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Abstract

Nanometer-scale imaging technology with the air of atomic force microscopy (AFM)
unveiled fruitful scientific insight into various areas, including biology, polymer,
tribology, and metrology. Although dynamic imaging processes of both biological and
non-biological processes have been long-standing challenging to the conventional
apparatus, the emergence of high-speed AFM has allowed the direct observation of
nanoscale dynamics processes of samples with subsecond temporal resolution and is very
powerful in the analysis of single-molecule dynamics of various proteins. In addition,
technological developments toward the multi-functionality of high-speed AFM, such as
the combination with optical microscopy to enable more multifaceted analysis, have also
been carried out.

One of the developments required to enhance the versatility of high-speed AFM is
the mechanical manipulation of samples because the functions of proteins are often
modulated by mechanical stress from an external environment. Thus, I developed a tip-
scan-type high-speed AFM equipped with a uniaxial stretching mechanism for the
substrate on which the sample is fixed to capture unprecedented dynamics under
mechanical loads. As a demonstration of the application of the developed device to
biological samples, I observed the stress-induced microtubule rupture process, the change
in the affinity of actinin for the curvature of actin fibers, the curvature-sensitive binding
affinity of BIN1 protein to the lipid membrane. Further, I applied the technique to non-
living samples and observed morphological changes in latex films formed with polymer
particles under an extreme strain of 140%.

These application studies effectively demonstrate that the high-speed AFM with
uniaxial extension mechanism developed should be a versatile tool for analyzing
nanometer-scale dynamics of samples under controlled mechanical stress and is expected

to provide novel and innovative methods for life science and materials science.



Chapter 1 Introduction

1.1 Background

1.1.1 Atomic Force Microscopy

After atomic force microscopy (AFM) was invented,' this technology enabled superior
spatial resolution in the air and rapidly acquired numerous attentions.? Instead of
directly observing the light refracted from the sample, the AFM detects the deflection
of the cantilever caused by the tip-sample interaction, and the surface of interest can be
resolved with a vertical resolution of less than 1 A by regulating a constant force exerted
on the sample surface. The scheme of AFM is shown in Figure 1.1 (a). The application
was then boosted with the invention of the dynamic AFM method,’ in which the AFM
cantilever is oscillated around its resonance frequency and scanning across the surface,
as depicted in Figure 1.1 (b). As the cantilever oscillates above the sample, instead of
scratching on it, the lateral force is reduced.

There are two major dynamic modes of AFM implemented: amplitude modulation
AFM (AM-AFM) and frequency modulation AFM (FM-AFM). For both modes in
common, the cantilever oscillating motion is captured by either interferometry,’ optical
lever method,** or self-sensing cantilever,® and converted to electrical signals. As the
distance between the tip and surface changes, the oscillatory motion of the cantilever is
varied, hence, the oscillation amplitude is changed, and the cantilever resonance
frequency is shifted. The main difference between AM-AFM and FM-AFM is signal
demodulation methods accordingly. The demodulated amplitude or frequency drift
signal is fed to the close-loop system and regulates the tip-sample distance, thus
maintaining a constant oscillatory amplitude or resonance frequency. The feedback
signal is then processed with a computer to display the surface topography. The use of
force detection thus allows AFM measurements can be performed in the air, liquid, or
vacuum environments and is not restricted by the optical diffraction limit.

Apart from the versatile environments an AFM can operate in, another superiority
of AFM over conventional optical and fluorescence microscopies is functional
scalability. For instance, nanometer-scale physical properties, including thermal and
electrical conductivity, and surface potential, are accessible simultaneously with
topographic imaging. Among the available measurements, AFM-based mechanical

property measurements have brought enormous attentions and have turned into a
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standard tool for nano- and micromechanics. Among the available measurements,
AFM-based mechanical property measurements have brought enormous attentions and
have turned into a standard tool for micro- and nano-mechanics.”* Nano- and

micromanipulation techniques based on AFM®!® are categorized as trending

(a) .
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Figure 1.1  AFM operation principle. (a) Tip/sample interaction alters the
cantilever deflection, which regulates the optical power distribution on the
photodetector, hence modulating the topographic information on the electrical

signal. (b) Two primary operation modes of AFM: contact mode and tapping mode.
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nanomechanical methods and contribute further surface-focused understandings.'!:!?

Other than snapshots from a region of interest (ROI), a functionalized AFM tip can
unfold the proteins and elucidate the equilibrium conditions via the free-energy
landscape.'® Though probing the surface directly with AFM for quantitative properties
is commonly adopted, one can also induce mechanical stimuli to the sample and
monitor the evolution of topographical and physical properties. Using an AFM
integrated with a sample stretcher, Liu et al. visualized the strain-induced local changes
in modulus and polymer microdomain reorganization.'* Cortelli et al. analyzed the
electrical conductivity of the fractured gold layer deposited on the elastomer substrate
to understand the electrical properties affected by tensile strain.'> By combining
substrate stretcher and in situ conductivity measurements, charge transportation
between fragments was permitted by tunneling effect. Aside from the elastic materials,
the development of breakage on stiff materials like bones was conducted by Qian et al.,
and the formation of nanobridge toughened the nanostructure, hindering the crack's
growth resulting from tensile stress.!® As the increasing analytic methods are introduced

to AFM continuously, the surface-oriented studies stemming with AFM is still growing .

1.1.2 High-Speed AFM

While the development of AFM enabled observations at the atomic resolution on
various surfaces, a conventional AFM requires several minutes for one image. The low
data throughput thus circumscribed investigations to static samples or quasi-static
processes. The tradeoff between spatial and temporal resolutions was alleviated with
the emergence of high-speed AFM (HS-AFM). Figure 1.2 shows a typical system

structure of HS-AFM. By improving scanner designs,!”!

system feedback
bandwidth,?® and introducing miniaturized cantilevers,?! imaging with the nanometer-
scale resolution at millisecond per frame has been realized and enables the single-
molecule observation of vibrant samples.?* Appended to the low force perturbations?
virtues, HS-AFM has recognized a go-to methodology for studying single-molecule
dynamics and vulnerable materials such as cells** and hydrogels.?* In addition, proteins
at unprecedented spatial resolution can be acquired with high throughput HS-AFM
images by localization methods.?®

Therefore, for the last decades, HS-AFM has been used to investigate proteins,
including ion-channels,?” assembly chaperones,”® cytoskeletons,?’ motor proteins,**>!

and enzymes.*
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Figure 1.2 Scheme of a typical HS-AFM instrumentation.

1.1.3 HS-AFM Limitation & Motivation

Though the HS-AFM has extended the scanning speed to as low as tens milliseconds
per frame, the persuasion of higher imaging speed has never been stopped. To describe
the speed limitation of HS-AFM, the minimum bandwidth f; of high-speed imaging

is approximated?? as

1
fa :g/(Tc+ramp+rz+5), (1.1)

where the response time of the cantilever, amplitude demodulator, and Z-scanner are

denoted as 7., T, and 7, respectively. Uncategorized time delay in the system is

amp?®

denoted as §. Each response time is expressed by
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T, = ﬂfc, (1.2)
_ A9
Tamp = R, (1.3)
and
_ Q.
T, = —e (1.4)

where (). and f. represent the quality factor and the resonance frequency of the
cantilever, A¢ represents the phase lag attributed to the amplitude demodulation, and
@, and f, represent the quality factor and the resonance frequency of the Z-scanner,
respectively. With the conventional setup of HS-AFM, response time 7, 7,,,,,and 7,
were 0.4, 0.2, and 1.1 ps, respectively, with the following parameters: f. ~ 1.2 MHz,
Q. ~ L.5inthe liquid, A¢ ~m/2, f, ~ 150kHz, ), ~ 0.5and 6 =0.1us. As can
be seen that the time response 7, of the Z-scanner is the primary limitation for
achieving higher imaging speed above 70 kHz according to the equation. The required
feedback bandwidth is further demanded if the sample fragility is included.>* Attempts
were reported to improve the signal demodulation speed?® and control the quality factor
of the cantilever;*® however, the sample scanner still dominates the performance. By
combining active damping!” and using a smaller piezoelectric stack as a sample stage,
f. ~ 1.1 MHz was achieved;’” however, a trade-off should be made with a smaller
displacement a miniature piezoelectric stack can serve.

Though HS-AFM has been adopted widely for decades and the sample scanner
designs are continuously improved as well as the motion controllers, electronics, and
imaging processing techniques, mechanical manipulations on the samples or substrates
were still challenging due to insufficient space around the Z-scanner for functional
design. Figure 1.3 (a) shows the sample scanner images of the HS-AFM with a
magnified view around the sample stage [Figure 1.3 (b)]. The high-speed scanner is
placed over the fixed cantilever, and a glass rod is glued on the Z-piezostack (not shown,
covered by black glue around the rod) as a sample stage. The magnified image clearly
shows the dimensional limitation for designing a mechanical manipulator around the
sample, not to mention the decreased f, resulted from the additional weight of the
manipulator.



The emergence of the tip-scan HS-AFM alleviated the hindrance of the functional
design around the sample stage. Unlike the sample-scan method implemented on the
HS-AFM, the tip-scan HS-AFM implements the cantilever/tip scanning with a piezo-
actuated positioner and an adjustable hot mirror for the cantilever-deflection-detection
laser to track the scanning cantilever. Other than the optical tracking system,*® self-
sensing cantilevers made of tuning forks®® or deposited with piezoresistive materials*
can translate the oscillatory trajectory of the cantilever into electrical signals. However,

the self-sensing cantilever usually has a higher spring constant ( >1 N/m) that would

(2)

Sample-scan HS-AFM
3-axis sample scanner

Figure 1.3 Images on the sample area of the HS-AFM. (a) The sample scanner is
settled above the cantilever (inside the dash-line box). (b) Magnified view of the
sample scanner area. The cantilever is fixed by the cantilever holder, and the sample

stage 1s brought close to the cantilever by z-scanner for imaging.
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interfere with the imaging of biomolecules in the absence of ultrafine force control on
the cantilever.>*! Integrating the laser/photodetector module into the mobile tip scanner
is an alternative strategy to the self-sensing cantilever.*’ Yet, it resulted in a lower
bandwidth of the scanner as weight increased. As the tip-scanning configuration allows
the sample stage to be stationary, it is possible to incorporate diverse optical imaging
methods such as total internal reflection fluorescence microscopy,*? tip-enhanced
optical imaging,** and awaited mechanical manipulator as described in this thesis.
While the success of HS-AFM development was proven with abundant researches
delivered, the function demands on HS-AFM are yet fulfilled. In a recent discovery by
HS-AFM, it was revealed that bent microtubules regulates the processive speed of the
motor protein kinesin-1.>° Although the bending curvatures of the microtubules were
not controllable in the report, the demand for mechanical manipulation with HS-AFM
lighted up the opportunity to combine tip-scan HS-AFM with a mechanical manipulator.
Therefore, the study throughout this thesis is to bridge the gap between the HS-AFM

and mechanical manipulation with a novel mechanism tailored for this purpose.

1.2 Structure of the Dissertation

The structure of this dissertation is arranged as follows. The development and
characterization of the tip-scan HS-AFM are described in chapter 2. A newly designed
stretching device for tip-scan HS-AFM is characterized in chapter 3. Substrate surface
treatments to incubate different biomolecules for mechanical stimulation experiments
are explained in chapter 4. Applications of the combined HS-AFM are demonstrated in

chapter 5. In chapter 6, a conclusion and prospect of the tip-scan HS-AFM are provided.



Chapter 2 Development of Tip-Scan High-
Speed Atomic Force Microscopy

The tip-scan HS-AFM developed in this thesis work consists of the following major
modules: an optics system for detecting the cantilever deflection; a tip scanner for
hosting the AFM cantilever; a laser tracking module to keep the laser spots on the
mobile cantilever; a Q-controller for damping the tip scanner and extending the system
bandwidth; and a sample scanner allows a slow imaging speed but has a wider scanning
range than the high-speed scanner. Figure 2.1 shows the scanning module of the tip-
scan HS-AFM developed in this thesis.

Figure 2.1 The tip-scan type HS-AFM developed in this thesis.

2.1 Optics

As the core of AFM, the topographic information and the sample's mechanical
properties are modulated in the deflection of the cantilever during imaging. To derive
the information, the physical trajectory of the cantilever needs to be converted into
electrical signals for further processing. In this tip-scan HS-AFM, the optical lever
detection method is adopted to resolve the cantilever motion

The optics diagram is depicted in Figure 2.2. The optics structure consists of the

following components: a collimated laser source (laser diode: TLD78MZA6, Rohm,
9



Japan; collimation tube: LT110P-B, Thorlabs, Japan), a polarized beam splitter (PBS
102, Edmunds Optics, USA), a quarter wave plate (WPQ-7800-4M, Sigmakoki, Japan),
a hot mirror (NT464-64, Edmunds Optics, USA), an objective length (CFI-TU-EPI-
ELWD 20X, Nikon, Japan), a concave lens (CL5A, Thorlabs, USA), and a 2-segment
photodetector (KA4PDAPCB, Graviton, Japan). The collimated laser beam propagates
through the polarized beam splitter and the quarter-wave plate. It is then reflected by
the hot mirror and passes through the objective lens to get focused on the back side of
the gold-coated AFM cantilever (BL-AC10DS-A2, Olympus, Japan). The reflected
laser beam returns via the original path until the polarized beam splitter then propagates
toward the concave lens and finally is collected by the 2-segment photodetector. The
cantilever's deflection changes the laser beam's reflection angle, hence changing the
optical power distribution on the photodetector, and is then converted to the output
electrical signal from the photodetector.

