary (TransferTip-RP, Eppendorf) to prevent a spontaneous retraction of the
thin layer after subcellular detachment. With the subcellular detachment but no retraction
motion, the AFM indentations were made at the thin layer (indicated by “+” in the inset
of Fig. 4.16). All indentations were carried out for fibroblasts, after 24 hours of cell
loading, in the CO, independent media with 10% FBS and 1% pen-strep at a chamber
whose temperature is maintained at 36°C with a thermal heater.

The measured cantilever deflection as a function of base displacement for the
detached thin layer (Fig. 4.16) shows the elastic modulus (%, = kk, /(k, +k,) ) is about

13204+310 Pa, averaged value from 10 measurements. By combining the normalized-
strain profile with the AFM indentation results, 4, k», and ¢ of the thin layer of fibroblasts,
detached and retracting, were determined as 6567 Pa, 1652 Pa, and 30037 Pa-sec,
respectively. Compared to the previous results™*® *! of kiw > 4000 Pa and ¢ < 100 Pa-sec
obtained not from the thin layer of a fibroblast cell with motion but from adherent cell
without motion, the detached and retracting thin cytoskeletal layer showed 67% decreases
in elastic modulus and a 30-fold increase in damping coefficient. This suggests that the
retracting thin layer gets softer, and consequently has remarkable increase in damping
coefficient after a few seconds of detachment when subject to no physical constraint, i.e.
no focal contact. This phenomenon is likely owing to the gel-sol transition of short actin
filaments at subcellular detachment which leads to the changes in the viscoelastic
properties of the motile thin layer of fibroblasts. When a cross-linked network of short
actin filaments that are strongly coupled to focal contacts gets depolymerized upon
subcellular detachment, the structural strength of the thin layer is decreasing but the

total
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viscous damping capacity is increasing. In conclusion, the viscoelastic properties in the
motile thin layer of mouse fibroblast NIH 3T3 cells after subcellular detachment have
been investigated in an experimental method. The measured results have demonstrated
that the method combining the time-sequential images of subcellular retraction with AFM
indentation results is ideally suited for measuring the viscoelastic properties of the motile
thin layer, thereby leading to a better understanding of cellular dynamics.
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PYREX® GLASS

(4)

(B)

Figure 4.1 Characterizations of two surface-treatments. (4) Measured contact angle
of the Pyrex glass before (upper left) and after (upper right) PEG treatment. Cell culture
on the Pyrex glass before (lower left) and after (lower right) PEG treatment, showing the
non-fouling effect of PEG treatment on the Pyrex glass surface. (B) Measured contact
angle of gold surface without surface-treatment (left), with thiol treatment (middle), and
with RGD-terminated thiol treatment (right), showing a surface modification by RGD-
terminated thiol treatment.
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Figure 4.2 X-ray photoelectron spectroscopy survey spectrum of the gold surface-
treated with RGD-terminated thiol, showing that gold peak from gold element, sulfur
peak from thiol, nitrogen peak from amine group of RGD peptide, carbon and oxygen
peaks from carboxylic acid group of RGD peptide are existed in the treated gold surface.
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Figure 4.3 Electrochemical characterization of reductive desorption of thiol-gold

self-assembled monolayer. (4) Experimental setup for potentiodynamic electrochemical
characterization of the thiol-gold SAM composed of three electrodes and a power supply.



(B) Cyclic voltammogram, showing a reductive desorption of the thiol-gold SAM.
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Figure 4.4 Various gold elements with different shape and size. (4) 64 pm’-sized
square gold electrodes. Cell adhesion is on none of them. (B) 100 pm*-sized regular
hexagonal gold elements. Cell adhesions are on about 25% of them. (C) 225 pm’-sized
equilateral triangular gold elements. Cell adhesions are on about 25% of them. (D) 400
um’-sized square gold elements. Cell adhesions are on about 50% of them. Scale bars are
50 pm.
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Figure 4.5 Cellular detachment (or patterning) of NIH 3T3 cell using the BBBs. (4)
Optical sequential images, showing a cellular detachment of two cells from a gold
electrode. The average cell-detaching time for single or two cells is 45.2+6.8 seconds. (B)
Cellular detachment of cells with 25% confluence whose average cell-detaching time is
36.7+8.7 seconds. (C) Cellular detachment of cells with 100% confluence whose average
cell-detaching time is 21.1+3.5 seconds. Scale bars are 100 pm.
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Figure 4.6 Measured cell-detachment ratio as a function of activation time and
potential for 100% confluent cells. This cell-detachment ratio is S-shaped, indicating that
there is a large deviation in integrin binding to ECM or other cells which is directly
related to a cell-to-cell interaction.
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(4)

(B)