2-Segment
photodiode Quasier
wave
Concave < [ > plate
lens
x Hot Mirror
e A
Collimated :
lager Polarized L |
beam
splitter
Objective lens
Cantilever Sample

/

Sample stage | |

Figure 2.2 Optical diagram of the tip-scan HS-AFM.
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2.2 Tip Scanner

As the tip of the cantilever interacts with the sample in a few nanometers range, it is
essential to maintain such distance constant during scanning. The feedback control
system regulates this off-plane precision displacement, and the controller output for
distance regulation is then visualized as height data of topography. A tip scanner,
therefore, carries the cantilever and scans over an area with nanometer-scale resolution,

thus generating a nanometer-scale topography.

2.2.1 Tip Scanner Configuration

The tip scanner consists of four major parts: a flexure structure, piezoelectric stacks, a
cantilever holder, and a scanner window, as shown in Figure 2.3. Stainless steel
(SUS416) was chosen to make the frame of the tip scanner. The magnetic property of
SUS416 allows the tip scanner to be held magnetically by the scanning head body with
embedded magnets (NSC0001, Magfine, Japan), as shown in Figure 2.4. The
piezoelectric stacks (X-axis and Z-axis: AE0203DF, Y-axis: AEO5S05DF, TOKIN, Japan)
are held in place by a highly rigid structure with a fine bending flexure, enabling
precision motion while maintaining high resonance frequency in all directions.

Figure 2.5 shows the frequency responses of the tip scanner at each axis. From the

frequency responses, the resonant frequencies of X, Y, and Z are 40 kHz, 20 kHz, and

Cantilever

Y piezostacks

Cantilever holder
Z piezostack

Scanner

window

1
Z piezostack
Anti-reflection Counter
glass

o balance
Excitation ) Flexture .
; X piezostacks weight
piezostack

Figure 2.3 Models of tip scanner from top view (left) and isometric view(right).

11



94 kHz, respectively. Although the Y axis has the lowest resonance frequency, it works
as the slow axis for a typical raster scanning pattern.

The cantilever holder, machined from duralumin for lightweight and stiffness
consideration, has a trench size designed to host most of the commercially available
AFM cantilevers. Figure 2.6 shows the relative location between the cantilever holder
and other components. The flat side of cantilever holder is fixed on the z-actuator by
the same two-component epoxy and curing time. To host the AFM cantilever, we apply
a thin layer of wax (NP-0010, Ono Sokki, Japan) on the trench surface, then place the
AFM cantilever on the surface with a gentle press. The wax is water-insoluble and can
be easily cleaned and removed with ethanol. A comparison between wax fixation and
conventional glue fixation will be discussed in the later section.

Many of the material properties varies with the environment. Of the most affected
among the object, biological samples often require maintain hydrated to exhibit the
natural conformation. Therefore, AFM observations of biological samples are mostly
conducted in the aqueous environment. To avoid refracting laser at the air-liquid
interface and bending AFM by the surface tension when scanning in the liquid, the

scanner window of the tip scanner is designed to create a meniscus channel connected

Tip scanner head Tip scanner, 3 X magnified

T ——

2
O
C
C
©
K

Figure 2.4 Tip scanner is installed on the scanner head via compatible profile and

magnet. Image shows the associated surface of the scanner head and tip scanner.
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from the tip scanner window, through the AFM cantilever, to the sample. To create a
meniscus channel, the observation solution was carefully supplied within the gap
between the scanner window and the glass substrate, as shown in Figure 2.7 (a). As the
liquid amount increases, the liquid drop will expand to the substrate and forms a

meniscus from the scanner window to the sample [Figure 2.7 (b)].
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Figure 2.5 Frequency responses of the tip scanner in (a) X, (b) Y,

and (c) Z directions.



X -scanner

Figure 2.6 Duralumin made cantilever holder is glued on top of the Z-scanner.

Trench on top of the cantilever holder is used to fix AFM cantilevers with wax.

(2) (b)

Tip scanner

Z piezostack Laser path

Low-reflection
glass

Cantilever
Glass Gap
substrate Sample

Figure 2.7 Formation of meniscus for AFM imaging in liquid. (a) Prior and (b)

post the meniscus formation.

2.3 Q-controller

Quality factor (Q-factor) is a dimensionless parameter for a dynamic system to describe
how fast the system loses its energy during the oscillation and can be derived by the
ratio of natural frequency f, to the full width at half maximum Af. The illustrative
definition is shown in Figure 2.8 (a). Figure 2.8 (b) demonstrates that for systems with
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the same resonance frequency, the higher the Q-factor, the slower the system loses its
energy, hence having pronounced ringing to a step response. An example of a high Q-
factor object in our daily life is the bell from a church or a temple. For a precise
measurement instrument, an excessive Q-factor would lead to undesired ringing
behavior and deteriorate the measurement data. As can be seen from the z-scanner
characterization section before, the frequency response of the z-scanner has a sharp
peak at its first and second resonant frequencies with () ~ 13 and 4, respectively. To
avoid triggering the resonance frequency, the actuator needs to be driven at a lower
speed, design a high bandwidth actuator, or eliminate the effect of the resonance by

control methods .

(a) (b)
I I O A
10 L l—=Q=10] 1; ]
— /5 *
% 0 S 1
§ 5 0.8
*é’ -10 Q=f XAf'I 506
80 n 8
< =
2 20 F % 0.4
A 0.2
|
-30 0

10 10 107
Frequency [rad/s]

Figure 2.8 Explanation of Q-factor and its effects on dynamic systems. (a) Q-factor
is derived from the f, to full width at half maximum bandwidth ratio Af. (b) Step
responses of second-order system G(s) with different Q-factors.

G(s) = 10*/(s* +100Q 's + 10%)

2.3.1 Working Principle of Q-controller

Compared to the other existing solutions to damp an AFM system,** the Q-controller!’
has the merit of a simple structure, and it can be implemented by an analog or digital
circuit as a plug-in module. The Q-controller comprises a mock second-order linear
time-invariant (LTI) system and a differentiator. The control signal connects to the
mock system and the real system simultaneously, where the mock system mimics the
dynamics of the z-scanner and is followed by the differentiator to generate an estimated

velocity signal. The velocity signal later sums up the control signal again and forms a
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negative feedback system. The control diagram of the system, including the Q control,
is illustrated in Figure 2.9.

The damping efficacy of the Q-controller on damping is described below. The
system dynamics of a second-order LTI system with the Q-controller is expressed as
follows:

i+ 2w, 1 +w,?=—at, (2.1)

where ¢ and w,, represents the damping ratio and resonance frequency of the system,
respectively. The x is the system displacement that &, and = are the first- and second-
time derivatives, whereas the « is the gain of the Q-Controller larger than zero.

The equation (2.1) is rearranged as follows:

7+ (2w, + @)t +w,?=0. (2.2)

As Q = %, the damping ratio of the open-loop system is increased by incorporating

the Q-controller, and the Q factor of the system is reduced equivalently.

2.3.2 Stability Analysis of Q-controller

The open loop system stability of connecting a Q-controller to the second-order LTI
system is discussed here. The transfer function of a second-order linear expressed by

the equation (2.2) can be described as

Figure 2.9 Control block diagram for analyzing the stability of the system G with
the Q-controller G*.
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1

G'(s) = s2 + (2w, + a)s + w,? (2:3)
The characteristic equation of G*(s), A(s), is expressed as follows:
A(s) = 82 + (2w, + a)s +w,,? (2.4)
The roots of the characteristic equation, s;, s, are solved as
1
5115 (—2¢w,, — a + (2w, + )% —4w?) (2.5)

Thus, the damped system is stable if and only if all roots are located at the left-hand
plane, which yields

a > —2(w, (2.6)
Equation (2.6) indicates the open loop LTI system is asymptotically stable when a

Q-controller is connected as o is defined greater than 0. Next, we close the loop with
an integral controller,

Cy(s) =2, 2.7)

S

where [ is the integral gain. The closed-loop transfer function, G/ (s), is
expressed as

86
Gry(s) = —5—— (2.8)
1456
s
_ 2.9
s34+ (2w, +a)s? +w,?s+ (29)
The characteristic equation of the closed-loop system is f
A, (s) =83+ (20w, +a)s? +w, 2 + B. (2.10)

The closed loop system is asymptotically stable if and only if all the following
17



conditions are achieved:

( 2¢w,, +a >0,
J 5 >0, (2.11)
L(2Cwn +a)w? > 6.

From the inequality equation (2.11), it can be seen that the upper limit of the
integral gain 3 is extended when the system includes the Q-controller. Therefore, the
Q-controller allows to use higher integral gain during faster scanning and prevents the

system from ringing.

2.3.3 Experimental Result

The frequency response of the z-actuator of the tip scanner was discussed in the
previous section. Following that, the Q-controller was configured to match the
frequency response of the z-actuator, and the performance of damping was evaluated.
Figure 2.10 (a) shows the frequency responses of the z-scanner and the configured
Q-controller. The red and blue dashed lines represent the gain and phase of the z-
actuator, respectively. The solid lines are for the mocked system where the gain is in
red, and the phase is in blue. As can be seen in Figure 2.10 (a), the z-actuator (dashed
line) has the first resonance frequency at 94 kHz and the second at 240 kHz. The
configured Q-controller was then used to damp the first two modes of the z-scanner. A
comparison of the response characteristics of the Z piezo-actuator when the Q-
controller is inactive (Q-off) and active (Q-on) is shown in Figure 2.10 (b). When the
Q-controller was connected to the z-actuator and turned on, the first peak was greatly
damped Q-factor of the first resonance was decreased from 13 to 0.5. The second
resonance was also effectively damped to -8 dB, which is below the DC level and does
not contribute to the system instability. As a result, the Q-controller configured here is
integrated into the tip-scan HS-AFM and preventing the z-scanner from ringing at high-

speed scanning.
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Figure 2.10 Frequency spectrum of the z axis actuator with Q-controller. (a) Q-
controller (solid line) was modeled to match the z axis actuator (dash line). (b) The
first two resonance were damped as Q-controller was active (dash line) compared to

inactive (solid line).
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2.4 Laser Tracking

2.4.1 Background

Compared to the sample-scan HS-AFM, the tip-scan HS-AFM using an optical lever
detection scheme faces a major challenge with laser tracking on the cantilever. The
cantilever is fixed on the mobile piezoelectric stage, while the laser component in the
structure is static. As the tip scanner scans over the sample area, it is expected that the
laser reflection from the cantilever will not be consistent over the scanning area. For an
amplitude modulation AFM used in this study, the inconsistent laser illumination leads
to the undesired amplitude change, resulting in an excessive force on the sample and
making feedback control impossible.

The reported solutions to the laser tracking problem can be classified into two
types, as illustrated in Figure 2.11. First, in an integrated module settled above a
precision positioner, the optical module is combined with the tip scanner, as shown in
Figure 2.11 (a). This method resolves the laser tracking problem; however, the
drawback of the integrated module is that the operating bandwidth is greatly reduced
because the tip scanner has to carry the additional load from the bulky alignment
mechanism.

A self-sensing cantilever method is another solution to the laser alignment problem.
A simplified self-sensing method is illustrated in Figure 2.11 (b). Unlike the optical
level detection scheme, the self-sensing cantilever does not require a laser to detect
cantilever deflection. The self-sensing cantilever is usually made from silicon nitride
cantilever with a layer of piezoresistive material coated on either side of the cantilever.
When the force is applied to the cantilever, the electrical signal is induced by the
deformation of the piezoresistive material and amplified by the following instruments
for imaging the surface properties. Although the self-sensing cantilever provides an
alternative to the optical lever detection technique and eliminates the optical
components for measurements, the main pitfall of the self-sensing cantilever is its
spring constant and resonance frequency. Most of the reported self-sensing cantilevers
have a spring constant from 1 to 20 N/m, and the resonance frequency in the air is below
100 kHz. For example, the commercially available HS-AFM cantilever, AC10 from
Olympus, has a spring constant of about 0.1 N/m and a resonance frequency of around
1.5 MHz in the air. Therefore, it is substantially inapplicable to high-speed imaging of
biomolecules.
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Figure 2.11 Exemplar implementation of cantilever sensing. (a) Self-sensing

cantilever method, and (b) integration of laser module and scanner (conceptual).

2.4.2 Laser Tracking

In the tip-scan HS-AFM developed in this study, optical lever detection method is
adopted for detecting the cantilever deflection, and the laser tracking on the cantilever
motion is accomplished by a controllable tilt hot mirror which allows the laser to follow

the scanning cantilever, as illustrated in Figure 2.12 (a) and modeled in Figure 2.12 (b).
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The hot mirror is supported by two sets of piezoelectric stacks for rotating about two
orthogonal axes that the mirror rotational motion is synchronized with the tip scanner’s
motion in a feedforward fashion. The tracking performance was evaluated by scanning
the cantilever in the aqueous environment while no contact with the substrate or sample
was made. The AC10 cantilever was initially aligned with the laser and oscillated
around the resonance frequency with an amplitude of 10 nm. The amplitude of the
oscillating cantilever was then recorded and visualized as amplitude images. Figure
2.12 (c) shows the amplitude image of AFM scanning within the scan area of 900 x 900
nm?. As can be seen, the amplitude image shows a larger variation when the laser
tracking was inactive. Figure 2.12 (d) shows line profiles taken from Figure 2.12 (c)
along the red line to evaluate the amplitude variation caused by laser alignment. When
the tracking was inactive, the maximum amplitude variation was about 2.5 nm with a
standard deviation of 0.65 nm. When the tracking was activated, the maximum variation
was reduced to about 0.5 nm with a standard deviation of 0.25 nm. As a result, the
maximum variation of amplitude was reduced from 25% to 5%. The tip force exerted
on the sample during scanning can be approximated with the following equation:*
Fyy, = (k./Q.) % hy x sin(0/2) (2.12)
where, k. and Q. are 0.1 N/m and ~ 2 in water for AC10 cantilevers from Olympus,
ho is the laser tracking resulted amplitude error, and 6 is the phase lag of the feedback
system, for which 30° is assumed. From equation (2.12), the maximum force exerted
on the sample contributed to amplitude error was reduced from 32 pN to 6.5 pN. It is
important to avoid sabotaging the samples or disturbing the fragile interactions between
proteins. For example, the conformational change of the Piezol protein can be activated
as low as 60 pN and resumed when the force is reduced to below 30 pN;* binding
between F-actin and o-actinin can be interrupted at 18 pN.*’ Thus, the implemented

laser tracking of the tip-scan HS-AFM is a crucial step toward dynamic process imaging.
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Figure 2.12 Laser tracking method. (a) Scheme of tracking principle. (b)
[lustration of the hardware implementation. Mirror X piezostacks are driven in
opposite direction respect to Mirror X’ piezostacks, results the mirror rotation along
the x axis. Mirror Y piezostack and Mirror Y’ piezostack are driven in the same
method. (c¢) Amplitude images of laser tracking inactivated and activated scanning.
(d) Line profiles taken from amplitude images. The line profiles for both images are

offset by -2.5 nm.
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2.4.3 Cantilever Fixation Methods

For a tip-scan HS-AFM, the cantilever should be fixed by applying water-insoluble glue
to the contact surface between the cantilever and the holder if no mechanical clamp
mechanism is involved. However, using glue to fix the cantilever has a time-consuming
process. If a rapid exchanging cantilever situation is required, the glue should be cured

rapidly as well. However, the short curing time of the glue also means dexterous skill

(a)
— -180
10
0 — — -360
a o
Z 10 - g
£ 540 ~
< [ = /-B
© 20 glue gain -
30 - glue phase
— Wax gain — -720
40 - — wax phase
I 2 3456 4 2 3456 Vs 2 345
10° 10’ 10
Frequency (Hz)
(b)
10 et " — -180
-20 — ’.JF/ \\ l
AL TN - N O - e ' ’
: Wi
g M7 / 2
s — -540
© 50 |— wax gain -
—— wax phase
-60 — Q-on gain :
— -720
Q-on phase
BRI IR R L R Y
10° 10’ 10
Frequency (Hz)

Figure 2.13 Comparison between wax and glue fixation on Z-scanner frequency
response. (a) Frequency response of wax and glue fixation. (b) Effect on Q-

controller damping performance with wax fixation.
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for setting the cantilever in place is much more required than a slow-cured glue. Using
water-insoluble glue also means that a solvent-based cleaning process to detach the
cantilever from the holder is usually demanded, which increases the risk to damage the
surrounding piezostacks by solvents.

To overcome this problem, fixation wax (NP-0010, ONO SOKKI, Japan) was
introduced in our instrument. The merits of the wax mounting technique include the
shorter mounting and unmounting time for the cantilever and excludes the need for a
solvent-based dissolving process.

As described in the HS-AFM limitation section, the bandwidth of the z-scanner is
the bottleneck for fast scanning. Therefore, the frequency responses of the cantilever
mounted on the holder with different fixation methods were examined, as shown in
Figure 2.13 (a). The result shows that the resonance frequency of the z-scanner
decreased from 84 kHz to 76 kHz after adopting the fixation method from glue to wax.
Despite that, the resonant peak is effectively suppressed when Q-controller is activated,
resolving a bandwidth of around 70 kHz of the scanner, as plotted in Figure 2.13 (b). A
possible reason for the resonance frequency shift is the wax layer changes the damping
behavior between the cantilever and the holder. A simplified system is illustrated in
Figure 2.14. A mass-spring-damper model in which the wax or glue layer altered the
spring constant K> and damping constant C,. The cantilever is modeled as M1 whereas
the piezostacks/holder assembly is modeled as M-Ci-K;. As the wax is less stiff than
the cured glue in general, the overall resonance frequency is decreased when the wax
is used to join the cantilever and the holder. Although the resonance frequency is
decreased, the bandwidth of the Z-scanner with the Q-controller is still high enough to
image the fragile biomolecule structure at 500 ms per second without damaging the

structure, as shown in the following characterization section.

Cantilever — B M,
Wax — _ .
¢, Qﬂ g K,
Holder /
M,

Z-piezostack—

Figure 2.14 Simplified dynamic model of z-axis actuator for wax fixation.
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2.5 Evaluation of the Tip Scanner

Conventional AFMs usually use test grating to calibrate and evaluate the scanner's
performance, including spatial and temporal resolutions. These gratings are generally
made from silicon dioxide with well-defined repetitive patterns. Despite the precise
dimension of the test grating, scanning on a tough sample does not demonstrate the
applicability of AFM on soft samples. Thus, the tip scanner was evaluated by scanning
the proteins whose structure dimensions are well studied, including actin filament (F-
actin) of the cytoskeleton and GroEL of molecular chaperones. AFM images were
scanned with an ultra-small cantilever (BL-AC10DS-A2, Olympus, Japan) which has
a nominal size of 10 x 2 um? and a thickness of 130 nm. A bird-beak-like protrusion at
the free end serves as a probing tip having a radius of around 24 nm. The spring constant
of the cantilevers is 0.1 N/m nominally. The probe was further sharpened to a radius of
around 2 nm by growing a carbon tip on the original silicon nitride tip by electron beam
deposition, followed by plasma etching. All images were recorded in tapping mode.
The resonance frequency of the cantilever was typically 510 kHz in the water and the
free oscillation amplitude A, was driven to 4 nm, and 0.84, was set as the setpoint of
the feedback control.

2.5.1 Actin Filament & a-actinin

First, the horizontal spatial resolution of the tip scanner was evaluated by imaging actin
filament (F-actin) in the liquid. F-actin, one of the three cytoskeleton proteins, is
polymerized from globular actin monomer (G-actin) which weighs around 42 kDa. F-
actin has a right-handed double helix structure with a periodicity of 37 nm, as illustrated
in Figure 2.15 (a), and thus is the ideal sample for characterizing the in-plane spatial
resolution of the AFM scanner at the nanometer scale.

F-actin used for characterization was polymerized from the G-actins described
below. 1 mg G-actin powder (AKL99, Cytoskeleton, Inc., USA) was first dissolved in
the 100 puL pure water (Direct-Q UV3, Millipore, USA) and reconstituted in the Tris-
based buffer (5 mM Tris-HCI pH 8.0, 0.2 mM CaCly, 0.2 mM ATP, 5% (w/v) sucrose,
and 1% (w/v) dextran). The G-actin solution was further polymerized at room
temperature for 1 hour in the polymerization buffer (100 mM KCI, 2 mM MgCl,, 1| mM
EGTA, 0.2 mM ATP) at the G-actin concentration of 10 uM. Finally, phalloidin was
added to the solution at a double molar ratio to the actin to inhibit the F-actin from
depolymerization. The resulting F-actin was preserved at 4 °C before use.

As the F-actin’s negatively charged surface, negatively charged mica surface needs
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to be modified for adsorbing the F-actin. Freshly cleaved mica was silanized with 1%
(3-aminopropyl)triethoxysilane (APTES) (LS-3150, Shin-Etsu Silicone, Japan) for 3
minutes. The silanized surface was then rinsed with the imidazole buffer (20 mM
imidazole, 2 mM MgCl, 25 mM KCI, 1 mM DTT, and I mM EGTA). 5 puL of 10 uM
F-actin solution was deposited on the modified surface and incubated for 10 minutes.
The surface was rinsed again with the imidazole buffer to remove excessive F-actin.
The imidazole buffer was then used for AFM imaging as well.

Figure 2.15 (b) shows the AFM image of the F-actin incubated on the mica

surface obtained by using the tip scanner. The double helix structure with a periodicity

(a)

(b)

(C) ~37 nm

Height (nm
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Figure 2.15 Evaluation of tip scanner with F-actin. (a) [llustrtation of actin
filemnet. (b) HS-AFM image of F-actin on mica surface. (c) Lineprofile taken
from the AFM image alogn the red line in (b).
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of 37 nm can be seen at 500 ms/frame, as shown in Figure 2.15 (c). Also, the individual
monomer on the filament is clearly visible. This observation shows that the tip-scan
HS-AFM had a nanometer scale resolution at high-speed scanning without damaging
the sample.

a-actinin is an actin-binding protein with a molecular weight of 100 kDa. a-actinin
bridges F-actins to form sarcomeres and stabilizes the contractile apparatus of muscles,
as illustrated in Figure 2.16 (a). Besides the mechanical role of bundling the F-actins,
it is known that a-actinin is also a multitasking protein that plays roles in interacting
with membrane and signaling proteins*.

Here, tip-scan HS-AFM was used to observe the bridging between a-actinins and
F-actins in the liquid. 50 pg a-actinin in the powder form (AT-01, Cytoskeleton, Inc.,
USA) was reconstituted with 50 pL pure water, followed by the aliquot, and flashed
frozen. a-actinin aliquots were stored at -80 °C. The thawed a-actinin aliquot was
diluted to 50 mM with Tris-based buffer (4mM Tris-HCI1 pH 7.6, 4mM NaCl, 20 uM
EDTA, 1% (w/v) sucrose, 0.2% (w/v) dextran).

Due to the strongly positively charged silanized mica surface adsorbing F-actins
as well as a-actinins, a lipid bilayer surface with a mild positive charge was used. Lipid
solution comprised of 30% 1,2-dipalmitoyl-3-trimethylammonium-propane (DPTAP)
(890870C, Avanti, USA) and 70% 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) (860355C, Avanti, USA) (w/w) was prepared. Each lipid in chloroform was
mixed in the glass tube and dried with a nitrogen stream. Then the residual solvent was
evaporated by sealing it in a vacuum desiccator for 30 minutes. The lipid was
resuspended with pure water and made a concentration of 1 mg/mL. The solution was
vortexed and dispersed with a tip-sonicator (NR-50M, Microtec, Japan). The solution
was aliquoted and flash-frozen with liquid nitrogen and then stored at -30 °C before
use.

For the AFM experiment, DPPC/DPTAP lipid was thawed and diluted with Tris-
based buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 2 mM CaCl,) to 0.1 mg/mL.
The solution was then sonicated with an ultrasonic bath (1510-DTH, Branson, Japan)
for 10 minutes. The lipid solution of 5 uLL was deposited on the freshly cleaved mica at
room temperature for 30 minutes. Excessive lipid was flushed off with imidazole buffer.
5 uL F-actin solution described above was deposited on the surface, incubated for 5
minutes and flushed with the same buffer. 5 uLL a-actinin solution was then deposited
on the surface and incubated for 5 minutes.

Figure 2.16 (b) shows the HS-AFM images taken at 200 ms/frame with a scanning
area of 160 x 140 mm? with tip-scan HS-AFM. Though F-actins bridged by a-actinins
(indicated by red arrows) were observed at high speed, the dissociation of a-actinins

did not happen entirely. As reported in the literature, the binding force between a-
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actinin and F-actin was as weak as 18 pN* that our observation on the F-actin complex
confirmed that the developed tip-scan HS-AFM could be applied to fragile protein

complexes without breaking the interaction.

Figure 2.16 F-actin/a-actinin for tip scanner evaluation. (a) Interaction between F-
actin and a-actinin. (b) HS-AFM image of F-actin/a-actinin complex. a-actinin is

pointed with arrow. Tip-scan mode,160 x 140 mm?, 136 x 73 pixels, 0.2 s/frame.
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2.5.2 GroEL

The second evaluation was done by imaging the GroEL on the silanized mica
surface with the tip-scan HS-AFM. GroEL is a membrane protein of 58 kDa with a
hexamer structure. By binding to GroES, the GroEL/ES complex was found to fold the
protein correctly. The double layer of the GroEL shown in Figure 2.17(a) is known to
be fragile, easily dissected, and recognized as a benchmark for AFM imaging.** To
perform the imaging, the freshly cleaved mica was treated with 1% APTES solution for
3 minutes to silanize the mica surface and create a positively charged surface for
incubating the GroEL. Recombinant GroEL was diluted with the zwitterionic buffer (50
mM HEPES-KOH, pH 6.9, 50 mM KCI, 10 mM MgCl>) to 2 uM and 5 pL of the GroEL
solution was incubated on the silanized mica surface for 5 minutes. The zwitterionic
buffer was also used as the imaging solution for the AFM.

From Figure 2.17(b), the double layer of the GroEL structure is clearly seen by
tip-scan HS-AFM at 500 ms/frame speed. The pore feature of the GroEL is also visible
for both layers. Around 7 nm height of the top GroEL was confirmed, as shown in
Figure 2.17 (c¢). Time-lapse images of the GroEL are shown in Figure 2.17 (d). GroEL
double-layer structure was observed by the tip-scan HS-AFM for continuous 20
seconds at 500 ms/frame. This result shows that the tip scanner can resolve high

resolution off-plane imaging.
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Figure 2.17 GroEL for tip scanner evaluation. (a) Structure of GroEL from side
view and top view. PDB: 1KP8. (b) Double layer of GroEL visualized by tip-scan
HS-AFM. (c) Line profile on the stacked GroEL. (d) Time lapse images of GroEL
shows the structure was maintained during scanning up to 0.2 s/frame within 200 X
200 nm? at 120 x 120 pixels.
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2.6 Sample Scanner

The development of the tip-scan type HS-AFM is to overcome the disadvantage of the
sample-scan type HS-AFM; however, the wide range sample scanner is still a preferred
auxiliary function to the tip scanner despites its low scanning speed.