Figure 4.7 Selective cell patterning using the BBBs. (4) Optical image. (B)
Immunofluorescent image. These show that the selective cell patterning of a 2x1 BBB
where left electrode is activated but right one is inactivated. For this immunofluorescent
imaging, NIH 3T3 cells were stained for actin with rhodamine phalloidin (red) and for
cell nucleus with DAPI (blue). Scale bar is 100 pm.
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Figure 4.8 Cell patterning into “C,” “A,” and “L” shapes using a single 4x4 BBB,
verifying its addressability and reusability. Scale bar is 100 um.
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Figure 4.9 Reusability characterization of the BBBs. (4) Unused BBB. (B) First use
of the BBB. (C) First cleaning of the BBB. (D) Second use of the BBB. (£) Second
cleaning of the BBB. (F) Third use of the BBB.
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Figure 4.10 Cell viability characterization after (sub)cellular detachment.
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ACTIVATION

(4)

(B)

©

Figure 4.11 Subcellular detachment of a NIH 3T3 cell with single activation. (4) 0
secone. (B) 13 seconds. (C) 15 seconds. This subcellular detachment is accompanied by
spontaneous contraction of a detached part of the cell.
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Figure 4.12 Subcellular detachment with a series of activations. (4) 0 secone. (B) 16
seconds. (C) 24 seconds. (D) 32 seconds.
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Figure 4.13 A cell behavior during its life cycle. (a) Strain-time diagram of a living
cell: being loaded to a substrate (7 = 0); extending a protrusion at its front edge (0 < <¢,

); translocating its nucleus (¢ <t <t,); being detached and retracting at a subcellular

level (¢, <t). (b) Continuum mechanical model for the detached and retracting thin layer
of a cell.
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Figure 4.14 Subcellular detachment and retraction using the biological platform.
Measured normalized-strain ¢ as a function of time ¢ of fibroblasts detached in a

subcellular level, which is fitted into &* = 0.799¢™ .
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MICRO
CAPILLARY

MICROCANTILEVER

Figure 4.15 Experimental setup for the AFM indentation to characterize an elastic
modulus ki of the detached thin layer of fibroblasts. After holding a thin layer with a
bent glass microcapillary and then detaching it from a substrate, the detached thin layer is
probed with an AFM microcantilever.



42

0.0519 : ' . =
o 0.04F e e -
£ z z z
= : : :
e 0.03 S S S -
O : : :
k3] : : C®
D 002 F e e s -
I 00 é : LR
©
¢ 0.01
@
S 0.00
O

-0.01 ! i i

0.0 0.5 1.0 15 2.0

Base displacement (um)

Figure 4.16 Measured cantilever deflection as a function of base displacement for the
detached thin layer, showing the elastic modulus is about 1320+310 Pa. The symbols of
“+” and “o” of the inset are AFM indentation and cell-holding positions, respectively.
Scale bar is 20 um.
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CHAPTERS. CONCLUSIONS

The cell function of a living cell is known to be regulated by its dynamic behavior (e.g.
cellular detachment), a quantitative characterization of which is essential to understand
the diverse pathophysical phenomena of inflammatory immune response, wound healing,
cancer metastasis, etc. Although an enormous amount of basic research has been made to
manipulate cell motility for a better characterization of cellular dynamics, it has showed
not quantitative results but qualitative ones. The new biological platforms with exquisite
features of addressability, multifunctionality, and reusability in spatiotemporal
manipulation of cell motility at cellular and even subcellular levels, biological
breadboards, have been designed, microfabricated, and biologically characterized to offer
a new method to quantitatively analyze cellular dynamics.

Our biological breadboards composed of MxN gold electrodes, identical and
independently operated, on Pyrex glass substrate have been microfabricated by
combining optical lithography, e-beam evaporation, and lift-off process to secure the
addressability, thereby achieving high-degree-of-freedom in programmably manipulating
adherent cell motility. The multifunctionality and reusability of the biological
breadboards has been implicated by two-step surface-treatments. The surfaces of the
microfabricated biological breadboards have been treated with a polyethylene glycol for
the Pyrex glass and a RGD-terminated thiol for the gold electrodes. The first surface-
treatment has been done to achieve a cell-resistive surface which suppresses cell adhesion
and spreading on the Pyrex glass, whereas the second one has been made to tether the
RGD peptide into the gold electrodes via thiol linker, and consequently to achieve a cell-
adhesive surface. The biological boards have detached a cell or a part of the cell from
their substrate at cellular and subcellular levels using the rapid reductive desorption of a
thiol-gold SAM, formed on the gold electrodes through the RGD-terminated thiol
surface-treatment, under low bias potential, according to the electrochemical reaction of
R-S-Au+H" + ¢ — R-S-H + Au.

In the experimental studies with NIH 3T3 cell line, cellular and subcellular
detachments have been successfully demonstrated with the microfabricated biological
breadboards both to quantitativelt characterize the cellular (or subcellular) dynamics and
to experimentally demonstrate the addressability, multifunctionality, and reusability of the
biological breadboards. As an example of the BBBs’ biological application, the
viscoelastic properties in the motile thin layer of mouse fibroblast NIH 3T3 cells after
subcellular detachment have been investigated in an experimental method. The measured
results have demonstrated that the method combining the time-sequential images of
subcellular retraction with AFM indentation results is ideally suited for measuring the
viscoelastic properties of the motile thin layer, thereby leading to a better understanding
of cellular dynamics. The biological breadboards are expected to be used to reveal a
secret about critical cellular aspects, thereby achieving a remarkable progress of cellular
dynamics.
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