A commercially available sample scanner (SFS-120XY(WA), Sigmakoki, Japan)
is installed on a slider structure with four manual micrometer heads (MHN4-25,
Mitutoyo, Japan), as shown in Figure 2.18. The maximum displacement of the sample
scanner is 120 pm per direction. To further position the sample stage, the micrometer
heads were used to locate the sample scanner within a 25 x 25 mm? area at a 10 um
resolution. An opening of the sample scanner can be used to install different
mechanisms or simply covered with a lid as a solid support.

The evaluation of the sample scanner was carried out by measuring a test grating
(TGQI1, NT-MDT, Russia). SEM image of the TGQ1 grating is shown in Figure 2.19
(a). The square pattern on the TGQI1 has a 3 um periodicity for both directions for X-
and Y-scanner evaluation. Figure 2.19 (b) shows the sample scan image with 10 x10
pum?, 30 x 30 um?, and 80 x 80 pm? with 500 x 500 pixels at 5 minutes per frame.
Measurement accuracy was determined from a 30 x 30 um? AFM image. In the X
direction, a mean periodicity of 3.0 um with 6 =0.13 um was given, whereas Y direction
gave a mean periodicity of 3.0 um and o = 0.05 pum (N = 7). Low variance in
measurements for each direction indicates the sample scanner is capable of performing
reliable measurement or precision positioning.

Wide range
sample scanner

Slider structure e Manual micrometer

Figure 2.18 Sample scanner assembly for tip-scan HS-AFM.
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Figure 2.19 Standard grating was used to characterize the performance of sample
scanner. (a) SEM image of the used TGQI grating. (b) Sample scan AFM images of
the TGQ1 grating within 10 x 10, 30 x 30, and 80 x 80 um?. The measurements
were performed in the water. Resolution of 500 x 500 pixels for each image.
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2.7 Summary

In this chapter, the development of the tip-scan HS-AFM was described. Evaluations
of the tip-scan HS-AFM were carried out by HS-AFM imaging on the fragile samples,
including the F-actin complex and GroEL. Stable images were given at high imaging
speed without deleterious perturbation on the sample. The wide-area sample scanner
was compensated and characterized as well. With the sample scanner and tip scanner
settled discretely, large-scale imaging and small-scale but high-speed imaging can be
chosen depending on the needs. Appended to the instrumentation content, the wax
fixation method was verified to have a negligible impact on the tip scanner bandwidth

and improve the convenience in HS-AFM operation.
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Chapter 3 Development of Stretching Device

3.1 Background

Mechanical stimuli are crucial environmental signals for cells that orchestrate
complex cellular processes, including locomotion, proliferation, and morphology. To
observe how the biological samples respond to mechanical stress, various studies by
optical microscopies have been reported. Stretching experiments on cell,® and tissue

' were usually accomplished with deformable membrane,”? microstructure

leve
fixation,> or optical traps.’* Because of nanometer scale observation is inaccessible with
optical microscopies, yet the sample-scan HS-AFM has the limit in implementing a
mechanical manipulator, the tip-scan HS-AFM thereby is provided the opportunity of
single-molecule imaging under mechanical stress.

As the finite displacement of the Z-scanner possesses, a smooth solid-supported
surface is preferred for HS-AFM imaging. Thus, a stretchable membrane was chosen as

the substrate, which defined the design direction as described in this chapter.

3.2 Vacuum Stretching Device

To deform the membrane and apply stress on the cell, a vacuum-actuated stretcher is
widely adopted.>® Figure 3.1 shows a typical design of a vacuum-actuated stretcher which

usually consists of a cavity where the air is confined by the deformable membrane and

<«— Objective lens

\v/ Deformable
‘/
membrane
(S
X —

To vacuum
source

\
Cultured sample

Figure 3.1 Vacuum-actuated stretcher. The deformable membrane is stretched when

vacuum source is activated, hence inducing tensile strain on the sample.
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static structures. By removing the air with a vacuum source, the atmosphere deforms the
membrane, and the tensile strain on the membrane is obtained. Here, the tensile strain is
generally estimated from the relative displacement of the illuminative markers.*
Observation of the sample under tension can be conducted from either side of the
membrane.
Considering the AFM imaging is vulnerable to vibration, the membrane must be
supported with a solid structure. Thus, a vacuum device for tip-scan HS-AFM was
designed, as shown in Figure 3.2 (a) with a cross-sectional view in Figure 3.2 (b). The
vacuum device was composed of a silicone membrane, a supporting stage with a sealing
O-ring and an air duct, and a membrane retainer to hold the boundary of the membrane
on the housing. The air kept between the membrane and housing was removed with a
syringe driven by a syringe pump (YSP-201, YMC, USA) via the air duct and the air hose.
By exchanging the shape of the supporting stage from circular to rectangular, one can
change the strain direction from universal to uniaxial.’®

Images of devices subjected to vacuum can be seen in Figure 3.2(c). At the center
area, a red circular mark was made to indicate the strain when negative pressure was
applied. For the universal stretching setup, the circular mark was expanded in the radial
direction The area was increased by around 115%, and the center of the area drifted 0.8
mm from the original place. As for the uniaxial stretching setup, the area was only
increased by 2% with the major axis extended by 48%. The center mark for the uniaxial
stretching setup drifted 0.5 mm after the such strain was applied. Though deformation, as
indicated by the red circular mark area change, were verified on both vacuum designs, a
drawback should be noted that the strain was not observable without an image-based
estimation approach or additional strain sensors during AFM imaging. Thus, the
application of the designed vacuum devices was has limited the application, and precise

strain control without the image-based estimation approach was still required.

3.3 Unilateral Stretching Device

To eliminate the need for image-based strain characterization, a unilateral stretching
device with precise motor control is designed, as shown in Figure 3.3 (a) with cross-
sectional view in Figure 3.3 (b). An elastic substrate is fixed with a pair of retainers in
which one end remains static as another end is driven. A stepper motor, as the power
source, is controlled by customized software that transmits digital pulses to the motor
driver circuit and generates 10~° rotation per pulse. The rotational motion of the motor
is converted into linear motion with the screw mechanism with 0.5 mm thread pitch,
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Figure 3.2 Mechanical model of vacuum actuated stretching device. (a) Strain
direction can be applied in either universal or uniaxial direction. (b) Cross-sectional
view of designed vacuum stretching device (left) and working principle (right). (c)

Image of stretching behavior of universal and uniaxial stretching device. Unit: mm.
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which results in a 0.5 mm displacement linearly per 10,000 pulses. The screw mechanism
then drives the guiding structure linearly. As one of the retainers is fixed on the guiding
structure, the elastic substrate is then stretched linearly at a theoretical resolution of 50
nm. A thin layer of grease is applied on the contact surface between the substrate and the
stage to eliminate the undesired friction. Considering the minimum distance of 10 mm
between the clamps was defined as the initial length, the maximum length of the substrate

that could be elongated with this stretching device was 15 mm, or 50% equivalently.

(a) (b)

Elastic substrate

(free)

Substrate
retainer
Guiding
structure
-----+ Motion /
—— Component Screw mechanism Stepper motor

(©)

Free length 50% Strain

Elastic substrate

Figure 3.3 Mechanical model of motorized uniaxial stretching device. (a) Rendering
image of the device. (b) Cross-sectional view shows the working principle. The stepper
motor drives the guiding structure via the screw mechanism. A pair of substrate retainer
fix the elastic substrate (blue) where one of the retainers is synchronized with the
guiding structure. The substrate is then stretched as motor activated. (c) Image of
stretching behavior of motorized uniaxial stretching device up to 50% strain applied.
(Strain calculated from the red-painted area.) Unit: mm.
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Figure 3.3 (c) shows the silicone substrate was extended from free strain to the maximum
stroke of the device. A red mark was painted on the substrate to exemplify the deformation
and displacement of the substrate.

After being subjected to 5 mm elongation on the substrate, the marked area was
merely increased (~ 1%), in which the major axis was elongated by 13%, and the minor
axis was compressed by 9%. The center of the region of interest (ROI) was shifted by 1.4
mm due to stretching. Overall, the unilateral stretching device showed a major
improvement in the controllable strain than the vacuum-actuated design. However, the
drift distance of ROI when experiencing strain can easily exceed the maximum
displacement of the sample scanner. Assuming the scan area is 5 mm apart from the fixed
end, 10 % strain will offset the ROI by 500 um which is four times higher than the sample
scanner’s operating range.

Thus, the stretching experiments must be limited to a smaller incremental strain so
that part of the surface topography will still be covered within the sample scanner range
and allows us to zero the offset by micrometer heads manually. For this reason, a bilateral

stretching device was designed to tackle the ROI shift problem in the following section.

3.4 Bilateral Stretching Device

The stretching device shown in Figure 3.4 (a) is constructed with three modules: a stepper
motor with a screw mechanism, a pair of clips for retaining the elastic substrate, and a
support stage for the substrate. The stretching device is then hosted in the wide-area
sample scanner, as shown in Figure 3.4 (b). On top of the sample scan stage, the developed
tip-scan HS-AFM is settled for scanning [Figure 3.4(c)]. A cross-sectional view of the
model is shown in Figure 3.4 (d). The stepper motor connected to the screw mechanism
generates linear displacement along the motor shaft axial direction by the same
configuration as the unilateral stretching device described before. A pair of transmission
shafts are symmetrically fixed on the screw mechanism with one end and with string
retainers connected to another end. The traction strings are connected between the clips,
which fasten the elastic substrate, and the string retainers. Thus, synchronization between
the stretching motion with the screw mechanism is made. String with different materials
were tested, including stainless, polymer, and cotton yarn. Cotton yarn-made string is
chosen for the traction string as the material is compliant with the device profile yet less
elastic under tension. The two clips move uniaxially by following the designed gliding
structure and symmetrically to each other.

Of the most concerning issue of lateral displacement from stretching, even tension is
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applied from both sides of the substrate as designed here, and the AFM tip is positioned
near the center between the clips afterward. Consequently, stretching-induced lateral
movement on the ROI is reduced, resulting in more accessible imaging of the same
location. The stage underneath the substrate has two functions designed. First, the central
region supports the substrate firmly so that substrate vibration is avoided. Second, the
glide structure of the stage along the stretching direction constrains the clips during the
stretching and allows uniaxial motion only. To reduce the friction between the substrate
and stage and further damp the substrate vibration, a thin layer of grease is applied
between the substrate and the stage.

The longitudinal strain is derived from the ratio of the increased length to the initial
length of the substrate. As mentioned, a linear displacement of 0.5 mm per ten-thousand
pulses transmitted will relocate individual clips 0.5 mm synchronously and symmetrically
about the substrate center. Consequently, the substrate is elongated by 1 mm and
undergoes 10% strain accordingly. The strain of 80% is the maximum strain that can be
applied to a 10-mm substrate as designed. Although one can conduct more significant
strain by shortening the substrate, the surface buckling resulting from transversal
compression by Poisson’s effect is generally unappreciated in AFM imaging.>® Practical
consideration of the lateral relocation of the ROI is described here. Consider an image
initially taken on a substrate of 10 mm length and defined as ROI, having a 2 mm distance
away from the substrate center along the stretching direction. When the substrate
experiences 1% strain, the ROI is shifted by 20 pum eventually, which surpasses the
operational range of most precision nano-positioner includes the tip scanner configured
here. Although imaging at the central region throughout the experiment is agreeable, as
no drift of ROI at any strain applied, attempting to encounter the geometrical center
position is impractical. As the central region depends on substrate geometry, which varies
with different strains, a workaround to this problem is restricting the cumulative
elongation of each stretching step. Hence, topographic features are consistently noticeable
between stepwise strains. Accordingly, one can approach the region of interest by
knowing the shift of features. Thus, with sufficient scanning area of XY-scanner and
precision micrometer heads for coarse positioning, performing AFM-based stretching

experiments of the same area is possible, as to be shown in the following section.
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Figure 3.4 Mechanical design of substrate stretcher incorporated in tip-scan HS-AFM.
(a) An overview of the stretching device developed. A transparent PDMS substrate is
colored in red for better visual contrast. (b) The substrate stretcher is hosted on the
wide-range sample scanner. (c) The tip-scan HS-AFM head module is settled on top of
the substrate stretcher device. (d) 3D rendering cross-sectional view of rendering model
of the stretching device. A pair of clips clamps the elastic substrate (e.g. PDMS) (blue)
are relocated synchronously and symmetrically via the traction string (red). Such
actuation is powered by the stepper motor via the screw mechanism and transmission
shafts.
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3.5 Characterization of the Stretching Device

Characterization of the bilateral stretching device was performed with a periodic square
patterned polydimethylsiloxane (PDMS) substrate. The local strain was derived from the
dimensional variation of the pattern and further quantified the Poisson effect. The
preparation of the patterned substrate is illustrated in Figure 3.5. First, the standard grating
TGQI1 as a positive mold was immobilized with a drop of glue on a borosilicate glass dish.

The silicone elastomer kit was prepared at a 10-to-1 ratio (Sylgard 184, Dow Corning,

(a)
3 pum TGQ1
20 nm /
@ PDMS solution
/

»

Cure at room temperature
@ for 48 hours, and peel off
3 um
20 nm PDMS negative mold

rli
(b) Tensile

f stress

— = 7 7
I / /i /
1 / 1 /
7 /A E E Poisson's
effect
| [ ‘

Negative mold at rest

Figure 3.5 Negative mold PDMS substrate was prepared for characterizing stretcher
device. (a) Preparation of the square patten negative mold PDMS substrate from
TGQ1 grating. (b) The expected dimensional change of under tensile stress including

longitudinal elongation and Poisson’s effect induced transversal compression.

42



Japan) and thoroughly mixed. The elastomer mixture was transferred into the borosilicate
glass dish, where TGQ1 grating was immobilized, that the elastomer immersed the
grating entirely. Degasification of the uncured elastomer was executed in a vacuum
desiccator for 30 minutes to prevent bubbles from the grating patterns. The elastomer was
then cured in the laboratory drying oven at 70 °C for 4 hours, followed by slow cooling
in the oven for 12 hours. Cured PDMS was picked up deliberately from the glass dish and
trimmed to a sheet sized 14 x 5 mm? where the required TGQ1 pattern was situated at the
central region. Finally, the patterned PDMS sheet was settled on the sample stage, and
the grating region of 5 x 5 mm? was located at the approximate center of the stage. The
sheet was clamped with individual clips holding each side and here by having a 10 mm
distance between the clips. This distance was defined as the initial length for strain
characterization.

Images of the TGQ1 grating pattered PDMS negative mold was taken at equal-
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Figure 3.6 Determination of the tensile strain on a micropatterned PDMS substrate.
AFM images was taken at successive 1 mm stretching steps by stage scan mode. 20 X
20 pm?, 450 x 450 pixels. The nominal dimensions of the square pattern were
determined when unstrained. Stretching was stopped after 7 mm elongation of PDMS
substrate was reached. Strain was released afterward and back to 0 mm. AFM images

were also taken at the same strain interval to verify the reversible deformation.
spaced elongation and restoration in water at room temperature. Periodicity variation in
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square patterns was used to derive local strain in X and Y directions, while strain in Z was
estimated from the variation in depth of the square cavity. The substrate was stretched up
to 7 mm (0% to 70% global strain) in a step of 1 mm at 10 um s™!, then reversed with the
same step size and stretching speed until the motor step counter returned zero.

The topographies acquired at different elongation conditions are shown in Figure 3.6.
The imaging area was approximately retained throughout the stretching and releasing.
The square patterns can be seen prolonged along the stretch direction and compressed
transversally as the stretching was increased. As the square pattern of TGQ1 has a
periodicity of 3 um in X and Y directions and a height of 20 nm, dimensions of the
negative mold of TGQI were determined by the tip-scan AFM in sample-scan mode,
giving the periodicity of 2.88 + 0.17 um in the X direction, 3.03 + 0.06 pm in the Y
direction, and cavity depth of 17.4 £ 0.6 nm in Z direction(mean + standard deviation, N
= 5), respectively. In Figure 3.6, a cupola (indicated by a red arrow) can be seen
developing during stretching, and it was well reverted when the elongation was reversed.
The reversed topography suggests that the cupola is related to the boundary disturbance
exerted by clamping first and propagated to the center area. Further inspection of the
cupola with nanoindentation might bring deeper insight but is beyond the scope of this
study. It is also obvious from Figure 3.6 that the squares were gradually deformed into
rhombi when the longitudinal strain exceeded 40%. However, the square shape was also
resumed when the strain was released to 30%. The pattern deformation is caused by the
misalignment between the Y-axis of the TGQ1 pattern and the tensile direction.

Dimensional strain & was calculated by dividing the pattern dimensions after
elongation or compression with the initial values. Figure 3.7(a) shows the strains ¢, €,,
and ¢, evaluated from the pattern periodicity of X, Y directions and depth of Z directions
respecting the elongated length AL of the PDMS sheet. 7 mm elongation resulted in the
longitudinal strain €, of 0.73, and transversal strains €, of 0.24 and ¢, of 0.23. After
the elongation was reversed, the residual strains for ¢, Eys and e, were 0.015,0.02, and
0.05, respectively. It was found that the stretching motion of the mechanism conveyed a
linear variation in longitudinal strain by fitting €, — AL relation with a linear function
and a regression coefficient of 0.998 is given. Figure 3.7(b) and (c) plot Poisson’s ratios
of the pattern (v,, = —¢,/¢,,v,. = —¢./¢,). When the low strain (¢, = 0.1) was
applied, and the Poisson’s ratios, vyx = 0.49 and v,. = 0.44, concurred with the reported
results with bulk material (0.4 ~ 0.5).>0 It was also noticed that the Poisson’s ratio
decreased as ¢, increased and regained as e, decreased. The negative correlations
between the longitudinal strain &y and Poisson’s ratio v v,, are consistent with

yx Yz
previous observations of grid-textured PDMS. ¢!
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3.6 Summary

In this chapter, feasible stretching methods applied in AFM were reviewed and
categorized by the actuating sources and their stretching directions. Applicable devices
of each type were constructed and examined accordingly. The bilateral stretching device
shows the most advantages and is chosen to integrate into the tip-scan HS-AFM.
Characterization of the stretching motion was performed with a negative mold PDMS
sheet textured with TGQ1 grating. The dimensions of the square pattern were determined
with sample-scan mode imaging, and the local dimensional changes linearly with the

applied strain along the tensile direction show the stretching devices is applicable.
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Chapter 4 PDMS Surface Treatment

PDMS has become a favorable material for making complex microfluidic cells or sample
substrates as it’s flexible, easy-processing, optically transparent, and low-cost. However,
the hydrophobic nature that originates from the surface methyl group leads to unspecific
adsorption and protein denaturation.®> Considering this drawback, numerous efforts have
been devoted to improving the PDMS surface wettability and biomolecule

compatibility.®

4.1 Ultraviolet-Ozone Treatment

UV-0s treatment can oxidize the surface organic group into carbonyl and hydroxyl groups
and increases PDMS surface hydrophilicity.**%> The oxidation process by UV-Os is
illustrated in Figure 4.1 (a). First, the atmospheric oxygen O is irradiated with 184.9 nm
UV ray and forms Os3; the O3 is the exposed to 253.7 nm UV ray and decomposed to
strong oxidizing atomic oxygen O. On the other hand, the organic compounds absorb the
energy from the UV rays, and chemical bonds with energy below the UV rays will be
decomposed. Consequently, these activated or the free radicals of the organic compounds
react with the atomic oxygen to form simple molecules, such as CO», H>O, and O, which
are then removed from the surface. The oxidized surface forms a thin layer of the silica-
like surface, and the heterogeneous stiffness on the surface is prone to surface buckling
when subjected to load.®® To characterize the surface buckling topography with respect to
tensile strain, hence exploiting the buckling topography, UV-O3 treated PDMS surface
was stretched and scanned with tip-scan HS-AFM. A UV-O; cleaner (UV-O3 cleaner,
Ossila, UK), shown in Figure 4.1 (b), was used to carry out the surface oxidation process.
First, a PDMS sheet was treated with UV-O3 cleaner for 1 hour, then clamped on the
stretching device with an initial length of 9 mm. The stretching motion was actuated at a
speed of 10 um-s™! at successive ~10 % strain with the stretching device. Images were
taken by tip-scan mode with 1 x 1 pm?, 200 x 200 pixels, 0.2 s/frame , as shown in Figure
4.2 (a)

Tensile stress along the Y axis was accompanied by compressive stress due to
Poisson’s effect and led to surface buckling as early as the 11% strain applied with an
average peak-to-peak height (Hp,) of 3 nm and a wavelength of about 50 nm as the
highest value throughout the experiment. The horizontal boundaries were found when the

strain was applied. These boundaries were the breakage of the oxidized layer PDMS due
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to the tensile load exceeding the tensile strength of the layer. As the strain increased to
30%, the Hp., reached 7.6 nm as the maximum, with a wavelength of 42 nm. It’s found
that Hp.p did not grow monotonically with the loading but saturated to ~ 7 nm until
55%.Wavelength continuously declined and reached 36 nm as the strain increased up to
60%, whereas the Hp., decreased to 5.6 nm. By taking a horizontal line profile on the 60%
strain surface, a higher-wavelength ripple of ~ 500 nm was formed, as plotted in Figure
4.2 (c). The formation of the secondary ripple originated from the higher-mode buckling.
Due to first ripple structure was compressed and saturated, indicated by the declining
wavelength and comparatively stalled growth of the H,., , the closely packed ripple
formed a layer equivalent to a thicker one and higher-mode buckling was triggered by the
increasing load.®”®® However, a zoom-out tip-scan or sample-scan image was not
available due to the higher-mode buckling generated ripple structure that exceeded the

maximum stroke ( ~ 2 um) of the Z piezostack implemented on the tip scanner.
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Figure 4.1 PDMS surface treatment with UV-Os. (a) Methyl group is oxidized with
UV induced atomic oxygen. (b) UV-O; cleaner used for surface oxidation (UV-O;
cleaner, Ossila, UK).
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Figure 4.2 Determination of PDMS surface treatment with UV-Os. (a) Surface
buckling was observed with sample scan mode in the liquid. Ripple structure was
controlled by different strain applied up to 60%. Horizontal breakage was found at all
strain larger than zero. Tip-scan mode, 1 X 1 pum?2, 200 X 200 pixels, 1 frame/s. (b)
The peak-to-peak of height, Hp-,, and wavelength of rippled surfaces were observed as
function of applied strains. (c) Higher-mode buckling observed when 60% strain

applied.
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4.2 Ton Bombardment

Other than UV-Os treatment, the surface can be oxidized by ion bombardment as well.®
The plasma excites gas atoms into higher energy states and ionizes the gas atoms. The
mixture of the plasma then breaks the surficial methyl group of PDMS and forms carbony],
and hydroxyl groups, as illustrated in Figure 4.3 (a). To characterize the oxidized surface
properties, a plasma ion bombardment device (PIB-10, Vacuum Device, Japan, [Figure
4.3 (b)]) was used to modify the PDMS surface, and surface topography of plasma-treated
PDMS was evaluated at various strain conditions. PDMS sheet was first treated by ion
bombardment for 5 seconds and clamped on the sample stage with the unstrained initial
length of 10 mm. Stretching was applied at 10 um-s™ along the Y axis and strain-
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Figure 4.3 PDMS surface treatment with ion bombardment. (a) Methyl groups are
oxidized with plasma induced atomic oxygen. (b) Ion-bombardment device used for

surface oxidation (PIB-10, Vacuum Device, Japan).
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Figure 4.4 PDMS surface treatment by plasma ion-bombardment. (a) The topography
of the surface ripples can be regulated by the strain applied to the PDMS substrate. (b)
The peak-to-peak of height, Hp-,, and (c) wavelength of rippled surfaces were measured

as function of applied substrate strains.

dependent topography of the PDMS surface was imaged at successive 5 % strain by
sample-scan mode with 2 x 2 um?, 135 x 135 pixels, as shown in Figure 4.4 (a). As can
be seen, the ripple structure was formed along the X direction due to surface buckling. A
rotational angle of the ripple with respect to the stretch direction was found and was
increased as the applied strain increased. It’s believed the rotation originated from
imperfect alignment between the substrate’s longitudinal axis with the stretch direction
and is considered the same reason for the square pattern of negative mold TGQI1
transformed between square and rhombic shapes. The development of the ripple
properties with applied strain is depicted in Figure 4.4 (b). Ripple with a wavelength of
250 nm and average peak-to-peak height (Hpp) of 2 nm showed up when the strain was
applied up to 20%. Hp, of strain below 20% was not discernible and increased as the
strain increased up to 67 nm when 70% strain was applied. The wavelength of the ripples
first rapidly reached 402 nm at 35% strain and declined to 307 nm at 60% before slightly
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rising again to 356 nm at 70%. The inclining trend of the ripple wavelength could be
considered as the inhomogeneous occurrence’® of surface buckling as evidenced by the
largest standard deviation in wavelength (74 nm). The wavelength deviation converged
gradually as the strain increased basically. Furthermore, surface breakage along the
transversal direction was found, as shown in Figure 4.5, suggested the tensile load
exceeded the tensile strength of the oxidized PDMS layer.

Compared to the UV-Os3 treatment, surface buckling in a higher-mode was not found
in the plasma-treated PDMS surface. A possible reason for the secondary buckling not
being detected is that the first-mode ripple structure was not saturated, thus lacking an
effective thicker layer for further buckling, as evident with the Hp increasing with
applied strain and showing no the tendency of saturation until 60% strain. Wavelength
development of the two treatments indicates that the ion-bombardment method converted
the soft PDMS surface into a thicker silica-like layer than the UV-O; treatment. The
current setup could not resolve treatment conditions that create equivalent surface
properties with both methods; however, both observations show the ripple structure is
controllable and that the stretching platform can be used for studying topographic-
dependent properties.
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Figure 4.5 Cracked perpendicular to the stretch direction on Plasma-treated PDMS
surface at 60% strain. Sample-scan mode, 10 x 10 um?, 400 x 400 pixels.
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4.3 Surface Amination

Though surface treatment by oxidation reaction can be processed in a few seconds and
allows a hydrophilic layer, surface buckling eventually happens to the PDMS substrate
when a compressive load is gradually increased. The amplitude and periodicity of the
buckling pattern depend on the load, the stiffness of the oxidized layer that the amplitude

of the wrinkle would reach hundreds of nanometers in the case of a plasma-treated surface.

(a)

Native PDMS
APTES:EtOH
1:2 (v/v)

NH» NH>

APTES-Treated PDMS

Figure 4.6 PDMS surface treated with APTES. (a) Amine group is introduced to the
PDMS surface by PDMS swelling. (b) F-actin fixed on the treated PDMS surface.
Sample scan, 2 x 2 um?, 150 x 150 pixels.
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As a result, the imaging becomes difficult due to limited Z-scanner stroke and scanning
parachuting.®® Therefore, surface treatment without inducing surface stiffening is
demanded. Here, a surface modification on the PDMS substrate reported by Beal et al.”!
is demonstrated.

Normally, the tendency of PDMS swells organic solvent is considered undesirable’
because the uncured elastomer oligomer extracted from the bulk material may interfere
with the biological applications.”> However, the swelling property can be used to uptake
alkoxysilanes, such as APTES, into PDMS.”* The modification is described below with
an illustration in Figure 4.6(a). The PDMS surface was immersed in the 33% APTES
ethanolic solution for 5 minutes. Dilution of the APTES is to prevent precipitate formation.
The surface is then drained with a laboratory wipe and immersed in the 33% (w/v)
aqueous acetic acid (011-00276, Fujifilm Wako, Japan) to catalyze the ATPES, then rinsed
with pure water to remove the residue catalyst solution. The PDMS surface functionalized
with APTES improved the surface charge property that can be used to adbsorb negatively
charged proteins or particles.”> As an example, the F-actin solution was deposited on the
APTES-treated surface and incubated for 5 minutes. The excessive solution was then
flushed away with imidazole buffer and imaged by tip-scan mode. As shown in Figure
4.6 (b), the PDMS surface treated with APTES can adsorb F-actin, while no F-actin was
found on the pristine PDMS surface with the same incubation concentration and time as

a negative control experiment.

4.4 Biotinylation

Although physisorption can immobilize target molecules on the substrate surface, the
binding energy of physisorption and the orientation of target molecules are often
perturbed by surface conditions. Therefore, specific adsorption methods, such as linker
connection or antibody, are implemented for better binding controllability.”® One of the
widely used techniques is the streptavidin-biotin binding method. Streptavidin, a
tetrameric protein from the bacterium Streptomyces avidinii has a molecular of around 60
kDa. Streptavidin-biotin binding is known to have a strong non-covalent interaction in
nature with Kq ~ 10'* M. Because the binding is stable over a wide range of pH”’ and
temperature,’® streptavidin-biotin complexes are widely used for labeling and
immobilization.”” One of the biotinylation methods is using an amine-reactive agent to
connect biotin to the target molecules. The N-hydroxysuccinimide (NHS) ester is a
commercial biotinylation reagent that covalently links the amine group of protein to biotin.
The surface biotinylation is described here. Biotin-(AC5)2-OSu (B306, Dojindo, Japan)
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was diluted by dimethyl sulfoxide (DMSO) (034-07216, Fujifilm Wako, Japan) to 170
uM and incubated on the APTES processed surface for 10 minutes and rinsed by pure
water. Streptavidin solution at 50 nM was reconstituted from powder (9013-20-1, Sigma
Aldrich, Japan) with pure water and incubated on the biotinylated PDMS surface for 10
minutes. The excessive solution was drained with a laboratory wipe, and the surface was
rinsed with pure water. G-actin was modified with Biotin-(AC5),-OSu at a molar ratio of
1:99. Polymerization of the biotin F-actin from the biotinylated G-actin was performed
by the procedure as same as unmodified F-actin in instrument characterization section. 5
uM of the biotinylated F-actin solution was incubated on the streptavidin-covered surface
for 15 minutes and rinsed with imidazole buffer to remove excessive protein. The scheme
of the fixation is depicted in Figure 4.7 (a).

AFM image of biotinylated F-actin fixed on the elastic substrate is shown in Figure
4.7 (b). Unmodified F-actin was incubated on the surface with the same preparation as a

control group, and resulted in no adsorption of F-actin was observed [Figure 4.7 (¢)].

(a) Biotinylated F-actin

Figure 4.7 PDMS surface modification with biotin/streptavidin pattern. (a) Exemplar
application of the biotin/streptavidin method on PDMS to incubate F-actin. (b) F-actin
was fixed on the biotin modified surface. (c) Unmodified F-actin was not found on

biotin modified surface. Tip-scan mode, 500 x 500 nm?, 150 x 150 pixels, 1 s/frame.
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4.5 Motor Protein Anchor

Other than biotin functionalization, the nonspecific adsorption propensity of the PDMS
surface was applied to create a layer of motor protein anchor, kinesins, and retain the
target protein, microtubules.’” Microtubules are the stiffest protein polymer in the
cytoskeleton of eukaryotic cells. Kinesins are microtubule-dependent motor proteins that
participate the mitosis, meiosis, and cellular cargo transportation. The binding strength
between the kinesin and microtubule is weaker than tubulin-tubulin binding,®' therefore,
when the microtubule experiences relative displacement to the kinesin, microtubule will
be detached from the kinesin anchor.

The preparation of the microtubules is described as follows. 50 pL of frozen tubulin

at 6 mg/mL purified from the porcine brain was thawed. Guanosine-5'-triphosphate (GTP)

Microtubule

N2
PDMS substrate Kinesin
(b)

Figure 4.8 PDMS surface coated with kinesin for fixing microtubule. (a) [llustration
of the kinesin fixation. (b) AFM image of microtubule fixed on the PDMS substrate

via kinesin. Sample-scan mode, 5 x 5 pm?, 200 x 200 pixels.
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and paclitaxel were added to the tubulin solution to make the concentrations of 1 mM and
40 uM, respectively. The centrifuge tube with the mixture was transferred to the ice box
(0 °C) for 5 minutes to incubate microtubule seeds. The tube was incubated in the dry
incubator at 37 °C for 30 minutes to promote polymerization. In a centrifuge tube, cushion
buffer was prepared by mixing 40% glycerol in the BRB80 buffer (§0 mM PIPES pH 6.9,
1 mM MgClz, | mM EGTA) containing | mM GTP and 40 uM paclitaxel at final
concentrations. The polymerized solution was carefully moved to the top layer of the
cushion buffer and loaded into the ultracentrifuge to be pelleted at 58000 rpm and 37 °C
for 40 minutes. The supernatant was discarded, and the pellet was resuspended by 80 uM
BRBS8O0 buffer containing 1 mM GTP and 40 pM paclitaxel. PDMS surface with kinesin
anchor was prepared with new PDMS substrate and kinesin-1/BRB80/casein solution.
The casein in the solution acts as the surface passivation and kinesin supporter. Without
the casein, the kinesin will be denatured on the PDMS surface®? and incapable of attaching
to microtubules.® First, casein powder was dissolved in BRB80 to make a concentration
of 0.2 mg/mL. Recombinant kinesin-1 consisting of the first 573 amino acids was added
to the BRB80-casein solution and diluted to 100 nM. The kinesin solution was then
incubated on the pristine PDMS substrate for 20 minutes. After coating the kinesin on the
PDMS, followed by BRBS80-casein solution rinsing, the microtubule solution was
incubated on the surface for 30 minutes. Excessive microtubule solution was rinsed with
BRBS8O0 containing 20 uM paclitaxel. Figure 4.8 (a) depicts the fixation scheme via the
kinesin motor. AFM image, as shown in Figure 4.8 (b), was acquired by sample-scan
mode of AFM at 5 x 5 um?, 200 x 200 pixels, as proof that the anchor method is applicable.
Different methods were reported for fixing microtubules on the elastic substrate. However,
the method demonstrated here require neither PDMS oxidation before the casein/kinesin
deposition, nor the using streptavidin to fix the biotinylated kinesin.®? Therefore, the

demonstrated method is a convenient alternative to the other kinesin fixing methods.
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4.6 Summary

PDMS substrate is widely used for its convenience in preparation, mechanically flexible
toughness, and robustness. However, the hydrophobicity nature of PDMS hindered the
application in the biological application. Five surface treatment methods on the PDMS
surface were described in this chapter. Oxidation methods, like UV-O3 or ion
bombardment, created a stiff layer on the PDMS surface. Such stiff layer can be used to
create a curvature-controllable topography by surface buckling with the stretching device.
As for the non-oxidation modification, surface charge polarity modification with APTES,
surface biotinylation with the biotin reagent, and motor protein grafting on native PDMS
were separately demonstrated as well. Therefore, a stretching device combined with
proper surface treatment allows for the manipulation of the topographical environment

and investigation of accompanied phenomena.
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Chapter 5 Application

5.1 Observation of Microtubule Bending

5.1.1 Background

Mechanical signal, such as stress and geometry, is important to regulate cellular function.
Various proteins were found to react to the environmental stimulation as a sensor, a
transducer, or an actuator. Microtubule in the cytoskeleton was regarded as having a
structural role and organizing the cell morphology,®* and a sensor for abiotic stimuli.®* Of
one the stimuli of mechanical stress, microtubule dynamics under bending attract
widespread attentions.®> Thus, bending and buckling experiments were reported with
various techniques, including axonemes fixation with optical tweezer®® and
hydrodynamic deformation,®” biotin/streptavidin fixation,®® pinning by lipid defects,*
and kinesin anchors on PDMS surface.® However, the observation at a single-molecule
resolution scale with real-time stress-controllable stimulation is still lacking. Therefore,

the bending experiment with stretched-combined tips-scan HS-AFM is conducted.

5.1.2 Materials and Experiment Setup

A pristine PDMS substrate with a size of 14 x 5 mm? was clamped on the stretching
device with an initial length of 10 mm defined by the distance between clips. The PDMS
was further elongated to a length of 15 mm. Microtubules were polymerized and
incubated on the kinesin-covered PDMS substrate prepared as described in Chapter 4.5.
The elongated substrate was slowly released by the bilateral stretching device with a step
of 0.25 mm, which is 1.6% strain approximately, at a speed of 25 um-s’'. Figure 5.1
illustrates the bending assay of microtubules on the PDMS surface. Images were acquired

by sample-scan mode at each releasing step.

5.1.3 Experimental Result

Microtubules anchored on the PDMS substrate via kinesin were observed by sample-scan
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Figure 5.1 Microtubule bending assay. Microtubule was first fixed on the kinesin
coated PDMS substrate and bent by the compressive load via the kinesin anchors on

the substrate.

mode of AFM, with a large scanning area of 30 x 30 um? at 400 x 400 pixels shown in
Figure 5.2 (a). Two cupolas, marked with cyan circles, were exploited to relocate the
sample stage, and retain the imaging area. Magnified scanning area images of 10 x 10
um? with 300 x 300 pixels were taken to observe the microtubules at different strains. As
can be seen in the images, the population of microtubules on the substrate was reduced
after the compression (13.3%). A possible explanation is described as follows. When the
microtubule experienced buckling, the microtubule was bent from straight to curved
conformation that detached from the kinesin anchor points, but there were not enough
anchor points available to firmly fix the microtubule at its new shape, resulting in an
elevated force on the remaining kinesins that the microtubule entirely detached from the
kinesin eventually. In addition to microtubule detachment, the compressive stress may
have promoted microtubule depolymerization locally and resulted in fragmented
microtubules on the surface after compression.

The progressive bending of a single microtubule situated in the red solid-line
rectangular in Figure 5.2 (a) of 10 x 10 pm? is magnified in Figure 5.2 (b). The
microtubule at its initial state was slightly curved and further bent even at 1.65%
compression applied, and the bending radius decreased as the compressive strain
increased. At 3.3% strain, the bending radius was estimated to be 2000 nm by fitting a
circle to the microtubule’s shape. The bending radius gradually decreased as the strain
increased that reached 740 nm at 10% strain. When the compressive strain of 11.7% was
applied, the local deformations due to compression led the microtubule to kink and break.

The microtubule underwent depolymerization, and the fracture was further developed at
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13% strain that the microtubule became discrete segments.

The bending radius of the microtubule was plotted in Figure 5.2 (c¢), which shows
the curvature-controllability of the microtubules with the stretching device.”® The
microtubule bending assay can be further applied to curvature-regulated affinity with
microtubule-associated proteins by HS-AFM imaging, as well as curvature-dependent

mechanical characteristics*® with nanomechanical measurements, is anticipated.
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Figure 5.2 Buckling of microtubules induced by compression of PDMS substrate. (a)
Wide-area AFM images taken by the sample-scan mode before and after the PDMS
substrate compression. 30 x 30 um?, 400 x 400 pixels; 10 x 10 um?, 300 x 300 pixels.
Topography features encircled in cyan dash line were used to identify the identical
microtubule throughout the bending experiment. Red arrows indicate surrounding
microtubules ruptured under compressive load. (b) Single microtubule underwent
buckling from 0% ~ 13.3% compressive strain. (¢) Bending radius of the microtubule

shown in (b) as a function of applied compressive strains.
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5.2 Actin Filament and a-actinin on Rippled Surface

5.2.1 Background

Actin filament (F-actin) is a soft and flexible cytoskeleton component’!

, unlike rigid
microtubules. When a cell experiences external stress, the F-actin network is reorganized
with an increased binding affinity of cross-linker protein, a-actinin,’? to stabilize the actin

filament bundle.”?

5.2.2 Materials and Experiment Setup

Due to the negatively charged surface of the F-actins, the pristine PDMS surface, which
is slightly negatively charged, is not the optimum substrate for direct incubation. To create
a surface apt to adsorb F-actins, the positively charged lipid bilayer with the following
composition was prepared at a gravimetric ratio: 70% DPPC and 30% DPTAP. The
preparation of the lipid solution was as same as described in chapter 2. The pristine PDMS
is hydrophobic, so it’s difficult to form a stable lipid bilayer on such a surface®®. Therefore,
the PDMS substrate was treated by ion bombardment for 5 seconds, and 5 pL of

Figure 5.3 Adsorption of F-actin on the lipid covered PDMS. The red arrow indicates
the lipid bilayer where no F-actin was adsorbed; the cyan arrow indicates the PDMS
substrate without lipid bilayer, where no F-actin was found on such region. Sample

scan mode, 3 x 3 um?, 200 x 200 pixels.
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DPPC/DPTAP lipid solution was immediately deposited on the treated PDMS surface.
The substrate was kept at 70 °C for 20 minutes to promote the lipid bilayer formation,
then rinsed thoroughly with pure water. The PDMS substrate was then transferred to the
sample stage and clamped with clips afterward. 5 pL of F-actin solution was incubated
on the substrate for 10 minutes and rinsed with imidazole imaging buffer to remove excess
proteins. Tip-scan HS-AFM images shown in Figure 5.3 confirmed that F-actins were
vastly adsorbed on the lipid bilayer while no F-actin was found on the plasma.treated
PDMS region. After applying 30% strain in the Y direction, surface buckling was
triggered as expected. Figure 5.4 (a) shows the lipid bilayer, including the adsorbed F-
actins, following the ripple topography.

To inspect the interplay between a-actinins and F-actins on different ripple surfaces,
the a-actinin solution was injected into the imaging solution with the final concentration
of 50 nM after the F-actins were adsorbed on the free, flat lipid/PDMS substrate. Images

were taken at different strains applied with tip-scan mode.

5.2.3 Experimental Result

Figure 5.4 (b) shows the F-actin/a-actinin complex at 0% and 40% strained substrate.
Neither F-actin nor a-actinin was found to attach outside the lipid bilayer region at both
strain conditions. Images with the ripple structure were processed with a high-pass filter
to improve the image contrast. The binding between F-actins and a-actinins on different
surfaces shows distinct patterns. On the unstrained flat surface, the a-actinins bridged
between neighboring F-actins with diverse angles relative to the F-actins. On the curved
surface, a-actinins bound to the F-actins in an aligned orientation. In contrast, a-actinins
along the F-actins were denser on the curved surface. The mean distance of adjacent a-
actinins along the F-actins was calculated which calculation method described as follows
with the illustration shown in Figure 5.5. A line profile (drawn in the red line in Figure
5.5 (a)) was taken along the approximately middle position between two F-actins. Mean
distances between adjacent a-actinins, pointed by cyan arrows, were calculated by
averaging the distances measured between the apexes of the line profile [Figure 5.5 (b)] .

It’s found that F-actins allowed a denser bridging with a-actinins due to surface
curvature. The average distance between a-actinins was 9.0 nm for curved substrates and
14.5 nm for the flat.”® It’s reported that the tension applied to the F-actin enhanced the
binding affinity of a-actinin to F-actin.”® Here, the HS-AFM results on the curved surface
pointed out that the bending of F-actin might also affect the F-actin/a-actinin network. As

the a-actinin was comparatively more diffusive on the lipid bilayer than the F-actins, the
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bent F-actin could equivalently act as a force sensor that more a-actinins were recruited
when the more a-actinin binding sides were exposed due to bending.”® Detailed molecular
mechanisms underlying the dynamics observed here would require further investigation.

a
() g, = 0% g, =30%

Flattened image

Raw image

Figure 5.4 Actin filaments bridged by a-actinin on locally curved PDMS surfaces.
(a) Deposited F-actin conformed to the local surface curvature. Tip-scan mode, 500 x
500 nm?, 150 x 150 pixels, 1 s/frame. (b) HS-AFM image of binding between o-actinin

and actin-filaments. Tip-scan mode, 135 x 64 nm?, 101 x 48 pixels, 0.2 s/frame.
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Figure 5.5 Calculation of average distance between adjacent a-actinin (indicated with
cyan arrow). (a) Line profile was taken along the middle position between the bridged

F-actins. (b) Average distance was calculated from the distance between the apexes

recognized as a-actinin.

5.3 BIN1 K436X Adsorption on Rippled Surface

5.3.1 Background

Bridging Integrator-1 (BIN1), also known as Amphiphysin-2 and Myc box-dependent
interacting protein 1, is a protein encoded in the human BINI gene. The structure of

(2) (b)
Tubule

Weak affinity
ﬂ

220 A S S 2

Lipid membrane

Figure 5.6 Interaction between BIN1 protein and lipid membrane. (a) Structure of
BINI. (PDB: 2FIC) The BIN1 has a concave structure with radius around 220 A. (b)

BAR domain adsorbs on the curved lipid membrane resulted membrane remodeling.
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BIINI protein®” is shown in Figure 5.6 (a). BINI1 can sense the plasma membrane
curvature”® and be found to be a crucial protein associated with membrane remodeling
during endocytosis®®, membrane trafficking!®, and cell division.!”! The membrane
deformation caused by BIN1 was considered a result of electrostatic interaction that the
concave side of BIN1 protein, which is positively charged,'? interacts with the negatively
charged lipid membrane, like phosphatidylinositol 4,5-bisphosphate (P1(4,5)P>).!% Once
the initial binding on a flat surface is established, the curvature of the lipids is enhanced
by BIN1. As a result, the concave shape of BIN1 can attach to the bent surface easier and
forms tubules in advance, as illustrated in Figure 5.6 (b). Multiple diseases are involved
with BIN1, such as Alzheimer’s disease'® centronuclear myopathy (CNM),!** and cancer
progression.!” By far, BIN1 binding affinity assays were mainly conducted with
fluorescence microscopy.'%>!% As the controllability of the surface curvature has become
possible on tip-scan HS-AFM, curvature-dependent binding dynamics of BIN1 on a lipid
bilayer surface was observed.

5.3.2 Materials and Experiment Setup

Lipid solution was prepared according to literature!% at gravimetric ratio: 64% porcine

brain PS (840032C, Avanti), 2% PI(4,5)P> (805155P, Avanti), 14% porcine brain PE
(840022C, Avanti) and 20% cholesterol (70000P, Avanti). Materials in powder form,
PI(4,5)P; and cholesterol, were dissolved in the chloroform first and mixed with the rest
components. The lipid was rehydrated with 0.3 M sucrose to make a lipid concentration
of 1 mg/mL and incubated at 37 °C for 2 hours. Tip sonicator was used to homogenize
the solution before aliquot and stored at -80 °C. Before the experiments, the lipid solution
was thawed and diluted with a Tris-based buffer (10 mM Tris-HCI, pH 7.5, 150 mM NacCl,
2 mM CacClp) to a concentration of 0.1 mg/mL and sonicated for 15 seconds with tip
sonicator. PDMS substrate was first treated by UV-Os3 for 1 hour to make a stiff glass-like
surface for later controllable surface curvature purposes. However, the oxidized PDMS
surface was considered negatively charged as the hydroxyl group created the negatively
charged lipid vesicles that couldn’t form a stable layer on this surface. Therefore, oxidized
PDMS surface was immersed with 1% APTES for 5 minutes and drained with pure water.
Following that, 5 puL of the lipid solution was incubated on the silanized surface at 55 °C
for 20 minutes and rinsed thoroughly first with pure water first and with cytosolic buffer
(25 mM HEPES, 25 mM KCl, 2.5 mM Magnesium acetate, 0.1 M K-glutamate, pH 7.2).
Cytosolic buffer was also used as the AFM imaging buffer. Figure 5.7 (a) shows the lipid

bilayer almost completely covered the PDMS surface except for several cracks, as
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indicated by arrows. Recombinant BIN1 mutant K436X, which has enhanced membrane

deformation capacity!'%

, was diluted with the cytosolic buffer to 2.1 uM and injected into
the AFM imaging buffer to a final concentration of 25 nM. The BIN1 K436X
binding/dissociation dynamics under different surface curvatures were observed by tip-
scan HS-AFM. The surface curvatures were controlled by stretching the PDMS substrate

from a length of 10 nm to 12 mm (20% strain) and 14 mm (40% strain).
5.3.3 Experimental Result
Line profiles shown in Figure 5.7(b) were used to estimate the local maximum curvatures

of the surface buckling profiles at a close distance about the apex. Three points, including

the apex and two neighboring points distance 20 nm from each side of the apex were used
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Figure 5.7  Strain-dependent supported lipid bilayer topography on the UV-
O3/APTES modified PDMS substrate. (a) AFM images of the surface at strain values
of 0%, 20% and 40%. Sample scan, 2.5 x 2.5 um?, 250 x 250 pixels. The green arrows
shown in (a) indicate defect on the lipid bilayer. (b) Line profiles normal to the ripple
patterns indicated by red lines in (a). The profiles are respectively shifted by 5 and
10 nm for 20% and 40% strain for clarity. (c) Curvature of the ripple apex region

determined from line profiles.
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to fit a circle equation. The statistical analysis between bending radius and strains is
plotted in Figure 5.7 (c).

The binding event of BIN1 to the flat lipid before applying stretching was not
found(Figure 5.8 (a)). This implies that the interaction force between the positively
charged membrane is not strong enough to fix BIN1 stably with the flat lipid, even if the
affinity-enhancing CNM-associated mutant K436X is easily detached by disturbance
from the AFM tip or the binding time is much shorter than the finest time resolution, 0.1

s/frame, of HS-AFM we used. In contrast, BIN1 was clearly observed on curved lipid
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Figure 5.8 Curvature-dependent binding kinetics of BIN1 K436X. (a) BIN1 bound
to a high local curvature surface under 40% strain , low local curvature under 20%
strain, and flat surface. Tip scan mode, 300 x 210 nm?, 150 x 105 pixels, 500
ms/frame. (b) Snapshots of the dynamic binding and dissociation process of BIN1 to
the highly curve surface at 40% strain. (¢) Measured within the same time, the dwell
time of BIN1 was higher on the 40% strained surface compared to the 20% strained

surface (103 frames, Naow = 153, Naow= 137).
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membrane surfaces even at 0.5 s/frame, as shown in Figure 5.8 (b). Most BIN1 molecules
were found stably bound near the apex of a lipid-covered ripple and less so at the other
region, suggesting preferential binding of BIN1 to positive curvature. Example HS-AFM
images of the BIN1 interacting with a curved lipid surface under 40% strain are shown in
Figure 5.8 (b). Average counts of BIN1 proteins bound to the lipid surface per frame were
calculated within a scanning area of 300 x 210 nm?, giving the average count of 5.8 1.7
and 1.8 £ 1.1 (N =103 frames) at 40% and 20% strain, respectively. The result confirmed
that BIN1 has a higher binding affinity to larger curvature surfaces.”®!%” The dwell time
analysis of BIN1 with respect to surface curvature is shown in Figure 5.8 (c). Histograms
of dwell time were fitted with a single exponential decay, giving the time constant T of
1.83 + 0.09 s for 20% strain surface and 3.77 + 0.06 s for 40%. The difference in lipid
curvature between 5.59 pm! (20% strain) and 14.27 pm! (40% strain) results in distinct
binding behavior. In previous studies, the interaction between BIN1 and lipids could only
be characterized by a change in fluorescence intensity contributed to the BIN1 adsorption
on different curvatures.”®!” In contrast, the developed system allows the direct
measurement of curvature-dependent binding and dissociation dynamics at the single-

molecule level.”°

5.4 Tensile strain and Breakage of Poly(methyl acrylate)

Latex Film

5.4.1 Background

Plastic products are ubiquitous in our daily routine because of their durability and scaled
industry. Latex films, as one of the applications, are widely applied in painting,'®®
coatings,'”and adhesives.!'” The latex film is made with water-dispersed latex
microparticles. After the water is evaporated above glass-transition temperature, the
discrete latex microparticles coalesce with each other, accompanied by deformation and
interpenetration of particles. Eventually, a honeycomb-like arrangement film is formed.
In contrast to latex film formation, the conventional solvent casting method uses organic
solvents to dissolve the polymer and spread it out to the film mold. The films are collected
after the solvent is evaporated. For the reason of the solvent-free process, waterborne
latex film formation is considered a more environment friendly alternative. To increase

the mechanical properties of the latex films, the addition of additives or annealing after
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formation is applied.""! Recently, the relation between the fracture energy and
interpenetration depth of the microparticles was investigated with the poly(butyl-co-
methyl methacrylate) and showed a positive correlation.!'> However, the fracture
mechanism at the nanoscale is still unclear. In this study, tensile fracture of poly(methyl

acrylate) film was investigated with the bilateral stretching device.

5.4.2 Materials and Experiment Setup

Poly(methyl acrylate), PMA, is a synthetic polymer of methyl acrylate, and has

properties including flexure, strong, hydrophobic!!?

, and soluble in the less toxicity
solvents, i.e., water/ethanol solution.!!* To prepare the PMA film, PMA microparticles
were first prepared by the surfactant-free emulsion polymerization with methyl acrylate
(138-07676, Wako, Japan) 1,6-hexanediol dimethacrylate (6606-59-3, Tokyo Chemical
Industry, Japan) as a crosslinker, potassium persulfate (169-11891, Wako, Japan) as an
initiator. PMA latex films were fabricated by depositing the latex-microparticle dispersion
on the silicone rubber mold and evaporating at room temperature.!!> Formation of the
PMA latex film is shown in Figure 5.9. The PMA film was then trimmed to a size of 14x5
mm? and clamped on the bilateral stretching device as described with a clip-to-clip
distance of 10 mm as the initial length. Stretching was conducted at a strain rate of 10 pm
s'! with a step of 1 mm by sample-scan mode AFM in the air with an Arrow cantilever
(Arrow UHFAuD, NanoWorld, Switzerland). The oscillation amplitude was driven to 10

nm at ~ 1.3 MHz, and the setpoint for feedback controller was configured to 8 nm.

5.4.3 Experimental Result

The PMA latex film was first stretched along the Y axis from the initial length to 20%, as
shown in Figure 5.10. The closely packed microparticle was observed. Unlike the
experiments demonstrated in the microtubule bending assay, the surface of PMA latex
film was rough rather than flat. The observation of the same area under different strain
steps was not possible due to the limited stroke of the Z-scanner. Thus, it was necessary
to withdraw the cantilever before increasing the load and re-approach. This process
resulted in a loss of recognition of the topographical features shown in the earlier state.
Along the strain direction, the particle shape was not homogeneous on the surface at the
initial state. This could be related to the surface roughness that some particles were under
compressive or tensile load during the drying-deformation transition. As the strain went

up to 20%, both the particle shape was elongated along the stretch direction, and the
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Figure 5.9 Preparation of the PMA latex film. PMA microparticles dispersed in the
water was dries above the glass transition temperature, T,, and formed closed

packing structure followed by deformation and interpenetration.
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10%

Figure 5.10 AFM images of PMA latex film subjected to strain below 20% show
surface integrity. Distance between particles was enlarged as strain increase. The red
box in the right image highlights the same area as the corresponding image in the left
column for each row. Sample scan mode, 500 x 500 pixels. Left column: 10 x 10 pm?;

right column: 30 x 30 um?.
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adjacent distance between particles was increased on certain regions (encircled in red,
20% strain). From a view with 30 x 30 um? of the image at each strain, taken a right after
the 10 x 10 um?, neither obvious surface buckling, nor breakage was found up to 20%.
Starting from 30% strain until the end of the experiment, and the imaging drifting
was noticed from the consecutive frames. To compensate for the drift effect, a simple
image scaling method was used to resize the image dimensions. The method is described
below with the illustration in Figure 5.11. Assume a particle on the image was identified
at yowith timestamp ¢t,, and all images were acquired with the same imaging area and
speed. In the frame at t;, the particle was found to be at y;. With this information, the
drift velocity, vgyir; of the topography can be derived by assuming the drift speed
between t, and t; was constant. vg.;r; was estimated by dividing the travel distance

by the time passed from the time passed between the timestamp of the particle:

Yo— W1
ty —to

(5.1)

Varift =

With drift velocity, actual scanning dimension Yyg4.;rr was derived from the preset
imaging time per frame, tf.qme, Scanning dimension along the drift direction, Ys¢qn,and

Varife as follows:

Yarift = Varift X trrame T Yscan- (5.2)

t=t, t=t,

.
O Y=Yo Co)

E 4 Vaie
y ! O Y1 = Yo-Varie*At

Figure 5.11 Image scaling method depending on the particle location shifted between
frames. A particle located at y, when t, was later found at y; with new timestamp
t;. These parameters were used to restore the image distortion due to substrate drift.

Calculation is described in the text.
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Figure 5.12 shows the AFM image of PMA film taken at 30%, 40%, and 50% strain,
respectively. It’s noticed that the dimension deformation of the particles did not follow
with the strain as much as expected. However, gaps between the particles were enlarged
as circled with the red line. In addition, clear horizontal stripes were found when imaging
large areas at 40% and 50%.

In both images of 60%, the trench area revealed the particles were aligned in a wavy
pattern (indicated with an arrow in 60% image), as shown in Figure 5.13. It’s believed
that the wavy pattern was correlated with buckling. As the particles were torn apart from
the tensile direction, buckling happened simultaneously on the serially connected
particles, termed particle streamlines here, in a transversal direction triggered by the
increased compressive load. More wavy patterns were identified as the strain increased
to 70% and 80%. Clear separation between the particle streamlines was observed together
with pits (the red circle on the right image under 80% strain) in the trenches. It’s not yet
clear whether the pit existed inherently from the fabrication process or if it was a structural
defect resulting from the stretching. The particle shape remains deformed, though not
proportionally, with the strain up to 70%. Interestingly, the 80% strain image revealed
that the particles were restored to a much spherical shape. This suggests that the tensile
load at this strain was adsorbed by other mechanisms instead of particle deformation.

88% and 100% images were taken, as shown in Figure 5.14. Due to the design limit
of the stretching device, strain higher than 80% was applied by fixing the substrate on the
stage steadily, so the film did not restore its strain, resetting the clips and re-clamping the
substrate. From the large image of 88%, the flat area of particle film was shown, and the
wavy pattern was identified on the surface, accompanied by multiple pits. In the 100%
strain images, the orientation of the particle alignment and trenches reverted to a positive
slope. The corrected image range along the stretch direction indicates a drastic change in
drift velocity, thus represents the PMA film underwent a comparatively rapid relaxation.
As the strain reached 110%, bridging between the particles along the Y direction was
widely found. Also, the trench direction was oriented to a larger degree. From the
topography, no obvious difference from the topography could be noticed from 110% to
140% strain shown in Figure 5.15.

It’s speculated that the material relaxation was realized by the reduced particle
interpenetration depth and the opening of the trench, both mechanisms attributed to the
fracture energy. Therefore, the horizontal stripes initiated by 40% strain were considered

the early breakage of the surface, followed by enlarged trenches and pits.
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Figure 5.12 PMA latex film subjected to strain of 30%, 40%, an 50% strain show
topography deformation in large scale, yet the particle shape was not greatly affected.
Interpenetration between particle were likely to be untangled (red circle). The red
box in the right image highlights the same area as the corresponding image in the left
column for each row. Sample scan mode , 500 % 500 pixels. Left column: 10 x 10

um?; right column: 30 x 30 pm?.
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Figure 5.13 AFM images of PMA latex film subjected to strain of 60%, 70%, and
80% show the particle streamline (pointed with red arrow as example) was distorted
as strain increase, accompanied with increased pit formation (red circle). The red box
in the right image highlights the same area as the corresponding image in the left

column for each row. Sample scan mode, 500 % 500 pixels. Left column: 10 x 10

um?; right column: 30 x 30 pm?.
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Figure 5.14 AFM images of PMA latex film subjected to strain of 88% and 100%
show drastic surface damage on the relative flat surface (88%) as well as the trench
region (100%). The red box in the right image highlights the same area as the
corresponding image in the left column for each row. Sample scan mode, 500 x 500

pixels. Left column: 10 x 10 um?; right column: 30 x 30 um?.

76



18

16

14

12

pm
10

110%
pm
15 20 25 30 35 40 45

10

5

0 4 8 12 16 20 24 28
pm

140%

15 20 25 30 35

(=]
0 4 8 12 16 20 24 28
pum

Figure 5.15 AFM images of PMA latex film subjected to strain of 110% and
140% exhibited apparent trench re-orientation. Linkage between particles was
found and considered as reverted behavior of interpenetration. The red box in the
right image highlights the same area as the corresponding image in the left
column for each row. Sample scan mode, 500 % 500 pixels. Left column: 10 x 10

um?; right column: 30 x 30 pm?.
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5.5 Summary

Three experiments with different biomolecules and one with polymer film were
conducted in this chapter. By using the stretching device, tip-scan HS-AFM observed the
bending and buckling event of a particular microtubule. Combined with the oxidized
substrate, surface ripple triggered by compressive load provides a controllable platform
to investigate the binding affinity of the proteins. Therefore, the binding behavior between
F-actin and a-actinin was observed under different curvatures and indicated a curvature-
dependent binding preference. With a similar method, BIN1 binding affinity to the rippled
surface was analyzed at different surface curvatures as well. The application of the
combined machine also extended to visualize the micrometer scale surface damage of
latex film under extreme strain in the air. With the above examples, HS-AFM combined
with a stretching device is shown to be a powerful tool for studying various samples under

mechanical stimulation.
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Chapter 6 Conclusion and Prospect

6.1 Conclusion

In this thesis, an instrument capable of uniaxially stretching elastomeric substrates with
simultaneous HS-AFM was described. The combined instrument was then used for
studying the dynamics of nanometer-scale biological samples under mechanical stress, as
well as the breakage mechanism of latex film.

A tip-scan HS-AFM was constructed with an improved tip-fixation method.
Evaluation of the tip-scan mode scanning was conducted with fragile and dynamic
biological samples in the liquid with high image throughput. A sample scanner covering
a 120 x 120 um? area was incorporated into the tip-scan HS-AFM system to provide wide-
area, low-speed AFM imaging.

The developed uniaxial stretching device developed can stretch an elastomeric
substrate to nearly twice its initial length with a resolution of 50 nm per step. This
stretching device was integrated into the tip-scan HS-AFM as the capacious space around
the sample stage. Furthermore, the wide-area scanner allowed comparably easy
compensation for positional changes caused by substrate stretching. The stretching device
was evaluated with a PDMS sheet molded with micrometer scale square patterns. AFM
images of the square pattern in the same area were taken when applying strain.
Dimensions of the square pattern were determined, and it confirmed that the square
pattern was stretched linearly in the longitudinal direction. Dimension shrinkage in the
transverse direction due to Poisson’s effect was observed as well.

Four surface treatment methods on the PDMS surface were demonstrated. UV-O;
and ion-bombardment treatments as a one-step method were used to oxidize the PDMS
surface, which resembled a glass-like surface. Surface buckling on the oxidized substrate
was characterized. Non-oxidation surface modifications, including APTES, biotin linker
and kinesin anchor, were also verified with biological samples imaged by HS-AFM.

The contribution of HS-AFM with an integrated stretching device to biophysical
problems was demonstrated with three challenging experiments. First, in a microtubule
bending experiment, the accumulative compressive load was applied via kinesin anchors
covered on the elastic substrate. Then, buckling of the microtubule was induced and
further fractured as the strain increased. In the second experiment, the binding of a-actinin

to F-actin was investigated on a curvature-controllable surface created by stretching a
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plasma-treated PDMS with the stretching device. The results suggest that the bending-
induced strain may modulate the cross-bridging density of a-actinin between F-actins.

Thirdly, PDMS surfaces with gentle ripples created by UV-O3 treatment were used
to observe the membrane curvature-dependent binding affinity of BIN1 mutant K436X.
As a result, no BIN1 binding to flat lipid membranes was observed, indicating that the
binding affinity of BIN1 to the flat membrane is too low to be detected by the HS-AFM.
In contrast, it was observed that BIN1 bound to the curved membrane and dissociated
from it iteratively. The curvature sensing ability of the BIN1 mutant K436X was therefore
verified with high-speed scanning. The dwell time analysis of BINI on the curved
membrane further showed a higher affinity to the membrane with a curvature of 5.59 pm-
! compared to that of 14.27 um™.

Finally, the tip-scan HS-AFM combined with substrate stretching device was used
to visualize PMA latex film under tension. The face center cubic structure of the
microparticle was observed at the free strain. As the strain increased up to 20%,
microparticles were locally deformed along the tensile direction. When strain exceeded
30%, microparticles started to form the wavey-like buckling pattern in the transversal
direction with trenches formation (40%) on the surface, indicating the initial damage,
followed by particle streamlines pulled apart (50%), pit defects formation (60%), until
the large-scale particle detaching and rapid relaxation ( >100%).

As demonstrated with four applications, ranging from molecule-level protein
binding dynamics to micrometer-scale polymer fracture under tensile strain, the combined
tip-scan HS-AFM is shown to be a useful and flexible nanomechanical measurement

platform.
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6.2 Prospect

Several methods were applied to study surface science, including scanning probe
microscopy, optical microscopy, electron microscopy, X-ray scattering, and spectroscopy.
The advantages of the AFM includes high temporal and spatial resolution in the air, liquid,
and vacuum environments. Furthermore, such an all-around analysis technique can bring
more fruitful outcomes by improving the current setup and integrating it with other
techniques.

As demonstrated in this thesis, the deformation of topography or samples is now
accessible with tip-scan HS-AFM. Techniques developed with conventional HS-AFM
can be implemented on the tip-scan HS-AFM to study mechanical stimulation related
responses, including force mapping, nanomachining,''” single molecule force
microscopy,!!® optical microscopy,** and ultrasonic force microscopy.'!®

Besides the analytical techniques, the combined machine itself can also be facilitated
further. In stretching characterization and microtubule bending assay, the image region of
interest (ROI) required the effort to relocate the cantilever to the ROI as different strains
were applied. This effort can be effectively reduced if the sample-scanning speed and

120 or complex scanning

scanning area are both improved at the cost of spatial resolution
trajectories.'?! Even though, if the relocation demands a huge scanning area that exceeds
the operational range of the scanner, a sensing method'?? for estimating such image region
displacement should be included, hence automatically compensated'?® with motorized
mechanisms. Regarding a higher maximum strain observation without a re-clamping
procedure, a stretching device with smaller dimensions was implemented, as shown in
Figure 6.1. The stage width is shorter in the stretch direction, which allows a shortened
substrate for stretching and results in a higher strain. It is anticipated to conduct imaging
with latex-film-like high flexible material in the future.

As for the experiments conducted in this thesis, further investigations of each
experiment are listed here with possible directions. In the microtubule bending assay,
microtubule kink was created under compression. It’s worth studying whether the kinesin
motor can overcome such a significant structural defect and continue the linear motion

on the other end of the segment'?*

or whether the motor protein would jam at the edge of
the fracture.'” In the F-actin/o-actinins binding on curved structure experiment,
quantitative analysis with binding orientation, the average length of a-actinin, and binding
force related to curvature should be further conducted. Though BIN1 adsorption on

wrinkle lipid surface was visualized at single-molecule resolution, T-Tubule formation
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was not observed in the experiment. It’s speculated that the non-ATPase protein BIN1
couldn’t further deform the strongly fixed lipid and form a higher curvature lipid
protrusion to initiate the T-Tubule formation. Therefore, advanced studies on surface
treatment to allow deforming lipid bilayer with BIN1 should be considered. In the last
demonstration with PMA latex film, the extreme strain was applied by re-clamping the
film and stretching afterward. The interpenetration between the microparticles, however,
was yet well-studied. For example, the minimum energy required to break the
interpenetration is still unknown. By combining a nanometer-scale probe'?® to manipulate
the individual particle, one could resolve the nanometer-scale fracture pattern between

particles, thus deepening the understanding of the latex film fracture mechanism.

Strain: 0 ~ 80% Strain: 0 ~ 200%

“H
o~
£y —
<
R
-

Figure 6.1 Comparison between different sample stages. Original stage (left) has a
smaller strain limit. A newly implemented stage can reach further strain up to 200%
(right).
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